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Directing Groups for Site-selective C-H

Functionalization
1. Previously designed strong directing groups (DG)

t-Bu Pd(OAc), t-Bu
PhI(OAc),
N Ch,Cl, N
Y | + I y Y |
T N\EN0 rt, 48-72 h | R
Ry R, R4, R, = Alkyl, OTBS Ry R,

32-98% yield
Strong coordination of oxazoline to Pd" enhances reactivities and site-selectivities.
However, it is necessary to install and remove specialized strong directing groups (DG).

2. The use of native functional groups for the DGs

R X
\ |
OMe OMe O- -pd''=X
RN Ry N7 ul
Pd cat. © L Neutral DG
y X
C02H COZH |
H N R3/\(‘)n/ R O0—Pd"--L
1
It is unnecessary to install and remove directing groups . \\( ! L
L Anionic DG
Problems O

The weak coordinative ability of these functional groups to Pd(ll).

Giri, R.; CHen, X.; Yu, J. -Q.; Angew. Chem. Int. Ed. 2005, 44, 2112.



Ligands for Neutral Directing Groups (X,X Ligands)

CO,Me

Pd(OAc), (10mol%)
H ligand (20mol%)
5 B AgOAc (2 eq), HFIP

¢ a CO,Me 90 °C,24 h AN
+ y I
OMe | ~Z
5 "H 5

1eq 1.5 eq

ligand

none 11% 0%

Ac-Gly-OH 73% 17%
*Yield was determined by 'TH NMR using CH,Br, as the internal standard.

OMe acts as a neutral DG.
Mono Protected Amino Acid (MPAA) accelerates the reaction.
OH

¢
N )\
HOJI\/ SAc F.C

Ac-Gly-OH HFIP

3 CF;

Li, G.; Leow, D.; Wan, L.; Yu, J. -Q.; Angew. Chem. Int. Ed. 2013, 52, 1245.



Computation Study of Reaction Mechanism (1)

I\Ille
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AG (AE): kcal/mol
Calculations were conducted at the M06/SDD+ 6-311++G(d,p) level of theory

Chen, G. J.; Yang, Y. F; Liu, P.; Chen, P.; Sun, T. Y.;Li, G.; Zhang, X.; Houk, K. N.; Yu, J. -Q.; Wu, Y. D.
J. Am. Chem. Soc. 2013, 136, 894.




Computation Study of Reaction Mechanism (2)

(o) H
)]\/r!l
Pd(OAc), HO SAc 0(0)
OMe
Concerted H

Metallation Ac-Gly-OH
Deprotonation

Y Y + Y

\( \(' o’ %
Y e 1
AcHN ,( H, ;" H.
\ 0\~ V4 6 ~ Ns~ V4 6
II Il ] Il
. O/Pd O/Pd\ /,/:O/Pd /,/:O/Pd\
¢ /‘o 0 /‘o 0 /‘o 0 /‘o
N Me ] B Me ] N Me 1 L Me |
34.4 (29.1) 33.0 (26.9) 28.9 (27.3) 43.8 (35.9)

AG (AE): kcal/mol
Calculations were conducted at the M06/SDD+ 6-311++G(d,p) level of theory

N-Acyl groups accelate CMD step, acting as a base to deprotonate the C—H bond.

Cheng, G. -J.; Yang, Y. -F.; Liu, P.; Chen, P.; Sun, T. -Y.; Li, G.; Zhang, X.; Houk, K. N.; Yu, J. -Q.; Wu,_ Y.
-D. J. Am. Chem. Soc. 2014, 136, 894.



Proposed Reaction Mechanism (X,X Ligands)

5 OMe ©\/\I
CO,Me ;“C
\(0 N
||
. COMe = 4 1 dride © N, '0 Ph
,Pd elimination; P g
o oxidation >
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— o -
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N \
\W | ( H.
CO,Me N\ & N\ ’ B ligand-accelerated
r pd! /'/: JPd! (CMD)
o / /
X,L-type binding Me B Me |

Cheng, G. -J.; Yang, Y. -F.; Liu, P.; Chen, P.; Sun, T. -Y.; Li, G.; Zhang, X.; Houk, K. N.; Yu, J. -Q.; Wu, Y.
-D. J. Am. Chem. Soc. 2014, 136, 894.



Ligand for Anionic Directing Groups (L,X Ligands)

Pd(OAc), (10 mol%)

ligand
AgOAc (2 eq),
Me  Ag,CO; (0.5 eq), Me
Na,HPO, (1 eq), HFIP
H o) 100 °C, 48 h S
° /K/U\ ' > Z
Me™ v OH o
B ° N = |
I ligand Me™ v OH HN
1eq 2 eq
none 0% L1 o)
Ac-Gly-OH 0%
L1 62%
Ligands type Site selectivity

;Ac
N oL N/ N/
VAR P H —pdll=N
P~ L ), Pd oThdi-N
1
L () OA/T‘H_ —IO
Al L1 > favored
bisanionic chelates monoanionic chelates
5 bered palladacycle
(X,X type binding) (L,X type binding) membered palladacy

is more favored

Hu, L.; Meng, G.; Yu, J. -Q.; J. Am. Chem. Soc. 2022, 144, 20550.



Short Summary

1. Bisanionic X,X ligand are useful for neutral directing group?

Pd"
+

X,X ligand
+

L\/(A)\/H
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o
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HO

X,L-type binding

2. Monoanionic L,X ligand are useful for anionic directing group?

Pd"
+

L,X ligand
+

x\/(a)\/H

L,X-type binding

L,L-type binding

1) Li, G.; Leow, D.; Wan, L.; Yu, J.Q.; Angew. Chem. Int. Ed. 2013, 52, 1245.
2) Hu, L.; Meng, G.; Yu, J.Q.; J. Am. Chem. Soc. 2022, 144, 20550.
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Alcohols as Directing Groups

1. Neutral (L-type) coordination

X,Pd"- -L 2
2" X,Pd"- -0
L + ROH - : H o+ L
soft—soft soft—hard
The binding affinity of neutral alcohol to Pd" is low."
2. Anionic (X-type) coordination L
1
R
lei’d"- -L strong base> XI:Dd"—o’ o
' + ROH : + X
L — L

The binding affinity of anionic alcohols (alkoxides) to Pd" is higher than neutral alcohols.?

However, Pd-alkoxides are prone to undesired side reactions.
ex) oxidation, fragmentation....

Pd(OAc),”
Ph PPh3, CSCO3 (@)
Ph—Br + PhJ<Ph o-xylene_ Ph—Ph + )]\
reflux Ph Ph
(3 eq) OH 98% 55%

1) Mo, F.; Tabor, J.; Dong, G. Chem. Lett. 2014, 43, 264.
2) Bryndza, H. E.; Tam, W. Chem. Rev. 1988, 88, 1163.
3) Terao, Y.; Qakui, H.; Satoh, T.; Mirua, M.; Nomura, M. J. Am. Chem. Soc. 2001, 123, 10407.



C(sp?)-H Activation Using Free Alcohol

as Anionic Directing Groups

Pd(OAc), (10 mol%)
1,4-benzoquinone (20 mol%)
base (2 eq)

AgOAc (2 eq)
toluene, 80 °C, 24 h

+ é\COZMe -
entry base yield*
1 Li,CO, 16%
2 K,CO4 1%
3 t-BuONa 0%
4 t-BuOLi 0%

*Yield was determined by 'TH NMR using CH,Br, as the internal standard.

Pd-Alcoxide coordinations are not useful as directing groups.

Lu, Y.; Wang, D. H.; Engle, K. M.; Yu, J. -Q.; J. Am. Chem. Soc. 2010, 132, 5916.



C(sp?)-H Activation Using Free Alcohols
as Neutral Directing Groups

Pd(OAc), (10 mol%)

B L3 (20 mol%)
Li,CO3 (1 eq)
Y o« * %\Cone AgOAc (4 eq)
OH -
®°H CeFe, 80 °C, 48 h
C(sp?)-H Wacker type
olefination /O\H cyclization
P, —> OH

RO S &
. 0O CO,Me
)\ I
o . . - )L OH
Alcohols work as neutral directing groups. ~ (0] N
= H
A (o)

*Yield was determined by 'TH NMR using "\ L3
CH,Br, as the internal standard. X,X-type ligand

Lu, Y.; Wang, D. H.; Engle, K. M_; Yu, J. -Q.; J. Am. Chem. Soc. 2010, 132, 5916.




C(sp3)-H Arylation of Free Alcohol with X,X Ligands

Pd(OAc), (10 mol%)
Ligand (12 mol%)
AgOAc (2 eq)

Cl | CICH,CH,CI (0.1 M) el
B @ "OH + /@/’ 90 °C, 48 h> 5 a “OH
H Ar
Y M902C Y
5 = Ar

Ligand
CF,
0 k 0
\\ R \‘k 0
none HOJH“ \”JH“ ‘k
NHAC NHAC FsC N
NHAc
4% 3% R=Me :6% 3%

R =0Me : 2%

X,X ligands do not work well in C(sp3)-H activation.
—The development of new ligands that enhance coordination of neutral
alcohol to Pd is necessary.

Strassfeld, D. A.; Chen, C.-Y.; Park, H. S.; Phan, D. Q.; Yu, J. -Q.; Nature 2023, 1622, 80.



New Ligand Design Based on Intramolecular
Hydrogen Bond

Stabilization of a transition metal-aqua complex via intramolecular hydrogen bonds
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weak ROH coordination enhance react|V|ty?

Brazzolotto, D.; Bogart, J. A.; Ross, D. L.;Ziller, J. Z.; Borovik, A. S. Inorganica Chimica Acta 2019 495
119060.



Ligands Screening with Potental HBAs Moiety

Pd(OAc), (10 mol%)
Ligand (12 mol%)
AgOAc (2 eq)
CICH,CH,CI (0.1 M)

Cli | o Cl
H Ar
MQOzc

Ligand
CF;
0 ~ | O o)
\‘k \ ‘\‘k * “\k
F3;C N - FsC© "N° N : 0” "N ,
H H H
3% NHAc 4%  NHAc 459, NHAC
(o) (o)
O=g k O=g I\ O=g
7N o V75 o 7N o
o’ H/ﬁ o’ H NG u
NHAc NHAc NHAc
26% 77% 86%
) . ] . . Yield was determined by 1H NMR
Ligands bearing potential HBAs improve yield using CH,Br, as the internal standard.

Strassfeld, D. A.; Chen, C.-Y.; Park, H. S.; Phan, D. Q.; Yu, J. -Q.; Nature 2023, 1622, 80.



Substrate Scope (1)

Pd(OAc), (10 mol%)
L4 (12 mol%)

AgOAc (2 eq) R* R® 0
-1 CICH,CH,CI, 90 °C, 48 h O=g Bn
AN 7 N
> R1—- OH o H
1

= s Ar NHAc

Ar L4

R4 RS aryl iodine scope

Cl

cl
O OH OH

R2
CO,Me CO,Me
R'=5-CF; 56% R*R® = Et 42%** R? = p-CO,Me 72%
R' = 5-OMe not detected (¥)R*=Me,R5=H <5%** R? = p-OMe 66%
R'=3-CI 37% R4R%=H 14%** R? = o-Me 24%*
R'=4-CI 54%*

* Reaction run at 100 °C, 3 days Yield was determined by 1H NMR
**Reaction run at 85°C, 3 days using CH,Br, as the internal standard.

Strassfeld, D. A.; Chen, C.-Y.; Park, H. S.; Phan, D. Q.; Yu, J. -Q.; Nature 2023, 1622, 80.



Mechanistic Study

Pd(OAc), (10 mol%)
L4 (12 mol%)

| d4-AcOD (10 eq) ¢
H + | N AgOAc (2 eq)
=
MeO,C CICH,CH,CI (0. 1 M)
90 °C,48 h

(0 eq) 78% ;
(8% D incorporation)
n.d.% 16%

(3 eq) <1% D incorporation (<1% D incorporation)
Without couping partner, CH activation is reversible. 7 tol o
With couping partner, CH activation is irreversible. Oss\ JH ~Bn

o/ N '

Kinetic data analysis revieals that the reaction rate is approximately NHAc
1st order in [alcohol]. (c.f. appendix) L4

—C-H activation is rate determining step.

Strassfeld, D. A.; Chen, C.-Y.; Park, H. S.; Phan, D. Q.; Yu, J. -Q.; Nature 2023, 1622, 80.



Proposed TS for benzylic CMD

t

X-Ray Crystallography

TS analogue salicyl alcohol

e
256 A B ' stabilizes coordination N

Hydrogen bond / I N
/
)

Single-crystal R O
XRD structure of /f—\ = Pd/ Oss\ ot
C1 ((salicyl { ) o/ N o/ N
alcohol)PdL24) ), 7 N H
O,

Hydrogen bond
analogue of CMD L-24

‘ H, //« NAc
Ji o)

Proposed hydrogen bond is observed at CMD immitating complex.

Strassfeld, D. A.; Chen, C.-Y.; Park, H. S.; Phan, D. Q; Yu, J. -Q.; Nature 2023, 1622, 80. 20



DFT Calculation

TS-1

TS-10
AG* = 0.0 kcal mol- AGF = 6.9 kcal mol-!

e

Rotate N-S to

disrupt hydrogen-
bondin
)\(O Ar ° )\fo 0
r S a - O

P X =
O:\ _Pd NS O. ,Pd/ i O
Ay wrl A
/7 O’H \ O—H

Hydrogen bond stablize TS approxymately 6.9 kcal/mol.
Calculations were conducted at the wB97XD/6-311++G(2d,p) level of theory

Strassfeld, D. A.; Chen, C.-Y.; Park, H. S.; Phan, D. Q; Yu, J. -Q.; Nature 2023, 1622, 80. 21



Proposed Reaction Mechanism

\f }\OH
+alcohol
Afc \ Ar +AcOH Pd" (/\‘
Bn, o / N . To— H,
NS -TM O / O -AcOH [Bn, U
Pd" —S OH | R
N/ N p'tOI “\\O /Pd[l
o) ,0 o)
(o)

s' i
p-tol iy .- p-tol— SN, -H

(0] L g . _

reductive

elimination O~ H

+AgOAc  p. \(
Bn | Ar Bn, \

ligand accelerated

—Agl "O Nlj O' N CMD
pqlVv _ -
/,/: /Pd\ Ar—I1 /l/: (rate-determining
o N | /0 - o N step)
I T ,
S oxidative insertion S

O O

Strassfeld, D. A.; Chen, C.-Y.; Park, H. S.; Phan, D. Q.; Yu, J. -Q.; Nature 2023, 1622, 80.



Application for Cyclobutyl Alcohols

Pd(OAc), (10 mol%)
L4 (10 mol%)
AgOAc (2 eq)

I CICH,CH,CI (0.05 M)
g 100 °C, 48 h
OH * OH
=Ar
37%
Working hypothesis
p-tol o o~ H\ o~ H\
O\ I Y \ Y4 \
7/S\N BN ’ HBA ’ HBA
0 ~ I ~ I
H ‘ Pdm—x-) .’ P?m-X~—)

NHAC A
"
L4 \()_J\/

Moderately active
internal base

N-Acyl

H

VN

\O-- ’
\ 2-pyridone
—_—

Highly active
internal base?

1) Wang, Z.; HU, L.; Chekshin, N.; Zhuang, Z.; Qian, S.; Ziao, J. X.; Yu, J. -Q. Science, 2021, 374, 1281.
2) Strassfeld, D. A.; Chen, C.-Y.; Park, H. S.; Phan, D. Q.; Yu, J. -Q.; Nature 2023, 1622, 80. 23



Ligands Screening (2)

N

Pd(OAc), (10 mol%)
Ligand (10 mol%)
AgOAc (2 eq)
CICH,CH,CI (0.05 M)

100 °C, 48 h
OH * y OH
H M902C =Ar Ar
Ligand
p'tOI (o) ?F3
I
p-tol O=g O=g
o=l T o’ "N ~ o’ "N =
>S< BN H | H |
o’ H HN HN
NHAc
379, <1% 0 6% 0
;I)-tol (0] ;I)-tol o (I;F3
O~
=S Bn O= O~
oSN » >S5\ =S
(o) 7 °N 2
H o H (o) |':l|
AcHN HNT NN A
19, 12% nly
>
° o = 67% o %

Strassfeld, D. A.; Chen, C.-Y.; Park, H. S.; Phan, D. Q.; Yu, J. -Q.; Nature 2023, 1622, 80.
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Aryl iodine scope

OH
11 ~
R'TT
b/
R' = p-CF, 63%
R' = p-OMe 54%
R' = m-CF, 62%
R' = 0-CF3 40%

Substrate Scope (2)

|
”
v/
= Ar

Pd(OAc), (10 mol%)
L5 (10 mol%)
AgOAc (2 eq)

CICH,CH,CI (0.05 M)

100 °C,48 h

-

Ar

Alcohol scope

h

P \\ SV
"'¢ OH Ar —
B
Ar 74%

COzMe

Ar OH
Ar 54% 22%*

* 24 h reaction time

OH

P
o/ N
HN™ R
7
o
L5

Unsuccessful substrate

Jude
Ar 0%

OH

l',"

Ar 0%
Ar

OH

Ph 0%

Strassfeld, D. A.; Chen, C.-Y.; Park, H. S.; Phan, D. Q.; Yu, J. -Q.; Nature 2023, 1622, 80.



Mechanistic Study (2)

Pd(OAc), (10 mol%)
L5 (10 mol%)
AgOAc (2 eq)

AcOH/D (10 eq)

Ph 1 CICH,CH,CI (0.05 M)
= + 90 °C, 3 days
ows .
H MGOZC = Ar

(3 eq)
. RSM ™
AcOH/D Yield of TM y-cis / y-trans / 5-cis %D y-cis / y-trans %D ?F3
Oz
//S\N
AcOH 51% ; ; o j
d4-AcOD 51% 23% 1 2% [ <1% 15% | 25% HN™ S
>
0
L5

Deutrium incorporation was observed into the y-position.

Strassfeld, D. A.; Chen, C.-Y.; Park, H. S.; Phan, D. Q.; Yu, J. -Q.; Nature 2023, 1622, 80.



DFT Calculation (2)

TS-cis-y-1 TS-trans-y-1 TS-6-1
¢ AG=0 kcal/mol ¢AG=1.64 kcal/mol ¢ AG=5.26 kcal/mol
H
7 \ Y
o™
1
A ‘éﬁo
Pd ~N/ \
HO , CF;
-
G/

Calculations were conducted at the M06/SDD+ 6-311++G(d.p) level of theory
Strassfeld, D. A.; Chen, C.-Y.; Park, H. S.; Phan, D. Q; Yu, J. -Q.; Nature 2023, 1622, 80. 27




Proposed Reaction Mechanism (Cyclobutyl

Alcohols)
H\
reductive 0/ ;O
_H elimination ™ )/ S’; (o) H
07+ pa-N" \ CMD X
Ar ! o) H / CF, »
v Qoo 0 T ,
HO I’ \I CF, SM
/N
Arl
N/ .
1 oxidative
dati \insertion
oxidative \*
insertion

_H H, due to the
o ¢ . / . . il
Iy chain o ”O hindrance of Pd
Arl 1 i walking —
5 i s=0
P’d ~N/ \ — . S % H
HO ; CF;
N
-—

28



Summary

Pd(OAc),
AgOAc
L1
CICH,Ch,CI

90 °C
> ' N OH
s Ar

v First report on alcohol directed C(sp3)-H activation

Pd(OAc),
H

AgOAc
L2
v Application for transannular C(sp3)-H activation

| CICH,Ch,CI
-~ 100 °C

X

> OH

Key
*Non-covalent interactions

between ligands and substrate
*Alcohols as neutral directing groups

Future work:

p-tol O
O 1
S/S\N BN
O
NHAc
L1
CF;
O:é
PR
o/ N
HN™ N
s
(@)
L2

*Expansion of the substrate scope
ex) primary or secondary alcohols, linear alcohols

Strassfeld, D. A.; Chen, C.-Y.; Park, H. S.; Phan, D. Q.; Yu, J. -Q.; Nature 2023, 1622, 80.
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Kinetic Data Analysis

Measurements of Kinetic order in alcohol substrates:

Pd(OAc), (0.01 mmol)

L24 (0.012 mmol) ; ool 9 .
: >S. «Bn
cl on . - AgOAc (0.2 mmol) o i on 5 o u
' L24 = NHAc
DCE (1 mL), 90 °C ) :
1a 0.3 mmol 2j :
Ph :
[1a]p=0.05M [aly=0.1 M [Ma]p=0.2 M
Time (h) [1a] (mM)  [2]] (mM) (1a] (mM)  [2j] (mM) [1a] (mM)  [2]] (mM)
2 10.92 35.03 19.45 67.50 45.02 140.71
4 15.57 30.29 29.97 62.38 56.60 127.76
6 14.93 32.59 37.98 53.37 64.00 106.12
8 24.58 17.57 48.21 44 46 99.92 83.40
9:42 0.5% order in [1a] 042 1%t order in [1a] 012 1.5 order in [1a]
0.1 @ 0.1 ] 0.1 ®
0.08 0.08 0.08
= 0.06 ® = 0.06 > = 0.06 P
~N ~N ~N
= ® 0 S ® . == ‘!
0.04 ¢ ©[12)0=005M 0.04 i ® [1a)0=0.05 M 0.04 K ® [1a)0=0.05 M
00 . q ©[1a]0=0.1M 002 § " ®[1a]0=0.1M 002 w,-" ®[1a]0=0.1M
[1a]0=0.2M [1a]0=0.2M (1a]0=0.2M
0 0 0 &
0 1 2 3 0 0.2 04 0.6 0.8 1 0 0.1 0.2 03 04
S[1a]°5*At S[1a)'*At s[1a)t5*At

Strassfeld, D. A.; Chen, C.-Y.; Park, H. S.; Phan, D. Q.; Yu, J. -Q.; Nature 2023, 1622, 80.
Bures, J. Angew. Chem.Int. Ed. 2016, 55, 16084.
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