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Site-selective C-H arylation of primary aliphatic
amines enabled by a catalytic transient
directing group
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a-selective Functionalization
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B-selective Functionalization
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y-selective Functionalization
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Transient Directing Group

Two Strategies for Directed C-H Activation

pre-installed directing groups . transient directing groups
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Catalytic Amount of Transient Directing Group
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Reaction Condition Optimization

MNHz Pd (10 mol%), L (20 mol%:) NHz
+ Phi — - -
H Additive (1.5 equiv.) Ph
Solvent (0.15 M), air, 100 *C
1a 2a
2 (o] N O OH 0 0

N l OH-Hz0 OH i 1
H I - H H H ‘ J’l\/\ J\

P |l . H H Ph

L1 L2 L3 L4 LS LG L7

Entry Pd source Ligand Additive Solvent Yield (%6)
1 Pd(OAc), L1 AgTEA HOAC Trace
2 Pd(OAc): L2 AgTFA HOAC Trace
3 Pd(OAc) 3 AgTFA HOAC 5
4 Pd(OAC) L4 AeTEA HOAC 72
5 Pd(OAC): L5 AgTFA HOAC 12
&) Pd(OAC): L& AgTFA HOAC Trace
7 Pd(OAC), L7 AgTFA HOAC Trace
8 Pd(OAcC): - AgTFA HOAC 10
9 Pd(OAc) L4 AgTFA TFE 5
10 Pd(OAc)- L4 AgTFA HFIP 20
n Pd(OAC): L4 AgTFA 'BuOH Trace
12 Pd(TFA). L4 AgTFA HOAc 70
13 Pd(OPiv)- L4 AgTEA HOAC &7
14 Pd(acac)s L4 AgTFA HOAC 62
15 PdCl; L4 AgTFA HOAC 55
16 Pd(OAc) L4 AgDAC HOAC 45
17 Pd(OAC): L4 AgaC04 HOAC 50
18 Pd(OAC), L4 Ag,0 HOAC 47
19 Pd(OAC): L4 - HOAC 0
20" Pd(OAC), L4 AgTFA HOACc 80(74)'
21+ Pd(OAc) L4 AgTFA HOAc 78

Reaction conditions: 1a (030 mmol}, iodobenzene (0.45 mmaol}), Pd source (0003 mmol}, ligand (0.06 mmol}, additive (0.45 mmol}, solvent (2 mi}, 100 *C, air, 15 h. Yields are based on 1a, determined by
"H-NMR using dibromomethane as intemal standard. *Reaction performed with Hz0 (12 mmal); Ylsolated yield; *Reaction carried out under Mx; Ph, pheryl; Ac, acetyl: TEA, trifluoroacetate; Piv, pivaloy; acac,
acetylacetonate: TFE, 2,2 2 -trifluoroathanol HAP, hexafluoroisopropanal; "B, tert butyl.



Substrate Scope of Alkylamines

Pd{OA 10 [%
NHQ '[ G}'Z f mo ]'ﬂ NHE
HO2CCHO=H20 (20 mol%:)
+ Phi ) — /\/$ 1
H =1l AgTFA (1.5 equiv.), HeO (4.0 equiv.) Ph R
R? HOAG (0.15 M), air, 100 °C, 15 h R?
1 2
NHz NHz NHz NH;
B /\)P Ph /\/M B W\/ P /\)tj\
23, 7T4% 2b, 63% 2c, 66% 2d. 60%
NH; NH; NH, NHz
F.h/\/P e F.h/\)v_/\ Ph %an WWDBn
2e. 72% (mono: 2e1, dic 2e2, 2e1/2e2=1/0.43) 2f, 64% 29, 622%™
MH2 MH2 HaMN HzM
Phw o %’M F'h/\/O Ph/@
CFa
2h, 71%" 21, 61% 2], 55% 2K, 62%
Ph MH2
MNHz Ph NHz
mn
Ph CiHis Ph
21, 23%7T 2m, tracet 2n, 48% (mono: 2nd, dic 2n2, 2n1/2n2= 1/0.65)%

cig isomer, d.r. = 201

Reaction conditions: amine 1(030 mmol}, iodobenzene (045 mmol}, PA{O&.c); (0.03 mmol), ligand {006 mmol), AgTFA (045 mmol), HO&e (2 ml}, 100 *C air, 15 h. Isolaed yields based on 1, T NMER
yield of 2 in a mixture with starting material (see Supplementary section ‘Analytical data of products): "Unreacted substrate (609%) was determined by crude "H-NMR: *Unreacted substrate (769%) and
3-decanone (14%) were determined by crude "H-NME ®Yield and selectivity were determined by crude "H-MME Bn, benzy; "C; Hys, heptyl.



Substrate Scope of Aryl lodides

NH; Pd({OAc)z (10 mol%) NHs
HO2CCHO=HzO (20 mol%)
H + Arl - Ar
AQTFA (1.5 equiv.), HyO (4.0 equiv.)
HOAC (0.15 M), air, 100 °C, 15 h
1a 3
NH, NH, NH, NH, NH,
Moo w . MEW F /@/\/\\ )
3a, 61% b, 57% 3c, 68% 3d, 66% 3e, 70%
NH, NH, NH, NH, NH,
Br MeO,C F4C 05N
3 T0% 3g. 60%* 3h, 73% 3i, H6%* 3], 71%
NH; NH; NHz NHz g NH2
\
Cl Br O,N F4C N N
P \N
3k, 64% 3, 66% 3m, 64% 3n, 72% 3o, 42%

Reaction conditions: amine Ta (030 mmal}, Ard (0,45 mmal}, PAOAD: (0.03 mmal), ligand (0.06 mmal), AT FA (0.45 mmal ), HO®c (2 ml), 100 =C, air, 15 h. Isolzted yields based on 1a. ‘Reaction camied out

withaut H0.



Insights into the Reaction Mechanism

Pd(OAc)z (1 equiv.) TH O
NH Clz (1 equi.

] a ’ Pyridine (1 equiv.) T'd",g

HO 'O HFIP (0.2 M), 100 °C, 4 h U

e
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¥-ray structure of 6
b AQTFA (1.5 equiv.) MNH2
H-O (4.0 equiv.)
6 + Phl -
HOAc (0.15 M), air, 100 °C, 3 h Ph
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Plausible Catalytic Cycle
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Synthetic Applications

a Pd(OAC)z (10 mal%a)
NH; HO>CCHO-H;0 (20 mol%) NH;
AQTFA (1.5 equiv.)
+ Phl -
H Ho0 (2.0 equiv.) Ph
HOAc (0.5 M)
1a,1.046g 1.5 equiv. Air, 100 °C, 36 h 2a, 1501 g
77% yield
b R

1) TIPS-C, EtsN, CHCl o=

2) Pd{OAc)z (10 mol®), L4 (20 mol%) P
Arl, AQTFA, HOAG/HFIP {171, volivol), 100 °C

HO .
Hz
3) HF+pyridine, THF
HO
4 5a:R = Me, 51% (over three sieps)  HO\ 1~
5b: R = Br, 52% (over three steps) 2
5c: R = CF, 48% (over three steps) e ull
5

Figure 2 | Synthetic applications of palladium-catalysed arylation of
alkylamines. a, Gram-scale synthesis of 2-methyl-4-phenylbutan-2-amine
(2a). b, Synthesis of fingolimoed analogues. The synthesis of analogues to
fingolimod, a drug for treating multiple sclerosis, can be achieved in three
steps from commercial reagents. TIPS, triisopropylsilyl; Et, ethyl.
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Palladium-catalyzed direct arylation of primary aliphatic amines
was achieved via an sp3 C-H bond functionalization process with
assistance of a catalytic directing group.

This reaction has high site selectivity of y-C-H bond of the methyl
group

This reaction has good functional group compatibility

This reaction avoids the pro-installation and subsequent removal of
a directing group.

This reaction has broad applications in drug development and
discovery processes
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Enantioselective cyanation
of benzylic C-H bonds via
copper-catalyzed radical relay
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W. Zhang, F. Wang, S. S. Stahl & G. Liu, Science 353, 1014-1018 (2016).



Strategies for Hydrogen-atom-transfer-mediated

C-H Oxidation

A Radical Rebound
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Radical Relay Pathway

C Cu-Catalyzed Enantioselective C—H Cyanation
via Radical Relay
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Screen Oxidants “X-Z2”

CN
Cu(MeCN) 4PF g(10 mol%)
= + TMSCN Iigand?‘m?'nol%] - Oe Cf | f>
= . Oxidant (1.2 equiv) N N-
1a 3 equiv MeCN (1 mL), RT, N,

(1 equiv.) 2a* L1
Entry Oxidant Ligand Conversion of 1a Yield of 2a
1 (‘BuO), L1 2% 0
2 BuONO L1 304 0
3 BuOOH L1 5%, 0
4 (BzO) L1 12% 0
5 PhCO;'Bu L1 1% 0
6 K2520¢ L1 2% 0
7 Oxone L1 1% 0
8 PhI(OAc), L1 1% 0
9 PhIO L1 9% 0
10 SelectFluor L1 3% 0

—
—




Screen Ligands and Solvents

Cu(MeCN)4PF (10 mol%) DjXr o
OO + TMSCN ligand (12 mol%) &f I'J
) Oxidant (1.2 equiv) N N
1a 3 equiv MeCN (1 mL), RT, N,
(1 equiv.) 23* L1
0

Entry Oxidant Ligand Conversion of 1a Yield of 2a ‘x N
12 NFSI dpk 21% 4% | ~N Nl =
13 NFSI Bpy 1% 0
14 NFSI Phen 29 0 dpk
15 NFSI 4,4'BuBpy 9% 0 o
16 NFS| dpck 15% 2%
17 NFSI TerPy 1% 0
181 NFSI dpk 5% 3%
19% NFSI dpk 7% 6%
20% NFSI L1 14% 10%
218 NFSI dpk 19% 12%
22 NFS! dpk 41% 23%
235l NFSI L1 63% 40%
2411 NFSI L1 29% 25%
2551 NFSI L1 62% 43%
265" NFSI L1 93% 73%

Tdichloromethane (DCM) as solvent. #PhCl as solvent.
Sbenzene as solvent. Ireaction at 40 °C. TCuOAc as catalyst. “CuF; as catalyst.



Chiral Ligands

Cu(OAc) (10 mol%)

Ligand (12 mol%) _
NFSI (1.5 equiv) O‘
3 equiv CeHg (1 mL), 1, N> 2a
NFSI = F-N(SO-Ph), Yield (ee)

@
W

NJ ; RS J
“Bu Bn
L3: 84% (95% ee) L4: 6% (15% ee)” L5: trace”

07/{<(0 0
0 |
F Bn

L1 R = H: 25% (N/A)*
L2 R= Bn: 91% (96% ee)

S, 5 S

L6: 53% (-97% ee)* L7: 37% (-88% ee)* L8: 71% (-97% ee)




Substrate Scope: Alkyl Naphthalenes

(i) alkyl naphthalene;s

71%, -97% ee (L8)
91%, 96% ee (L2)

81%, 96% ee (L2)
80% (1.34 g), 96% ee (L2)

87%, -99% ee (L8)
83%, 92% ee (L2)t

i ;“‘mc i ;GI i ;Na ; ~NPhth ; ~CO,Me
2e 2f 2g 2h 2i

60%, -98% ee (L8) 67%, -99% ee (L8)
72%, 98% ee (L2)T  73%, 97% ee (L2) 71% (4.62 g), -94% ee (L8)T  85%, 96% ee (L3)

72%, 97% ee (L3) + 42%, 95% ee (L3)

87%, -99% ee (L8)
83%, 92% ee (L2)t

cl ,f _ﬁ,
o Neoa
21 2m 2n

2j 2k OTf
65%, 98% ee (L3)  91%, -99% ee (LB)  65%,-95% ee (L8)  80%,-91% ee (L8)  55%, 79% ee (L2)



Substrate Scope: Alkyl Arenes

(ii) alkyl arenes

Ph Ph Bu! CaHy
2q 2r 2s

20 F 2p
61%, -93% ee (L8) 67%, 90% ee (L2) 60%, -91% ee (L8) . o o
B0%, 88% ee I::L.?}]I 85%, 87% ee I[LEIIT 93%. 85% ee (LZ} T6%, B4% ee (LE}T 72%, 84% ee {L3:|
PhO
AcO AcO
Br 2v 2w 2x
2t 2u o 900 L5
62%, 90% ee (L2) 42%, 91% ee (L3)  52%, -90% ee (L8)
70%, 84% ee (L3)  46%, 90% ee (L3) 70%, 89% ee (L2)1
Ph
Ph
Ph
2y 2z 3a 3b

48%, -92% ee (L8)

% o O % T
62%, 94% ee (L2) 85%, 96% ee (L3) 61%., 86% ee (L2)

39%, 95% ee (L2)



Substrate Scope: Heterocycle-containing Alkyl Arenes

(iii) heterocycle-containing alkyl arenes

J@/’\ ‘“Qb pwé Ph— ij/k

ad SCJth

o L] [+ o,
59%, 90% ee (L2) 760, (1,05 g), 98% ee (L2) 80%, 96% ee (L2) oo e: 83% ee,
79%, 86% ee (L2)t 92% eet (L2)

Ph— \g/k )\]/'\ | H;
N

(PhO,S),N

79%, -94% ee (L8)

50%, 75% ee (L2)
67% (5.16 g), 96% ee (L8)

39%, 80% ee (L3)



Synthetic Applications

B Synthetic Applications

(i) Mild reaction conditions

. OH
N\~
Br Br EtiN, HN f
withL3 -
o o T
da 5a
84% yield
97% ee

(i) Nitrile hydrogenation: chiral phenethylamine derivatives

NHBoc
X _ X
Raney=Ni
GG H, (20 atm)
Boc;0 -
X =0H (2d) 95% ee X = 0H: 65%, 96% ee
X = Nphth (2h) =98% ee X = Nphth: 71%, =98% ee
(iii) Nitrile hydrolysis: chiral arylacetic acid derivatives
CO,H

Fom -,

enzymatic
;.”F:‘* = R hydrulysis§= .f"‘iz@)\k
:I‘-'::;’*’, |__;:_,;P_r_,

88%, 95% ee
CCR1 Receptor Antagonist



Selectivity Experiments

A Selectivity Experiments

| N .
| 7 o7 o”
(1) 5 Y | withL2
O O 1V _wh2 i CO " OG 59
i 77%, 96% ee
4b 5b o

53“;"’0. 88% ee

96% ee after recrystallization (RR}L3 /@/\l/
: 88% conw. OAc
/ Ph

o~ (S, BR)-5h
with L2 | Ph OAcC 84%, 92:1 dr
| (R)~4h
5¢-5f | =09% ee \

Yield (C1:C2 selectivity) (S,5)13 - /@A‘/
78% conv. A
Ph OAC

(aR, BR)-5h
65%, 53:1 dr

5c R =CF; ddR=F SeR=H 5fR = Bu
1% (29:1) 68% (26:1) 66% (19:1) 61% (12:1)



Kinetic Isotopic Effect and Radical-Probe

B Kinetic Isotopic Effect Experiments

H H _ H
H H with L2 _
1N 7L 1-Np a - 1-pr
P qa NFSI Cu(OAc) (10 mol %) H(D) 1a 2a
(5equiv) (4 equiv) L2 (12 mol %)
+ + -
D D T™MS Benzene, Ny, rt 1-Np 2a D>/E with L2 >£
1'Np-|>%r (2 equiv) 1-Np - 1-Np
a=
(5 equiv) KIE = kylkp = 3.5 + 0.3 1a-d, KIE = kylkp = 1.6 + 0.2 2a-d;
C Radical-Probe Experiments
1-Np /\V with L2 o N . ~_-N(SO2Ph),
, 1-Np 1-Np
86% conversion
4i 5i 7% 7 32%
\—p W-ND/\V] - 1-N|:i M‘ ]
Ring-opening
OH O, 1-Np = > BrCCl
=Np 3
Nkar -Np)\ dj 1a /—» 'Np)\
55%  24% (0% ee) . with L2 ‘ with L2 . 24% (ee n.d.)
1-Np 7> under + 1Np 7~

/k S int (2 equiv.) - int \ /'\

L*CulCN Lculen NP 2,
44% (96% ee)

1-Np
2a 0%



DFT Calculations

D DFT calculations Ph |4 Enantioselectivity Determining
N Reductive Elimination . Tt
~N_ | .CN /N
\ . ,Cu AAGH = N
: v U . : N_! _CN
T N CN 1.6 keal/mol ¥ m—— | cu”
N e | 8.6 (S) 20103 (8) Ph . . "
j{/}_ -.\\ ,'—\ ', " 7L - = ._CN
g 7.3(S)
/N
0.0 / N_i _CN
—

Ph_ o Cull o

N -CN ~CN =Y

Br—CCl3; + | _Cull

\ ~CN

@A o 7><f o | L- AN
'L i 5\) : ) l'\N”CUI‘\
N N/ ' CN CN
...Bn_____ Bn \

Y =31.0



* This method represents a valuable demonstration of
radical relay catalysis.

* This method has some advantages: mild reaction conditions,
excellent enantio-selectivity, broad substrate scope and provide
key foundations for other C-H oxidation reactions.

* The shortage of this method is the limiting C(sp3)-H substrates.



Thank you for your attention!



