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C(sp3)-H Functionalization

» Challenges:
 Reaction efficiency

« Functional group compatibility/reaction scope

 Regio- and stereo-selectivity

« Atom economy (directing groups are very large and

add linear steps)
» Not all C(sp3)-H are created equally!

Variable BDEs

H—>—H  ca. 98 kcal/mol

+H ca. 93 kcal/mol
H
©/\ ca. 88 kcal/mol

q ca. 86 kcal/mol
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C(sp?)-H Functionalization by the Shi Group

Pd(OAc), (10 mol%)

Arl (1.5 equiv.) Pd(OAc), (10 mol%)
@) CuF, (1.5 equiv.) O NalOj3 (2 equiv) PhthN, o)
PhtthLN N DMPU (5NeqU|v.) _ PhthN:ﬁLN,PIP ,:Aczc(:)NmS equiv) )jN(
H acetone H e .
N~ r N2 2
H”~H 100 °C, 24 h Ar” H 70 °C, 48 h Ar PIP
35-89% (mono/di 25-30:1) 46-86%

Angew. Chem. Int. Ed. 2013, 52, 13588.

Pd(OAGC), (10 mol%)

0 K>COg3 (2.5 equiv)
Arl  PivOH (0.2 equiv) Ar O
R/\)LN'PIP + > PIP
or P
H ArBr t—BUOH, N2 R ”
120 °C, 24 h
23-90%

Chem. Commun. 2014, 50, 8353.
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C(sp?)-H Functionalization by the Yu Group

Pd(OAc), (10%)

Q
\©\ glycine (50%)
Me + >
CO,Me AgTFA (1.5 equiv.)
H

HFIP:AcOH (3:1)

110 °C, 36 h
- Pd(TFA), (10%) F
ligand (20%)
H ol CF3  Arl (3 equiv.) p-Tol. O
R1)\(lL N F AgoCO3, KoHPO, MN
rH O Hexanes, 110 °C, 24 h H F
2
86%

L
Z
N™ "Oi-Bu
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CF
CFs p-Tol o 3
N F
F Ho L
p-Tol
92%, mono:di = 1:8
JACS 2012, 134, 18570.
F
[{Pd(allyl)CI},} (5%) CF3

PAr; (20%)

CF3 @)
()

"\
OBz

> F
CSQCO3, CH2C|2, M.S. F

120 °C, 16 h
k/O 77%

ACIE 2015, 54, 6545.
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C(sp?)-H Functionalization by the Yu Group

Pd(OAc), (10%)  F NPhth

NPhth ligand (20%)
: Arl

Ho
>
j/\CONHOMe AgOAc, solvent

2-steps

53%, d.r. > 20:1

JACS 2012, 134, 18570.

Pd(OAc), (5-10%) F
ligand (10-20%) F CF;
B,pin, (2 equiv.) . Q
HOAc, KHCO3;, TEABF,4 Q\)‘\N F
CH4CN, 80 °C, O,, 15 h H F

Bpin

OMe

CL
NZ “oMe ACIE 2016, 55, 785.
Pd(OAC), (10%)

y l;lPhtrlllHAr - ligand (20%) o NPhth
F i '
\/\n’ (OFbs AgF, dioxane NHAr
o 110 °C, 18 h

@)
88%

X
~
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Ligand Optimization

Pd(OAc), (10%)

F .
Ligand (10%)
F CF3 Tol- - F CF3
H, H o) p-Tol-l (3 equn/..) .~ 0)
M eA)LN £ AgCO;(2equiv) oy E
H o F
1

HFIP, 80 °C, 36 h H E
2a
AN AN AN AN
7~ 7~ ~ 7~
N N N N
NHAc AcHN AcHN AcHN”"Ph
L6, N.R. L9, 46% L10, 58% L17, 76%, 29:71 er
e b
7~ 7~
N R N Et
AcHN O tBu AcHN '©/ tBu
t-Bu t-Bu L40, 13%, 31:69 er
R = Me L34, 86%, 90:10 er
Et L35, 82%, 92.5:7.5 er
n-Pr L36, 71%, 90.5:9.5 er t-Bu
i-Pr L37, 48%, 78:22 er

OMe L38, 69%, 84:16 er

L39, 75%, 88:12 er £Bu L41,15%, 68:32 er
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Starting Material and Ligand Synthesis

reflux

F
o) 1. (COCI),, CHJCl, oF CF3
r
R/\)LOH 2. AreNH,, toluene R/\)LN F
H F
1

e
1. HCI in dioxane N/

1. n-BuLi, THF
m/\ LA t-B MeOH, i, 6 h t-B
-Bu . -bu
Nif 2. Q 2. Ac,0, EtsN, AcHN O
CBUS NP CH,Cl,, rt, 18 h
t-Bu
-Bu 4 isomers, 75% L35, 80%

-78°Cto0°C,2h (S,S) =23%
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DFT Derived Transition State Structures
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Aryl lodide Scope

Pd(OAc), (10%) R .
E L35 (12%)
oF CFs  Arl (2.5 equiv.) of CF3
H,' H >
" eA)LN . Ag,CO; (1.75 equiv.) Me™s N .
H ¢ HFIP, 80 °C, 36 h H ¢
1 2a-v
para R = Me 2a, 78%, 95:5 er para R = Cl 29, 67%, 95:5 er
H 2b, 89%, 95:5 er Br 2h, 56%, 95:5 er
CH,OMe 2c, 64%, 95.5:4.5 er CF; 2i, 45%, 94:6 er
OMe 2d, 83%, 95:5 er COMe 2j, 64%, 96:4 er
OCF; 2e, 57%, 94:6 er CO,Me 2k, 78%, 95.5:4.5 er
F 2f, 84%, 94:6 er
meta R = Me 21, 71%, 96:4 er ortho R = OMe 2q, 57%, 89:11 er
OMe 2m, 78%, 96:4 er CO,Me 2r, 79%, 90:10 er
F 2n, 58%, 95:5er
I 20, 50%, 96:4 er
CO,Me  2p, 62%, 96:4 er
9 CO,Et
(OEt),P: (\O 20
Me Me @) o
O O O O
Me NHArg Me NHAre  Me NHArg Me NHArg

2s, 60%, 93.5:6.5 er

2t, 61%, 94:6 er
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2u, 58%, 94:6 er 2v, 56%, 92:8 er
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Scope of Amides and Acids

Pd(OAc), (10%) F

F
oF CF; L32o0rL35(12%) oF CF3
H H Arl (3 equiv.
O T
R N F Ag,COs(2equiv.)  Me+ N F
H o F

HFIP, 80 °C, 36 h H F
3a-x 4a-x
R =Et 4a, 78%, 93.5:6.5 er R =-(CH,),Ph 4k, 72%, 90:10 er
n-Pr 4b, 83%, 95:5 er -(CH,)4,CO,Me 41, 60%, 95:5 er
n-amyl 4c, 80%, 94:6 er -(CH5)sCOs,Me 4m, 68%, 95:5 er
-(CHy)1oMe 4d, 79%, 94:6 er -(CH5)3NPhth  4n, 50%, 93.5:6.5 er
cyclopentyl 4e, 48%, 89.5:10.5 er -(CH,);0Me 40, 40%, 95.5:4.5 er

cyclohexyl  4f, 56%, 93.5:6.5 er

Me NHArg NHAre NHArg ) NHArg

49, 71%, 95:5 er 4h, 72%, 94:6 er 4i, 74%, 95:5 er 4j, 81%, 95:5 er
Ph NHArg NHArg NHArg NHAre
TsN
4p, 35%, 94:6 er 4q, 68%, 95:5 er 4r, 37%, 96:4 er 4s, 57%, 93:7 er
Ar O Ar, Ar, COoH
NwCO2H “——NPhth
R NHAfE R=H 4t, 85%, 87:13 er |>‘\‘Nphth [T
4-CO,Me 4u, 87%, 92.5:7.5 er

3-Mel 4v, 85%, 90:10 er 4w, 56%, 92:8 er  4x, 42%,

80:20
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Poor Atom/Step Economy with DG
Chemistry Remains a Major Challenge

Combined MW: 539.2323

MW: 178.2310

Science 2016, 353, 1023.
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Combined MW: 395.3410 MW: 178.2310

Chem. Commun. 2014, 50, 8353.
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Conclusions

Highlights:

qcult.

» Useful methodology when conjugate addition is di
« Excellent enantioselectivity.
» Ligands are accessible and tunable.

Room for Improvement:

« Are non-aromatic pi bonds (alkenes, alkynes) tolerated?

« ... and heterocycles?

 Reaction times are long and catalyst loading is higher
than typical cross-couplings.

« DG accounts for significant loss of atom economy.
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