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Introduction

Examples of the Bioactive Molecules Containing All-Carbon Quaternary Center
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Ling, T.; Rivas, F.* Tetrahedron 2016, 72, 6729;
Susse, L.; Stoltz, B. M.* Chem. Rev. 2021, 121, 4084,
Xue, W.; Jia, X.; Wang, X.; Tao, X.; Yin, Z.; Gong, H.* Chem. Soc. Rev. 2021, 50, 4162




Introduction

Transition Metal-Catalyzed Construction of All-Carbon Quaternary Center

LG LTM] [C]
[TM] [C]-M
—_— e
int.
LG =Cl, Br, NR,, OR ect. C-C coupling
[TM] = transition-metal catalyst
M = metal
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isomerization B-H elimination other side reactions




Introduction

3° C(sp’)-1° C(sp’) Coupling

CoCl, (2 mol%)

R' R s Lil (4 mol%) R'R? s
Alkyl-X  + )b(\_/ AN (2 equiv.) ﬁ\/
XMg > Alkyl
N\~ co )
X=F,Br |, OTs |/f up to 95% vyield
R', R? = H or Alkyl P>

Iwasaki, T.; Takagawa, H.; Singh, S. P.; Kuniyasu, H.; Kambe, N.* J. Am. Chem. Soc. 2013, 135, 9604




Introduction

R(CH5),MgX

1/2 R(CH,),H
12 R Xy

R(CH,).MgX

R/\

3° C(sp3)-1° C(sp®) Coupling

R'MgX
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Iwasaki, T.; Takagawa, H.; Singh, S. P.; Kuniyasu, H.; Kambe, N.* J. Am. Chem. Soc. 2013, 135, 9604




Introduction

3° C(sp?)-1° C(sp?) Coupling

R R Ni (cat.) (5 mol%)
R2 + N | Zn (2.0 equiv.), 3-F-Py (1.0 equiv.) .
Br N\ / MgCl, (1.0 equiv.). LiCl (3.0 equiv.)
R3 DMA or DMF, 25 °C, 12 h
1 2 (2.0 equiv.)
R=HorEDG
heteroaryl

R2 —

Wang, X.; Ma, G.; Peng, Y.; Pitsch, C. E.; Moll, B. J.; Ly, T. D.; Wang, X.; Gong, H.* J. Am. Chem. Soc. 2018, 140, 14490
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radical-chain double oxidative addition
Zn
L, —Ni'—Ar 'Bu—Br
] ~
I L
NiIII_X n
Ar” \[Bu Ar—N|” . I?r
‘Bu  Ar—Ni'—L
Bu *
Bu—Ar
Ly
I
Nl'”-Br
L NI NiO_L
Nill- /< )\ L,—Ni
'B / B Bu—Ar

Wang, X.; Ma, G.; Peng, Y.; Pitsch, C. E.; Moll, B. J.; Ly, T. D.; Wang, X.; Gong, H.* J. Am. Chem. Soc. 2018, 140, 14490
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The Coupling of 3° C(sp>) with 2° C(sp°)
Liu (2012):

Cul (10 mol%)

F5C OTs . Bumgsr TMEDA (20 mol%) F3C
' ot
LiOMe (1.0 equiv.)
0°C, 24 h

1 (2.0 equiv.) 2: 41% yield

Furstner (2016):

Fe(acac); (5 mol%)
R—— MgCl > R——
+ V/ THF, -20 °C
70%

3 4: 59% vyield
R = (CH,);0TBS

Yang, C.-T.; Zhang, Z.-Q.; Liang, J.; Liu, J.-H.; Lu, X.-Y.; Chen, H.-H.; Liu, L.* J. Am. Chem. Soc. 2012, 134, 11124;
Tindall, D. J.; Krause, H.; Furstner, A.* Adv. Synth. Catal. 2016, 358, 2398
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Introduction

Vinylation of Grignard Reagents

Kochi (1971)

FeCl; (0.1 mol%)

Br CH
CHMGBr — + N THF, 25°C, 45 min AN

> 95% yield

Cahiez (1998)

R2 Fe(acac); (1 mol%) R2
RMgCI NMP (9.0 equiv.
g + AN R3 ( quiv.) - 1 R3
R THF, -5 to 0 °C, 15 min R ™S
Br R
R = Me, Bu, etc. > 85% yield

Tamura, M.; Kochi, J.* J. Organomet. Chem. 1971, 31, 289;
Tamura, M.; Kochi, J. K.* J. Am. Chem. Soc. 1971, 93, 1487;
Cahiez, G.; Avedissian, H.* Synthesis 1998, 1998, 1199
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FeXs (X =dbm, acac, Cl)

MeMgB
\/\Me l € gr \/\Br

Fe!

reductive
elimination

oxidative
addition

transmetalation

MeMgBr

Smith, R. S.; Kochi, J. K.* J. Org. Chem. 1976, 41, 502
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Introduction

Enantioselective Cross-Coupling Reactions of a-Chloroesters

R'I

CI/E\COZRZ '

1

R = Ar, Alkenyl
R? = Theptyl

Fe(acac); (3 mol%)
(R,R)-BenzP* (6 mol%)}

2 (2.0 equiv.)

THF, 0 °C

R 1
A > Co,R?
Me Iy, B b “,\\t Bu
3 B u/ \IVIe

up to 96% vyield

up to 82% ee (R,R)-BenzP

Jin, M.; Adak, L.; Nakamura, M.* J. Am. Chem. Soc. 2015, 137, 7128

13



Introduction

MgBrCI

X = Ar or halogen
ArMgBr

C*P\F X

e
\Ar

ArMgBr

o]
|:e|II'X
P Ar
afecs
CI/E\COZRZ
*P/ ~

B
MgBrClI
*P.
Cl C*P>Fe"X
D cycle 1 _ cycle 2
in'Cage *P Cl:l X Out'Of'Cage E
C SEell’ favorable
7~
R1
A > CO,R2

Jin, M.; Adak, L.; Nakamura, M.* J. Am. Chem. Soc. 2015, 137, 7128
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Difluoromethylation of Arylzincs with Difluoromethyl 2-Pyridyl Sulfone

AL Fe(acac); (20 mol%)
N SXH . Ar,Zn TMEDA (2.0 equiv.)
| THF, -40°C to r.t.
_N F F
1 2 (1.5 equiv.)

Ar,CFZH

3
up to 96% vyield

Miao, W.; Zhao, Y.; Ni, C.; Gao, B.; Zhang, W.; Hu, J.* J. Am. Chem. Soc. 2018, 140, 880
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Introduction

Fe(lll) + TMEDA (L) O O
Ar>Zn \\S// H
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/Ar | 7(
Ar /N F F
Ar,Zn L—Fe™ "
2 | O 0O _|
Ar SET Yoo
NS
A | X
_N F F
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Ar
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C
reductive radical *CFH 7 | S
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Miao, W.; Zhao, Y.; Ni, C.; Gao, B.; Zhang, W.; Hu, J.* J. Am. Chem. Soc. 2018, 140, 880
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Project Synopsis

Transition Metal-Catalyzed Construction of All-Carbon Quaternary Center
3°C(sp®)-1°C(sp?)/C(sp?) coupling (a few successful examples):
G [TM] = Pd, Ag, Fe, Co, Ni, Cu ect.

+ [CI-M -
[C] = 1°alkyl, alkenyl, aryl ect.

[C1

3°C(sp®)-2°/3°C(sp?) coupling (undeveloped):

LG [C]
- v [CMMg [TM] .
[C] = 2°/3°alkyl

Fe-catalyzed 3°C(sp3)-2°/3°C(sp?) coupling:

+ Zn @




Optimization of the Reaction Conditions

Optimization of the Reaction Conditions

cat. (0.5 mol%),

Q ZnCl, (1.0 equiv.) o Q y Q /
BF%LN/\Ph ¥ O_MgBr additive (10 equiv,) N Sph + \HI\N/\Ph . %NAPh Ph,P~_ _PPh,
H THF, 22-25 °C, 2 h H H H CI'Fe"’CI
1a, 0.2 mmol 2a, 2.0 equiv. 3a 3a’ 1a’ Fe(BF-Phos)Cl,
c1
Entrya Cat. Additive Conv. (%) 3a yield (%) 3a’ yield (%) 1a’ yield (%)
1 - - 75 12 8 50
2b FeCl, - >08 49 44 0
3¢ C1 - >08 78 19 0
4c C1 LiCl >08 a0 5 0
5 C1 LiCl >08 90 (81) 4 0

aReaction conditions: 1a (0.2 mmol), 2a (0.4 mmol, 2.0 equiv.), [M] (0.5 mol%), ZnCl, (0.2 mmol, 1.0 equiv.), and additive (1.0 equiv.) in THF
were stirred at 22-25 °C for 2 h. The yields were determined by 'H NMR using CH,Br, as an internal standard. The isolated yield was given in
parentheses. bFeCl, (5 mol%). ¢Fe(BF-Phos)Cl, (1 mol%).




Optimization of the Reaction Conditions

Entrya Cat. Additive Conv. (%) 3a yield (%) 3a’ yield (%) 1a’ yield (%)
6 C2 LiCl >98 77 19 2
7 C3 LiCl >908 72 25 2
8 C4 LiCl >98 76 21 2
9 C5 LiCl >98 66 29 2
10 C6 LiCl >98 70 25 2
11d [Co] LiCl >908 3 72 18
12¢ [Ni] LiCl 96 4 69 13
13f [Cu] LiCl 95 6 56 32

aReaction conditions: 1a (0.2 mmol), 2a (0.4 mmol, 2.0 equiv.), [M] (0.5 mol%), ZnCl, (0.2 mmol, 1.0 equiv.), and additive (1.0 equiv.) in THF
were stirred at 22-25 °C for 2 h. The yields were determined by '"H NMR using CH,Br, as an internal standard. The isolated yield was given in
parentheses. ?FeCl, (5 mol%). ¢cFe(BF-Phos)Cl, (1 mol%). ¢[Co] = Co(BF-Phos)Cl,. ¢[Ni] = Ni(BF-Phos)Cl,. TCu] = Cu(BF-Phos)Cl,.

Ph Ph
Ph,
Ph,P._PPh e
] “ R, PhoP~_ ~PPh; PhaR_ PPh, o p’Fe‘m
Pth\ /PPhZ Cl Cl C|' "’Cl Fe/' thp\ /Pth Ph2
‘Fe"’Cl CI™ ~"™Cl| /Fe__q
Cl Cl “Cl
Fe(BF-Phos)CI, Fe(dppe)Cl, Fe(dppb)Cl; Fe(dpph)Cl, Fe(XantPhos)Cl, Fe(dppbz)Cl,
c1 c2 c3 Cc4 C5 cé6
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Substrate Scope

o Fe(BF-Phos)Cl, (0.5 mol%)
ZnCl, (1.0 equiv.)
X N,R o MgBr LiCl (1.0 equiv.)
Ri k2 H THF, 22-25 °C, 2-6 h
T 2
Substrate Scope
o 3a,R=H, 81% o

3b, R = Me, 64%

Ir=

3f, R=Cl, 75%

0,
39, R=CF3, 63% 3h, 65%

3¢, R="Bu, 72% N
3d, R = OMe, 72% H
R 3¢, R = OCF3, 74% Br

Ir=
|
A

3i, R = 2-Me, 70%
3j, R = 3-Me, 69%
3k, R=3-F, 79%

© = N N

31, 64% 3m, 66% 3n, 76%

30, 52%
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Substrate Scope

3X, 71%

NT By
H

3ba, 65%

3p,n=1,66%
3q,n=2,69%
3r,n=3,72%
3s,n=4,78%
3t,n=5,72%
3u,n=6,71%

Substrate Scope

Ir=

3ca, 66%

Cy

3z, 76%

3aa, 71%

Q.

3da, 51%

N
H

PN

CF,
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Substrate Scope

H

3ea, 70%

0

OEt
N/\I/
H

OEt

3dia, 46%

Substrate Scope

0]
H
3fa, 42%
O @]
N/\)l\OEt
H
3ja, 53%

O
N /\/SOQMe
H

3ga, 53%

O @)

N/\)I\OIBU
H

3ka, 68%

O
H/\/\CI

3ha, 71%

@)
Ph
N/ﬁ/
H
Ph
3la, 72%
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Substrate Scope

Substrate Scope

0 0 0
%N/@ %NY N/\/\Ph
H H H

3ma, 69% 3na, 70% 3oa, 72%

3ga, 50% 3pa, 56%

OAD GLO QL0 Ol

3ra, 45% 3sa, 29% 3ta, 28% 3ua, trace

23



Substrate Scope

Ph

Ir=z

3va, 56%

/\‘/

3za, 60%

O

Ir=

O

Ph

Ir=

3ae, X = Cl, 62%

0
%?\H/\D %?\Hm “ph

Substrate Scope

0 o) O
ﬁ/\Ph H/\F,h H/\(\,)4/

3wa, 43% 3xa, 21%

3ya, 61%

Iz

3ab, 72% 3ac, 58%
0 0O

N~ > Ph
H

3ag, X =Cl, 52%
from ibuprofen

3ad, X =Cl, 70%

Ir=

Ph F

3af, X = Cl, 65%
from flurbiprofen

3ah, X = Cl, 45%
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Substrate Scope

o) Fe(BF-Phos)Cl, (0.5 mol%) O

ZnCl, (1.0 equiv.) R\)J\
X\)LN/\Ph + RMgBr LiCl (1.0 equiv.) ¥ N~ > Ph
." ". > "'4 “‘ H
SN H THF, 22-25°C, 6 h ‘
1 2 3

Substrate Scope

@] O @) O
Me Et Bu Bn
%ﬁ/\Ph *LH/\Ph %LH/\Ph %J\m/\Ph

3at, 80% 3au, 71% 3av, 0% 3aw, 56%

0 o Q
X PN PN Ph 7~
H

3ax, 59% 3ay, 33% 3az, 66%




Substrate Scope

Substrate Scope

o)
Q AN 0
N~ “Ph
\l)kN/\Ph H \l)\NAPh
N H
Ar Bn
Ar = 4-OMeCgH, 3aab. 26% °
3aaa, 61% , i Saac, 29%
PN
N~ Ph N~ Ph N"Ph
N i "
3aag, 69%
— 0 0 ,
3aae, X = Cl, 26% 3aaf, 42% 3aag, X = Cl, 51%
o) 0 O
L
MNAPh \/\)J\N/\Ph N >Ph
H H H
3aai, 31% 3aaj, X = Cl, 29% 3aak, 55%

O
H
F

3aad, 33%

@]
Bn\)'l\
H/\F,h

3aah, X = Cl, 25%

O
H/\Ph

3aal, X = Cl, 43%
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Mechanistic Investigation

O

Br%“\
N
H

O

Radical Trapping Experiments

Fe(BF-Phos)Cl, (0.5 mol%)

ZnCl, (1.0 equw )
o + QMgBr LiCl (1.0 equiv.)
THF, 22-25°C, 6 h

TEMPO or BHT (2.0 equiv.)

3a, ND (TEMPO)
3a, 10% (BHT)

Fe(BF-Phos)Cl, (0.5 mol%)

ZnCl, (1.0 equiv.)
LiCI (1.0 equiv.) w
Br\)J\ + MgBr

H

THF, 22-25°C, 6 h
TEMPO (2.0 equiv.)
3aaf, ND

o Qo

Calcd. [MH*]: 333.2537
ESI-HRMS [MH*]: 333.2535

N\O/\H/N\/Ph
0

17% (NMR)
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Mechanistic Studies

AKH\N/\Ph + O—MgBr
H
Cl
4
0
MgB
A 3 H/\F,h ANV
Cl
7

Radical Clock Experiments

Fe(BF-Phos)ClI, (0.5 mol%)
ZnCl, (1.0 equlv
LiCl (1.0 equiv.) \/\)I\ /\
THF, 22-25°C, 6 h

5, 44% 6, 16%

Fe(BF-Phos)Cl, (0.5 mol%)

ZnCl, (1.0 equw ) /\
LiCl (1.0 equiv.) /\
THF, 22-25°C, 6 h

16% 9, 1%, 3.6:1d.r.
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Mechanistic Studies

Control Experiments with Fe? as the Catalysts

PPh
Ph, N\ | (\ 2
P\2‘\,\“o.,¢~\\ Si\/ dvtms Et,AIOEt PhoP_ /

Fe“ O EtzAlOEt Fe(acac)B + Ph P/\/ P Ph2 > ol Feullmllmm

FCu, ;- 2 Et,O,rt,2h  php~—

Bh "'»,,/—Sl Et,O,rt., 55h 2= 2

VRN (_PPh,
Fe%(dppe)(dvtms) Fe®(dppe),(C,Ha)
o)

@)
Fel cat.
N ph + QMgBr > NP
Br H standard conditions H

with Fe%(dppe)(dvtms), 3a, 87%
with Fe®(dppe),(C,H,), 3a, 83%




Proposed Mechanism

0 /ZnR

_ZnR
o) LFe'X, o~
})\ N - R’ Rzzn SN R' > R >
H N R,Zn N~
X X

&

SET SET
O,ZnR _ZnR

_Ey/l\ 1
R' '
¢ //, — <o
X—FelL

R»>Zn
I 2 .

/R'
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Summary

X =Cl, Br -

> lron-catalyzed 3°C(sp3)-2°(sp3) coupling
» Efficient construction of all-carbon quaternary center
» Broad substrate scope and good functional groop tolerance

» Directing group enabled C-C coupling strategy
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Strategy for Writing The First Paragraph

3 EC-CREMET

SIthaAC TE

v" The efficient construction of C—C bonds constitutes the

quintessence of organic synthesis chemistry, with the unveiling
of updated strategies for such bond construction significantly
expanding the conceptual sphere of synthetic design and
substantially elevating the liberty of synthetic exploration. As a
result, the development of C—C bondforming methodologies has
attracted considerable interest. Among these, transition-metal-
catalyzed coupling reactions stand out as particularly potent,
exemplified by the ubiquity of Suzuki and Negishi cross-
couplings in the assembly of functional molecules relevant to
pharmaceuticals and materials......

To date, only a few successful couplings involving tertiary C(sp?3)
with C(sp?) and primary C(sp3) have been reported. Moreover,
the coupling of tertiary C(sp3) with secondary C(sp3) has been
rarely recorded with two special examples, and both used
Grignard reagents as nucleophiles. Addressing this challenge is
not only a key fundamental issue for synthetic chemistry but
also provides a foundation toward a paradigm shift in the
synthetic approach to the construction of quaternary carbons.
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Strategy for Writing The Last Paragraph

BETAE
SRR

v In conclusion, we have successfully realized the

coupling of tertiary, secondary, and primary alkyl halides
with organozinc reagents catalyzed by cost-effective iron
complexes.

v Notably, this work represents remarkable achievement

in coupling tertiary C(sp3) with secondary C(sp3) centers,
overcoming the substantial steric hindrances that have
historically impeded transition-metal-catalyzed couplings
and suppressing side reactions like elimination and
isomerization. Our preliminary mechanistic studies
suggest the involvement of alkyl radicals in the reaction
pathway, with the amide bond potentially acting as a
directing group, and FeO initiated the process. This
breakthrough marks a pivotal advancement for the
efficient construction of all-carbon quaternary carbon
centers. The detail mechanistic studies are underway in
our laboratory.
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Representative Examples

® Among these, transition-metal-catalyzed coupling reactions stand out as particularly
potent, exemplified by the ubiquity of Suzuki and Negishi cross-couplings in the
assembly of functional molecules relevant to pharmaceuticals and materials.(ubiquity,
n. BREFE, ERFE)

® This protocol marks the inaugural instance of efficient catalytic coupling between
tertiary C(sp3) and secondary C(sp3) using organo zinc reagents. (inaugural, adj. #iEX
B, ®IERY; SRR, =FHY)

® In conclusion, we have successfully realized the coupling of tertiary alkyl halides with

organozinc reagents catalyzed by cost-effective iron complexes.(cost-effective, adj. X!

BaY; AR EFRY)
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