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Hydrogen Bonding

An X—H - A interaction is called a ”hydrogen bond”, if
1. it constitutes a local bond
2. X—H acts as proton donor to A

Hydrogen-Bonding

Taylor, M. S. & Jacobsen, E. N. Angew. Chem. Int. Ed. 2006, 45, 1520
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Hydrogen-Bonding

An X—H - A interaction is called a ”hydrogen bond”, if
1. it constitutes a local bond

type of bonding

Length of H-bond
A)

Bond angles (°)

Bond energy
(kcal/mol)

Typical example

2. X—H acts as proton donor to A

Strong

Mostly covalent

1.2-1.5

175-180
14-40

NH—Nin
conjugate acid of
proton sponge

Moderate

Mostly
electrostatic

1.5-2.2

130-180
4-15

NH—O=C in
peptide helices
and sheets

Taylor, M. S. & Jacobsen, E. N. Angew. Chem. Int. Ed. 2006, 45, 1520
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Electrostatic

2.2-3.2

90-150
<4

Bonds involving C
—H donors to N
or O acceptors



What molecules can act as H-bond Acceptors/Donors?

Important contributions from Taft, Abraham, Franz, Kozlowski,
Hunter and others

Hydrogen-Bonding

Hunter, C. A. Angew. Chem. Int. Ed. 2004, 43, 5310
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2-Point H-Bond Donors
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2-point hydrogen bonding leads
to rigidity
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Indole H-bonding

H-bonding allows for DYKAT indole allylation
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Das, S., Incarvito, C. D., Crabtree, R. H., & Brudvig, G. W. Science, 2006, 372, 1941
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1.0 mol% Mn cat.

CO,H : ) CO,H CO,H
HSC\'%\/ 2 5 equiv. omdari HSC\N\/ 2 HO\’%\/ 2
H Acetonitrile OH CHs
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Conversion Yield (A) Yield (B) Selectivity
19% 30% 30% Not selective
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Das, S., Incarvito, C. D., Crabtree, R. H., & Brudvig, G. W. Science, 2006, 372, 1941
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Costas - H-bond recognition

Metal Catalyst

— 07
@) OJ
/ : :O O
N selective for
! binding R,N* ions

Less specific motif
More generality?

BF,
BF, H H No |
—_— M=o H
N
N Me  approximated for
selectivity
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Costas - H-bond recognition
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Costas - H-bond recognition
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Costas - H-bond recognition

Cat. 1 N/ I

Olivo, G. et al. Angew. Chem. Int. Ed. 2017, 56, 16565
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Costas - H-bond recognition

— 07
0] OJ
0] 0]
N N
NI !
~ Not
N/'\(I—O Cat. 1 N/I\I/I—O Cat. 2
|
N N
Evaluation of effect on site-selectivity
(0]
1 5 7 9 Mn ® /1\/3\/5\// /7\/9\
@ HaN 2 4 6 8 10
HaN > 5 5 10 —_ —
BF,
BF,
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Costas - H-bond recognition

— 07
0] OJ
0] 0]
N N
N I N ;
~N) <~
N/I\I/I—O Cat. 1 N/I\I/I_O Cat. 2
N N
Evaluation of effect on site-selectivity
. ® 1 3 5/0 7 9
1 3 5 7 9 /\/\/\
® . HsN 2 4 w\ 10
HaN > : 5 5 10 —_ — o
) BF,
BF,
Selectivit
Total Yield (%) K3 K4 K5 K6 K7 K8 K9 VY
(C8+C)/Total
Cat. 1 34 0.5 2 2.5 5.5 55 8 10 53%
Cat. 2 36 - - 0.5 1.5 5 13 16 81%

Olivo, G. et al. Angew. Chem. Int. Ed. 2017, 56, 16565



Costas - H-bond recognition

— 07
0] O:,
0] 0]
N N
N : N ;
~ ~th—
N/I\I/I—O Cat. 1 N/I\I/I_O Cat. 2
N N
Methylation hinders reactivity and
selectivity for Cat. 2 but not Cat. 1
1 3 7 9 Mn 1 3 5 0 7 9
Me\@ Me\@/\/\/\//\/\/\
”2 4 8 10 —— Hz o 2 4 6 8 10
BF, BF,
: Selectivity
Total Yield (%) K3 K4 K5 K6 K7 K8
(C8+C)/Total
Cat. 1 34 0.5 2 2.5 55 5.5 8 10 53%
Cat. 2 36 - - 0.5 1.5 5 13 16 81%
Cat. 1 28 0.5 1 3 4.5 4.5 5 7.5 49%
Cat. 2 9 trace 0.5 0.5 1.5 1.5 2 2 50%

Olivo, G. et al. Angew. Chem. Int. Ed. 2017, 56, 16565



Costas - H-bond recognition

— 07
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®
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Costas - H-bond recognition

0T
0] OJ
0] 0]
N ! |
~ NoT
N/'YI_O Cat. 1 N/'YI_O Cat. 2
N N
Ratio Yield Yield
® (A Ox : B Ox) A Ox B Ox
H3N/\/\/\/\/\CH3
%, A Cat. 1 1:3.5 4% 14%
VS. Cat. 2
1:4 4% 16%
+ Ba(Cl04)2
O Cat. 2 9:1 18% 2%
B

Cat. 2 selectively oxidizes amine
substrate due to H-bonding

Olivo, G. et al. Angew. Chem. Int. Ed. 2017, 56, 16565



Costas - H-bond recognition
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Costas - H-bond recognition

10 products
11% total yield

Olivo, G. et al. Angew. Chem. Int. Ed. 2020, 59, 12703



Costas - H-bond recognition

- h
' 10 products
oM=0  cat.1 produc
N | 11% total yield
N
— 07
0] OJ
| Main product
N ' 25% vyield
|
>M:0 Cat. 2
NT |
I
N

Olivo, G. et al. Angew. Chem. Int. Ed. 2020, 59, 12703



Ir C—H Borylation

Hydrogen bond
acceptor

Cho, J.-Y., Tse, M.K., Holmes, D., Maleczka, R. E. & Smith, M. R. Science 2001, 295, 305



Ir C—H Borylation

Hydrogen bond
acceptor )OI\ /O
’Ij '}l Hydrogen bond
7 H\ /H donor
Nq
/
Ir\ Substrate
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Ir C—H Borylation

Hydrogen bond
acceptor )OI\ /O
’Ij '}l Hydrogen bond

4 H\ A donor
Nq

/

Ir\ Substrate
N

Ir catalyzed C-H borylation

Cho, J.-Y., Tse, M.K., Holmes, D., Maleczka, R. E. & Smith, M. R. Science 2001, 295, 305



Ir C—H Borylation

Hydrogen bond
acceptor O
o NJ\NO
~ " g O:, [N Hydrogen bond
——O0_“ 74 A4 donor
substrate N,
|< ] Substrate
N

Ir catalyzed C-H borylation
[Ir(COE)Cl],

OMe (4,4’ di-t-Bu)bpy OMe OMe OMe
—>
H H

HaC CHs
H HC—y— O ~F—CHs
B—B,
H3C J o CHj 1 74 25
H3C CHS

Can ligands change selectivity?

Cho, J.-Y., Tse, M.K., Holmes, D., Maleczka, R. E. & Smith, M. R. Science 2001, 295, 305



Kanai - C—H Borylation

0 HaC CHa @ .
HsC o 9 CHj
NR, + B—8 .
HsC o o CHs
HoC CHa

/7 N\_¢ N\

common ligand for C—H
borylation

Kuninobu, Y., Ida, H., Nishi, M. & Kanai, M. Nat. Chem. 2015, 7, 712

NR,



Kanai - C—H Borylation

0 HaC CHs @ .
HsC o 9 CHj
N R2 + B— B\ -
HaC J 0 CHs
HyC CHg

A
o
I I
H H
\OI
|
l N(hex),

common ligand for C—H
borylation H-bond accepting motif

/7 N\_¢ N\

Kuninobu, Y., Ida, H., Nishi, M. & Kanai, M. Nat. Chem. 2015, 7, 712



Kanai - C—H Borylation

0 HsGC CHs @ . 0
HsC o 9 CHj
NR, + B—B\ " . NR,
HaC o o CHj
HqC CHa

A ?L 1O
A TLT

N N H\ /H

>|I’ \N_ 7

Z N N(hex),

A l N(hex),
common ligand for C—H ) . . .

borylation H-bond accepting motif New catalyst for selectivity

Kuninobu, Y., Ida, H., Nishi, M. & Kanai, M. Nat. Chem. 2015, 7, 712



Kanai - C—H Borylation

0 HaC CHa @ .
HsC o 9 CHj
NR, + B—8 .
HsC o o CHs
HoC CHa

Cond. A.
Bu Bu
: 7\ \_ )
—N N

Kuninobu, Y., Ida, H., Nishi, M. & Kanai, M. Nat. Chem. 2015, 7, 712
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Kanai - C—H Borylation

H,C CHs @ L Q
HsC 6 A CHs
NR, + B—B_ —_— NR,
Hsc O O CH3
HaC CH,

Cond. A. Cond. B.
i )

ANy

t-Bu t-Bu I |

__ N H H
7\ ) L | !
—N N Z
Z N
~ I

Kuninobu, Y., Ida, H., Nishi, M. & Kanai, M. Nat. Chem. 2015, 7, 712



Kanai - C—H Borylation

o) HsC CHj @ L o)
HsC O /O CHj
NR, + B—B - = NR,
HsC o o CHs
HeC CHj

Cond. A. Cond. B.
L O
oy
-Bu -Bu |!| |!|
= X
L 7\ . L | |
=N N 7
Z "N
~ |
@) O @)
N(heX)z N(heX)2 N(heX)Z
OMe CF3
Cond. A. 57% vyield (1:2 m:p) Cond. A. 40% vyield (1:2 m:p) Cond. A. >99% yield (1:1.1 m:p)
Cond. B. 51% yield (17:1 m:p) Cond. B. 59% yield (7.8:1 m:p) Cond. B. >99% vyield (30:1 m:p)

Kuninobu, Y., Ida, H., Nishi, M. & Kanai, M. Nat. Chem. 2015, 7, 712



Importance of H-bonding

Ia Ib H,
X H\ H
| \ Vi
N
substrate
2\
I
X

Entry Cat. Substrate Ha Ho Hc

1 2.5 mM 0 565 3.60 3.63

2 25mM  25mM 5.78 3.74 3.65

3 25mM 160mM  ~7.00 5.88 3.89

Kuninobu, Y., Ida, H., Nishi, M. & Kanai, M. Nat. Chem. 2015, 7, 712
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Importance of H-bonding

Ia Ib H,
X H\ H
| \ Vi
N
substrate
2\
I
X

Entry Cat. Substrate Ha Ho Hc
1 2.5 mM 0 565 3.60 3.63
2 25mM  2.5mM 578 3.74 3.65
3 25mM 160mM  ~7.00 5.88 3.89

H-Bonding titration shows substrate—
catalyst binding

I | H

L CHj *
| N
substrate

Z N

~ I
Entry Cat. Substrate Ha Hc
1 2.5 mM 0 6.26 3.91
2 25mM  25mM 6.26 3.91
3 25mM 160 mM 6.37 3.92
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Importance of H-bonding

Ia Ib H,
X H\ H
| \ Vi
N
substrate
2\
I
NS

Entry Cat. Substrate Ha Ho Hc
1 2.5 mM 0 565 3.60 3.63
2 25mM  2.5mM 578 3.74 3.65
3 25mM 160mM  ~7.00 5.88 3.89

H-Bonding titration shows substrate—
catalyst binding

I | H

L CHj *
| N
substrate
Z N
~ I
Entry Cat. Substrate Ha Hc
1 2.5 mM 0 6.26 3.91

2 25mM  2.5mM 6.26 3.91

3 25mM 160 mM 6.37 3.92

Methylation disrupts catalyst—substrate
binding

Kuninobu, Y., Ida, H., Nishi, M. & Kanai, M. Nat. Chem. 2015, 7, 712



Kanai - C—H Borylation

NR, +
H3C-7
CF4 HsC

O HsC CHg
Ir L
He—\—-0 O CHs
K B8 —_—
o 0 CH,
CH,

Kuninobu, Y., Ida, H., Nishi, M. & Kanai, M. Nat. Chem. 2015, 7, 712
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CF3



Kanai - C—H Borylation

o) HsC CHj I L Q
H30~\/o\ /O CHs @
NR2 + L /B—B\ —_— NR2
H3C"7 e 9) CH3
CF H3C CHj CFj
0 0o 0
lFJ\I}I/CY ITIJ\T/CV N)]\N/Cy - Yield meta:para
I I
H H H CHg CHz CHg 1 95% 18
1 2 (3)
(1 @) 2 90% 1.6
3 90% 0.84

Kuninobu, Y., Ida, H., Nishi, M. & Kanai, M. Nat. Chem. 2015, 7, 712



Kanai - C—H Borylation

o) HsC CHj I L Q
H30~\/O\ /O CHs @
NR, + B—B —_— > NR
: HSC——;KO/ Y CHj ’
CF H3C CHj CFj
0 0 0
C C : .
,?IJ\I}I/ y '}IJJ\']‘/ y I?IJ\,}I/CV Yield meta:para
H H H  Chy CH; CHj 95% 18
1 2 (3)
(1) 2) 90% 1.6
"
[0)
| N \N 90% 0.84
N 99% 1.0
o -Bu -Bu
— o 98% 0.96
/E )\ Cy 7\
'?IJ\’?I/ C_O E>\NJ\N/Cy
b NN Lo 99% 1.1
(4) (5) (6)

Kuninobu, Y., Ida, H., Nishi, M. & Kanai, M. Nat. Chem. 2015, 7, 712



Kanai - C—H Borylation

Ir
NR, + —_— NR,
HaC—7

CF4 HsC

0 HaG CH, . 0
He—\—-0 O CHs
g BB
5 5 CH,
CH

CF3

Ligand is responsible for selectivity in

reaction
0 0 0
NJ\N/CV NJ\N/CV N)]\N/Cy - Yield meta:para
| | | | | I
H H H  Chy CHs  CHjg 1 95% 18
1 2 (3)
(1 @) 2 90% 1.6
z
N \Nl 3 90% 0.84
| _N 4 99% 1.0
o -Bu -Bu
— O 5 98% 0.96
Cy 7\
O Ao ) QU
b N N o 6 99% 1.1
H H
(4) (5) (6)

Kuninobu, Y., Ida, H., Nishi, M. & Kanai, M. Nat. Chem. 2015, 7, 712



Reek - Ortho C—H borylation

e CHy @ .
/ r
~CHg HsC O, P~fCH,

+ B—B —_ >
HsC J \O/\—CH3
HsC CHs

Bai, S.T., Bheeter, C. B., & Reek, J. N. H. Angew. Chem. Int, Ed. 2019, 58, 13039

100% conversion
(1:2 m:p)



Reek - Ortho C—H borylation

0 PN . @ .
~CHj HsC \_ s ~—CHs

N + B—B S ——
H H3C O/ \O/VCHS

How do we achieve ortho- without directing
groups?

Bai, S.T., Bheeter, C. B., & Reek, J. N. H. Angew. Chem. Int, Ed. 2019, 58, 13039

100% conversion
(1:2 m:p)



Reek - Ortho C—H borylation

0 G Z—Hs @ . 0
CH H;C ~—CH CH
NTTC + 8 \B—B/ 8 - N7 3
H HaC O/ \O/VCHC” H
H H HaC CHj

100% conversion
(1:2 m:p)

How do we achieve ortho- without directing
groups?

62%  38% 0%

Bai, S.T., Bheeter, C. B., & Reek, J. N. H. Angew. Chem. Int, Ed. 2019, 58, 13039



Reek - Ortho C—H borylation

o e CHg O 0
Ir L
~CHs HsC % /O\L‘CHs _CH,
N + B—B —_— N
H HaC O/ \O/VCHC” H
H H H,C CH,4
H
100% conversion
(1:2 m:p)
How do we achieve ortho- without directing
groups?
— — 0
7\ 7\
_ N\ / \ /
N N =N HN
L HNZ ~cH,
L
CH,4
62%  38% 0% 4% 20 94%

Bai, S.T., Bheeter, C. B., & Reek, J. N. H. Angew. Chem. Int, Ed. 2019, 58, 13039



Reek - Ortho C—H borylation

O

N
H

HsC 5 CHg @ . 0
~CHs HsC N/ CHg _CH,
+ B—B — > N
HiC—7~g  o—\CHs H
HaC CHs

100% conversion

(1:2 m:p)
How do we achieve ortho- without directing
groups?
BAIPy-Ir catalyst
— 0
7 N\
N/
=N HN
HN_ _~ CHs
L
CH,4

4% 2% 94%

Bai, S.T., Bheeter, C. B., & Reek, J. N. H. Angew. Chem. Int, Ed. 2019, 58, 13039
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Enantioselective Suzuki-Miyaura

| '}l Hydrogen bond
7 AN /H donor

|< ] substrate
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{
Organizing catalyst—substrate
for C—H activation
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Hard to synthesize in high
selectivity

R
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H—O v
s
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H-bonding for selective
reductive elimination
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Enantioselective Suzuki-Miyaura

X
'}l '}l Hydrogen bond
H, R
7 / donor ~0
L—Pd—>
\ H—0
Ir/ ] Substrate
\
N
{
Organizing catalyst—substrate
for C—H activation
O R OH
H
OH \
OH T
R OH
Hard to synthesize in high Challenging for simple
selectivity substrates
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H-bonding for selective
reductive elimination

Pearce-Higgins, R. et al. JACS 2022, 144, 15026



Enantioselective Suzuki-Miyaura

X
'}l '}l Hydrogen bond /Q
H H R H /\
7 A donor S0 L—Pd R
L—Pd—> ‘o<
\ H—0"
v ] substrate \o
\ s
N // \
m o)
Organizing catalyst—substrate H-bonding for selective
for C—H activation reductive elimination

|ll§ R OH
H
OH \

OH T
R OH
Hard to synthesize in high Challenging for simple

selectivity substrates

Pearce-Higgins, R. et al. JACS 2022, 144, 15026

R ; OH
W

BPin
R OH

Can H-bonding control reductive
elimination for selectivity?
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Enantioselective Suzuki-Miyaura

Me OH @ . O ‘ ooy
Br Me OH MeO OMe 2

\ . F. OH L O
O +

BPin Na
SO,

73% (R)-SSPhOS
92% ee

Cl
I I NHBoc I O l
Me OH Cl OH OH OH

cl cl cl
F. O OH F. O OH F. ‘ OH F5CO ‘ OH
73% 55% 55% 49%
92% ee 98% ee 89% ee 94% ee

Pearce-Higgins, R. et al. JACS 2022, 144, 15026



Enantioselective Suzuki-Miyaura
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Enantioselective Suzuki-Miyaura
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Br

OH

Br‘\'

HO

BPin

OH

BPin

OH

45%
98% ee

Effect of blocking the H-bond donors

Pearce-Higgins, R. et al. JACS 2022, 144, 15026
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Enantioselective Suzuki-Miyaura

HO F
o A BPin @ L
—_—
Me OH
Br
4\' BPin
F
oH 45% 15%
98% ee achiral

Effect of blocking the H-bond donors

Me OH Pd
Br \ OH Me OMe Me OH Me OMe
—>
BPin
F OH

73% 67% 71% 29%
92% ee 85% ee 66% ee <5% ee

Pearce-Higgins, R. et al. JACS 2022, 144, 15026



Enantioselective Suzuki-Miyaura
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— > F OH O
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70% (R)-sSPhos-i-Bu
-8% ee

Pearce-Higgins, R. et al. JACS 2022, 144, 15026



Enantioselective Suzuki-Miyaura

Me OH O
Br @ - Me OH
\ - F OH
BPin
T 9

70%
-8% ee

Use of alkylated ligand leads to poor ee

Pearce-Higgins, R. et al. JACS 2022, 144, 15026
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Enantioselective Suzuki-Miyaura

Me OH O
Br @ - Me OH
\ - F OH
BPin
T 9

70%
-8% ee

Use of alkylated ligand leads to poor ee

H-bonding controls
enantioselectivity

Pearce-Higgins, R. et al. JACS 2022, 144, 15026

SOSIBU
(R)-sSPhos-i-Bu



Alcohols as H-bond directing groups

Alcohols as cross-coupling partners

B OBE -
CY CY

N OH
| Me”

Cbz Cbz

Chen, R., Intermaggio, N. E., Xie, J., Ross-Ashton, J. A., Gould, C. A., Martin, R. T., Alcazar, J. & MacMillan, D. W. C. Science 2024, 383, 1350
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Can the ability of alcohols to engage in H-
bonding control site-selectivity?
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Alcohols as H-bond directing groups

Alcohols as cross-coupling partners

B OBE -
CY CY

N OH
| Me”

Cbz Cbz

Can the ability of alcohols to engage in H-
bonding control site-selectivity?

H-bond
directed
H
] /? y O/H
—_—
N
| N
Cbz |
Cbz

Chen, R., Intermaggio, N. E., Xie, J., Ross-Ashton, J. A., Gould, C. A., Martin, R. T., Alcazar, J. & MacMillan, D. W. C. Science 2024, 383, 1350



Alcohols as Lewis Basic directing groups

Me
Me
(Y ©{* 9 LX,
\/\COZEt CO,Et

+)-Menthyl(O,C)-Leu-OH

Lu, Y., Wang, D. H., Engle, K. & Yu, J.-Q. JACS 2010, 732, 5916



Alcohols as Lewis Basic directing groups

M

Me

e
Me Me Os__OH
Pd )| L Me O Me
oH =~ . L O G
H o 07 SN e
\ A Co4Et Me”™ “Me

CO,Et
(+)-Menthyl(O,C)-Leu-OH

Me
(0]
U [Pd']” Oy
anionic neutral
X-type ligand L-type ligand

Limited to Csp?functionalization

Lu, Y., Wang, D. H., Engle, K. & Yu, J.-Q. JACS 2010, 732, 5916



Distal Alcohol Functionalization

H-bond

H HsG CHs acceptor (I;F3

). HsC CH O= CHj
’ Hi»- OH L H CH3
—_—
\ HNT Y
\©\ O 7
CO,Me MeO,C _

Novel ligand

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80



Distal Alcohol Functionalization

H-bond
4 HsC CHg acceptor CF,
| CH
[ H C CH OQ 3
H OH @ L H Hs 3 //S\N
’ Hiv- OH L o) H CH3
\ HNT Y
\©\ O 7
CO,Me MeO,C _
Novel ligand
Key H-bond
HBA ti
CH; H ) i accepting
HsC O CHs /H group on ligand
Pd—N HCJ -0 X
Pd
/, 4
/
/H’ - // y/,
H- - -0

Enables alcohol directed C—H arylation

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80



Distal Alcohol Functionalization

HsC  CHs HsC  CHj

Cl
OH OH
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\<_<7 3 3 HN
AcHN CHj AcHN' CHj
<1% yield <1% yield <1% yield

Coulombic destabilization

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80
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<1% yield <1% yield <1% yield

Increased stabilization?
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Distal Alcohol Functionalization

HsC  CHs HsC  CHj

Cl
OH OH
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COZMe
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AcHN CHa AcHN CHjg o)
<1% yield <1% yield <1% yield
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O CH
O  CHs HO 7 ks
\k HN | HSC\N " ¢cH
HO " CH, H °
e 1 NHAC
3% yield 3% yield 6% yield

Increased stabilization?

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80



Distal Alcohol Functionalization

HsC  CHs HsC  CHj

Cl
OH OH
COzMe ‘

Cl

COZMe
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(\O (\O
N=<_<—CH3 N= CHj
AcHN CHj AcHN' CHj
<1% vyield <1% vyield
@]
O CHj3 HO =z |
I\ HsC(
HO” " CHy HN
NHAc 0
3% vyield 3% yield

Increased stabilization?

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80
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Distal Alcohol Functionalization

HsC  CHs HsC  CHj

Cl
OH OH
COzMe ‘

Cl

COZMe
O

@) CH, HO Z O CH,

‘\k Hso\ . ‘\I\

HO " “CHg HN N CHs
NHAc
NHAc 0

3% yield 3% vyield 6% yield

Internal H-Bond acceptor?

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80



Distal Alcohol Functionalization

HsC  CHs HsC  CHj

Cl
OH OH
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COZMe
)

H

S T
HO " CH, HN B\H " CH,
NHAc

NHAc o
3% yield 3% vyield 6% yield

F,C” NZ H)H"\kMe

NHAc
14% yield

Internal H-Bond acceptor?

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80



Distal Alcohol Functionalization

HsC  CHs HsC  CHj

Cl
OH OH
COzMe ‘

Cl

COQMe
)

H

S T
HO " CH, HN S\H " CH,
NHAc

NHAc o
3% yield 3% vyield 6% yield

m I L CI:FS C
0o=Ss \k
& . k 7 .
F:C” N H)H ‘SMe 0O N/ﬁ Me
\ia NHAc

14% vyield 53% yield
Internal H-Bond acceptor?

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80



Distal Alcohol Functionalization

HsC  CHs HsC  CHj

Cl
OH OH
COzMe ‘

Cl

COQMe
O
O CH
O CH3 HO = |\3
‘\k HSC\ . W
HO " “CHg HN N CHs
NHAc
NHAc 0
3% yield 3% vyield 6% yield
CHs3

m 1 MC CI:FS MC ° I

0=S . =g Bn
— . / ~ ot VN K
FaC N H)H N e & N/ﬁ Me 4 H)H

NHAC NHAC NHAc

14% yield 53% vield 86% yield
Internal H-Bond acceptor?

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80



Distal Alcohol Functionalization

' H,C CH
’ Hie OH
\'\@\
CO,Me MeO,C

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80



Distal Alcohol Functionalization

H H3C CH3

' HsC_ CH
Hi OH @ L H M3 3
H — > Hie OH
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CO,Me MeO,C
H-bond
H-bond acceptor CF,
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0= CHg
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O=¢ o H CHg
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o N HNT Y
HN\n/Me more A

active
O base

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80



Distal Alcohol Functionalization

H H3C CH3

' HsC_ CH
Hi OH @ L H M3 3
H — > Hie OH

\'\@\

CO,Me MeO,C
H-bond
H-bond acceptor CF,

acceptor p-tolyl O

0= CHg
//S\N
O=¢ o H CHg
//S\ aBn
o N HNT Y
HN\n/Me more A

active
O base
CHj
OH OH
MeO,C MeO,C
74% 40% 50%

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80



Distal Alcohol Functionalization

0 —— 0

H Ar
\| : not detected

HsC  CHs @ . HsC  CHs
ﬁ /CH3 ﬁ /CH3

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80



Distal Alcohol Functionalization

o —%— °

HsC CHyg @ . HaC, CHs
MQ CHg ﬂ)< _CHg
H Ar
\| not detected

Alcohol is crucial for reaction

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80



Distal Alcohol Functionalization

HsC CHs

Cl HsC CHg
OH @ L Cl
H OH

oo A
©

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80



Distal Alcohol Functionalization

HsC CHs

Cl H;C CHj
OH @ L Cl
H OH

oo A
©

= . = N
F,C”~ DN HJ\ \kCH3 FsC NJH CHs

NHAc NHAc
14% vyield 1% vyield

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80



Distal Alcohol Functionalization

HsC CHs

Cl H;C CHj
OH (EE} L Cl
H OH

oo A
©

Q%CHS )CL)HC

NHAcC NHAc
14% vyield 1% vyield
CH3 C['a J‘\‘ C['s
/ﬁNHAc NHAc
16% vyield 4% vyield

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80



Distal Alcohol Functionalization

HsC CHs

Cl HsC CHsg
OH @ L cl
H - OH
Ar
|

Q%CHS )CL)HC

NHAc NHAc
14% vyield 1% vyield
/ﬁNHAc NHAc
16% vyield 4% vyield

Ligand isomers not competent

Strassfeld, D. A., Chen, C.-Y., Park, H. S., Phan, D. Q. & Yu, J.-Q. Nature 2023, 622, 80
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Ronald Breslow
(1931-2017)
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Breslow - lon-Pairing oxidation

2 point binding

Rajagopalan, R., Schwarz, J., & Breslow, R. JACS 1981, 7103, 2905



Breslow - lon-Pairing oxidation

2 point binding

Rajagopalan, R., Schwarz, J., & Breslow, R. JACS 1981, 7103, 2905



Breslow - lon-Pairing oxidation

2 point binding

¢
g

C-2 c-3 C-4 C-5 C-6
O O
C3 C5 C3
HO” N TN Y Y YoH 2.6% 1.4% 22%  74%
@)
C3 C5 C4 Cc2 OH
HO” Y Y Y Y 2.7% 1.7% 27%  93%
@)
@]
C3 C5 C6 C4 c2 OH
o Y Y Y XY 1% 0.2% 3.6%  62% 34%
@)

Good selectivity, not really practical

Rajagopalan, R., Schwarz, J., & Breslow, R. JACS 1981, 7103, 2905
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Sawamura - lon-Pairing rt-allyl

ﬂ H-bonding

P\ 7 P /

Hayashi - H-bonding
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/<_\ K lon-pairing

P P
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Sawamura - lon-pairing

Ito, Y., Hagihara, T., Yamamotom A., & Hayashi, T. Tet. Lett. 1986, 27, 191; Sawamura, M., Nagata, H., Sakamoto, H., & Ito, Y. JACS 1992, 174, 2586
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Ito, Y., Hagihara, T., Yamamotom A., & Hayashi, T. Tet. Lett. 1986, 27, 191; Sawamura, M., Nagata, H., Sakamoto, H., & Ito, Y. JACS 1992, 174, 2586



Sawamura - lon-Pairing rt-allyl
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ﬂ H-bonding /<_\ K lon-pairing
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Fe PPhy Me
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Ito, Y., Hagihara, T., Yamamotom A., & Hayashi, T. Tet. Lett. 1986, 27, 191; Sawamura, M., Nagata, H., Sakamoto, H., & Ito, Y. JACS 1992, 174, 2586



Sawamura - lon-Pairing rt-allyl
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Ito, Y., Hagihara, T., Yamamotom A., & Hayashi, T. Tet. Lett. 1986, 27, 191; Sawamura, M., Nagata, H., Sakamoto, H., & Ito, Y. JACS 1992, 174, 2586



Sawamura - lon-Pairing rt-allyl
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Ito, Y., Hagihara, T., Yamamotom A., & Hayashi, T. Tet. Lett. 1986, 27, 191; Sawamura, M., Nagata, H., Sakamoto, H., & Ito, Y. JACS 1992, 174, 2586



Sawamura - lon-Pairing rt-allyl
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Solvent dependence suggests lon-pairing

Ito, Y., Hagihara, T., Yamamotom A., & Hayashi, T. Tet. Lett. 1986, 27, 191; Sawamura, M., Nagata, H., Sakamoto, H., & Ito, Y. JACS 1992, 174, 2586



Luo - Photoredox lon-Pairing

Jia, Z. Zhang, L. & Luo, S. JACS 2022, 7144, 10705



Luo - Photoredox lon-Pairing

@ Me;lﬂiﬁ Pc . Ir(ppy)x(dtbbpy)(PFg)

Jia, Z. Zhang, L. & Luo, S. JACS 2022, 7144, 10705




Luo - Photoredox lon-Pairing

N
TfOH

lon-Paring interaction probed by 1H-

NMR titration

Pc

Ir(ppy)2(dtbbpy)(PFe)

Jia, Z. Zhang, L. & Luo, S. JACS 2022, 7144, 10705
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lon-Pairing Induced Enantioselectivity
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chiral transition metal complex

Llewellyn, D. B., Adamson, D. & Arndtsen, B. A. Org. Lett. 2000, 2, 4165



lon-Pairing Induced Enantioselectivity

acl_wira.l achiral
catlon;c chiral cationic
. meta metal
chiral anion
anion

© /*/ € © ®

chiral transition metal complex

Ts
/
X
+ PhINTs _—

Benzene

Use of chiral anion with achiral metal to give
selectivity

Llewellyn, D. B., Adamson, D. & Arndtsen, B. A. Org. Lett. 2000, 2, 4165



Arndtsen - lon-Pairing
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Arndtsen - lon-Pairing
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Cu N
_——
Benzene

CuOTf 1

CuClO4 5
CuCl 17

CuPFs 33
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B Bu
Copper source %ee %ee

CuOTf 66
CuClIO4 57
CuCl 26
CuPFe 33

Llewellyn, D. B., Adamson, D. & Arndtsen, B. A. Org. Lett. 2000, 2, 4165



Arndtsen - lon-Pairing
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Copper source %ee %ee Copper source %ee %ee
CuOTf 1 28 CuOTf 66 2
CuClO4 5 28 CuClO4 57 2
CuCl 17 28 CuCl 26 2
CuPFs 33 28 CuPFe 33 2

Llewellyn, D. B., Adamson, D. & Arndtsen, B. A. Org. Lett. 2000, 2, 4165



Arndtsen - lon-Pairing
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> N N
Ph Ph N
Bu Bu
Copper source %ee %ee Copper source %ee %ee
CuOTf 1 28 CuOTf 66 2
CuClO4 5 28 CuClO4 57 2
CuCl 17 28 CuCl 26 2
CuPFs 33 28 CuPFe 33 2

High %ee dependence on counterion and solvent suggests ion-pairing
playing a role

Llewellyn, D. B., Adamson, D. & Arndtsen, B. A. Org. Lett. 2000, 2, 4165



Arndtsen - lon-Pairing
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Llewellyn, D. B., Adamson, D. & Arndtsen, B. A. Org. Lett. 2000, 2, 4165
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Arndtsen - lon-Pairing
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Llewellyn, D. B., Adamson, D. & Arndtsen, B. A. Org. Lett. 2000, 2, 4165
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X
+ PhINTs

e
C
1l
N
Cu.
AN
HaC” N CHs

Benzene
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o ©

chiral transition metal complex

Ligand Solvent 9%Yield %ee

none R CeHe 86 +7
none S CeHe 88 -7

Llewellyn, D. B., Adamson, D. & Arndtsen, B. A. Org. Lett. 2000, 2, 4165
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OO OO none R CsHe 86 +7
o.-_0
SBZ none s CeHe 88 -7
O (@)
OO OO none R CH2Cl2 97 +4
none R CH3CN 87 +1

Llewellyn, D. B., Adamson, D. & Arndtsen, B. A.

Org. Lett. 2000, 2, 4165



List - lon-Pairing Oxidation
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chiral transition metal complex

Liao, S. & List, B. Angew. Chem . Int. Ed. 2010, 49, 628
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Liao, S. & List, B. Angew. Chem . Int. Ed. 2010, 49, 628



List - lon-Pairing Oxidation
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chiral transition metal complex
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Liao, S. & List, B. Angew. Chem . Int. Ed. 2010, 49, 628



List - lon-Pairing Oxidation

I

N—Il—N
{ MT O\
0 o)

Liao, S. & List, B. Angew. Chem . Int. Ed. 2010, 49, 628



List - lon-Pairing Oxidation
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Liao, S. & List, B. Angew. Chem . Int. Ed. 2010, 49, 628
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List - lon-Pairing Oxidation
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enantioselectivity
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Liao, S. & List, B. Angew. Chem . Int. Ed. 2010, 49, 628



List - lon-Pairing Oxidation

Counterion induced
enantioselectivity
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™R N—— . .
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- - o) o)
and 94%ee
tBu tBu

Liao, S. & List, B. Angew. Chem . Int. Ed. 2010, 49, 628



List - lon-Pairing Oxidation

Counterion induced
enantioselectivity
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Mn N N O
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Liao, S. & List, B. Angew. Chem . Int. Ed. 2010, 49, 628
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Kadarauch, M., Whalley, D. M., & Phipps, R. J. JACS 2023, 145, 25553
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Kadarauch, M., Whalley, D. M., & Phipps, R. J. JACS 2023, 145, 25553



Phipps - lon Pairing Enantioselectivity
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Phipps - lon Pairing Enantioselectivity
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chira metal
anion

@ @

chiral transition metal complex

H-bonding controls
enantioselectivity

anion on
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tethered .

N
/ @ cation

metal bound 7

/7
intermediate @

anion on
ligand

electrostatic association

lon-pairing controlled
enantioselectivity

Kadarauch, M., Whalley, D. M., & Phipps, R. J. JACS 2023, 145, 25553



Phipps - lon Pairing Enantioselectivity

OH
SO
Me —_— L
KOH (1.5 equiv.)
toluene:H,0 (10:1)

Kadarauch, M., Whalley, D. M., & Phipps, R. J. JACS 2023, 145, 25553
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Phipps - lon Pairing Enantioselectivity

OH ‘
O @ L PCy,
MeO, OMe
_— L
' O _ Na+

KOH (1.5 equiv.)
toluene:H,0 (10:1) SO,

Br ‘ (R)-sSPhos

Excellent enantioselectivity for dearomatized products

.O .O ove

69% vyield 55% vyield 13% vyield 77% vyield
88% ee 90% ee 88% ee 93% ee

<
o

Kadarauch, M., Whalley, D. M., & Phipps, R. J. JACS 2023, 145, 25553



Phipps - lon Pairing Enantioselectivity

2.5 mol% szdbaS
7.5 mol%
(R)-sSPhos

T
1.5 equiv. Base
PhMe
110 °C, 20 hr

Kadarauch, M., Whalley, D. M., & Phipps, R. J. JACS 2023, 145, 25553



Phipps - lon Pairing Enantioselectivity

R R Yield %ee
O/
2.5 mol% szdbaS

7.5 mol% H 60 83

(R)-sSPhos
MeO ) 5 TMS 46 83

1.5 equiv. Base
PhMe

110 OC, 20 hr K 53 02

Kadarauch, M., Whalley, D. M., & Phipps, R. J. JACS 2023, 145, 25553



Phipps - lon Pairing Enantioselectivity

R R Yield %ee
O/
2.5 mol% szdbaS

7.5 mol% H 60 83

(R)-sSPhos
MeO _ MeO TMS 46 83

1.5 equiv. Base
PhMe
110 OC, 20 hr K 53 92
Br

Blocking ion pairing moiety leads to decrease in %ee
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Toste - Gold—Phosphate lon-Pairing
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List - Pd-m-allyl lon-Pairing

Key intermediate

Mukherjee, S. & List, B.

R= 2,4,6'/'Pr3'C6H2

Counterion controlled enantioselectivity

JACS 2007, 129, 11336
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CF3
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ROESY shows attractive interaction

ROESY - lon-pairing contacts between Aryl and Cp* ligand
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Curious lack of Metallaphotoredox methods utilizing these interactions for selective catalysis
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