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Ring-retentive functionalization of cyclopropanols Stable atropisomerism about a carbon-iodine bond
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Yoshikai, N.; Nakamura, E. Chem. Rev. 2012, 54, 11107.
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Mi-Cute o Path A: Wh W ZEELEIMTHIN (BA) SETTHIBE
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Yoshikai, N.; Nakamura, E. JACS 2004, 124, 12264.
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Me—i~ (%
x;‘_)( & we=Sin ot Ph-X®BDE (kcal/mol) :
Mﬁw.q( Mg | (67) < Br (84) < Cl (97) << F (127)
A B Cc
Ni(acac), (0.05-5 mol%) R2
) 2 (0.05-5 mol%) )
(:7 '\\’ « RMgBr (1.1-1.5 equw)’ (77 -\\—R OH PR,
‘oo Et,0, 25-36°C oo 1 (R1 =H, R2 =H;
theoretical model)
2 (R" = Ph, R? = Me)
Me Et - BAY E’Jtﬁ: T LRI T,
Et,0 » POECfIFDFE FTIL, Grignard
F(1 mmol eac%n-Pr) nﬂ%@/ﬁ_lt K_ C\./_ :E) ‘ %7&%*%0
Ni(acac)o/2, 25 °C, 4 h 60% 0%

NiCly(dppp), reflux, 22 h 4% 34% Yoshikai, N.; Mashima, H.; Nakamura, E. JACS 2005, 127, 17978.
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Cu(OTT)o (3 mal %)
Pho,P  OH
NBnQ
O H R O
o ’\)Ln? + R%2Zn Me (36 mol %) . Mgz
(1.5 equiv) CH,Cly, 0 °C
79-91% vield
= 98% ee
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Hajra, A.; Yoshikai, N.; Nakamura, E. Org. Lett. 2006, 8, 4153.
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FeCl; (5 mol%)
ZnCl,*TMEDA (1.5 equiv) N

AN PhMgBr (3 equiv) |
| 2 = N/ =
N Br THF, 50 °C, 3 h
63%
wied (7) OomEfbz&ET
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ZnCl,*TMEDA (3 equiv)
Fe(acac); (10 mol%)
1,10-phenanthroline (10 mol%)

CI></CI (2 equiv)

THF,0°C, 16 h

99%

Norinder, J.; Matsumoto, A.; Yoshikai, N.;: Nakamura, E. JACS 2008, 730, 5858.
Nakamura, E.; Yoshikai, N. JOC 2010, 75, 6061.
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Account for early studies: Gao, K.; Yoshikai, N. Acc. Chem. Res. 2014, 47, 1208.
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X
| N CoBr, (10 mol%) | _N CoBr; (5 mol%) | N
_N IMes-HCI (10 mol%) PCy; (5 mol%) ~-N
t-BuCH,MgBr (50 mol%) H MesSiCH,MgCI (50 mol%)
Ph = >
THF, 60 °C THF, 60 °C Ph

=\
Vo g >N
84% (b:l = 3:97) CI- ZPh

A
L =IMes
sterically /7 Col,
controlled AN
| _N Y
\
Col, |
N
2 ‘¥> PN 4/%’
Ph Otn
ZPh H ZPh

Kim, Y. H. etal., J. Chem. Soc. Perkin 1 1996, 2201.

88% (b:l = 96:4)

L =PCy;
1P-coordination
X -controlled
_ N
CoL

Gao, K.; Yoshikai, N. JACS 2011, 133, 400.
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Recently, Yoshikai etal. reported the cobalt-catalyzed

ligand-controlled hydroarylation of styrenes for the synthe- | \ - l % [ ¢
sis of 1,1- and 1,2-diarylalkanes. The use of PCy; as the ZN ot

ligand resulted in branched products, whereas the use of H  cat ,.

IMes as the ligand resulted in linear products. To elucidate Ligan d=|Mes’d/' M~

the origin of the ligand-controlled regioselectivity, we have + - A E@

employed DFT methods to examine the mechanism of these Ph/= Y%?':fa' i @ ) i

reactions. By examining the detailed mechanism of the Co-
catalyzed hydroarylation (oxidative addition, styrene inser-
tion, reductive elimination), we have found that in the C—H
activation and C—C reductive elimination steps, styrene is
not coordinated to the Co center. In the insertion step, sty-

Nﬂ ﬂ\

rene is inserted into the Co—H bond rather than the Co—C IMes .l Mes o > e, Mes-TS3urancre
bond. Furthermore, the rate- and regiodetermining step is H,/ 19 /// ’ ‘
that of C—C reductive elimination. More importantly, we IMos.Te1 Ph , ,Mes Int4l.nea,
have found that the ligand-controlled regioselectivity is , T et R N ,
mainly attributable to the steric effect of the ligands. Both ‘> TN/\ = é
the ligand shape (i.e., “umbrella-up” or “umbrella-down”) ,I,l','"IMes,,,._ 1. — ) IMes-Int0
and the steric crowding between the ligand and the reaction J /: Mo 98 pp \/
center (arising from ligand bulkiness) are important steric ! g 5 /'“ IMes-TS2y 2o IMes-TS3inear
K : 4

factors. O_I(l)\/ll \E IMes., Tﬂ \-1—5

wem — oS IMes.., Co,_.\\N> cO o -

» C-HER{LRY(TIN, 7 LT 48 A B cHIR B =y O

& IMes-Int3 _22
B - (BRI R R B T B o~ ot

IMes-Int0

=+ Veee
DRBRERCFBIIBTETESLD Fu, Y. et al., Chem. Eur. J. 2013, 19, 12093.
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IS = VidmBZBW:ERIG : PCy; T34 < PPh; T1+49

CoBr; (10 mol%) O
PPhs (20 mol%) O
Ph  Me3SiCH,MgCI (50 mol%) H*

L O
THF, 40 °C, 12 h Ph

10 mmol 12 mmol 84%
Lee, P.-S.; Yoshikai, N. ACIE 2013, 52, 1240.
TFIVEREBEZRAWERIG : N7V =ILEXT74 DFa— I TERED IV F
CoBr, (5 mol%) _PMP
0 PAr5 (10 mol%) N CoBr, (5 mol%) 0
CyMgBr (50 mol%) P(4-FCgH,)3 (10 mol%)
H+*  2-methoxypyridine (4 equiv) CyMgBr (50 mol%) H*
-« = H >—— Ph
Ph THF, 40°C, 24 h .\ THF, rt,12 h
91% MeO

(I:b = 97:3) PArg =

90%
/\ [ ] — -
MeO @]lpph e (b:l = 97:3)
2

XU, W/ YOShIkaI, N. ACIE 2014, 531 14166. Dong, J, Lee, P-S, YOShIkaI, N. Chem. Lett. 201 3, 42, 1140.
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Previous work: [a] noble metal: expensive catalyst?
[b] bimetallic system, additives®

7 3 C-HEEILHEIBDIEE

@C-HYrE 7L F VAN —RUCKE C 2118

R R
N [a] CIRh(PPhy); 2 mol% PMP
+ | | . H R N
[b] CoBr,, 5 mol% \ (H) R
Rs P(3'C|C6H4)3, 10 mol% — |
t-BuCH,MgBr 50 mol% R Me3P --Co- |ﬂ
pyridine, 80 mol% g |
R = benzyl or PMP : R
This work: [c] cheap simple well-defined catalyst, no addntnve§PMP H N -PMP ~N. PMP C—f-‘ljgcc:?ig:tcijon /
N-TMPR; R ! hydrogen transfer
| | | Co(PMe3), 5-10 mol% | | + I: Co(Oorl)
o+ =
(H) R
I-co o=
R, "PMeg 5 H
N 1
Z " "PMP N PMP
Ligand-to-Ligand o oCoH : 1-48A% IV: Co(0 or I II: Co(ll or 11l
Hydrogen Transfer (LLHT) H_R (H)
. . I §C°‘PMe reductive
pOSt -Isomerization elimination
@DFuS DETETIE
Ei@ :\ :_k ?f’L'C L) TC ? (B') Co(@) species lll: Co(0 or)

Barrier: 15.9 kcal/mol Petit, M. et al. JACS 2015, 137, 2448.
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Suslick, B.; Tilley, T. D. JACS 2020, 142, 2448.
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CoBr, (10 mol%)

Pr DPEphos (10 mol%) H . .
N Me3SiCH,MgCI (50 mol%) N r \
Ly v/ 2N —gal.
o) THF, 20 °C O Pr O H
o 82%
Ding, Z.; Yoshikai, N. Org. Lett. 2010, 12, 4180.
pr  Ni(cod), (10 mol%) . H . \
N PCyp; (10 mol%) r
L - f - T4 Qe
(@) b toluene, 35 °C @) Pr O H
r

Nakao, Y.; Kanyiva, K. S.; Oda, S.; Hiyama, T. J. Am. Chem. Soc. 2006, 128, 8146.
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While exploring [2+2+2] cycloaddition...
Col, (10 mol%)

dppp (10 mol%) Ph
Zn (50 mol%) Ph Ph
PhCN + Ph————Ph : z |
. DMF, 120 °C
(20 equiv) Ph \N Ph
45%

Hydrocarbomoylation of alkyne by Ni/Al catalysis

Ni(cod), (10 mol%)
P(#-Bu)s (40 mol%)
O AlMe; (20 mol%)

J\ + Pr—————~FPr -

Me,N~ H toluene, 35 °C
DMF, 1 mmol 1.5 mmol
Lewis acid
AlMes i coordination
) Me.Al.
MesAlsg NiL,, o Pr—=—Pr
+ > + )\ ./H
Me,N”~ "H C-H MeoN™  Ni alkyne
B activation Ln insertion

Reviews: Nakao, Sakaki Chem. Rec. 2016, 16, 2405; Ackermann Chem. Rev. 2019, 119, 2192.

]

FDC-H7ILrZ Lt

)

MeZN—g_/Ph

Ph
18%

O

MeQNJH/\ Pr

Pr
82%

* reductive
f elimination

Me Al

0 HI Pr
Megﬁl)\ﬁi Pr
n

Nakao, Y.; Idei, H.; Kanyiva, K. S.; Hiyama, T. J. Am. Chem. Soc. 2009, 131, 5070.
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Co(acac)s (5 mol %) LB
dppp (5 mol %) 1

LB LA (20—40 mol °/o) C H
1 + Rl-———R? - —
C-H heptane, 60—100 °C
R1 R2
Formamides Pyr:dones Pyridines and azines

O

Bu Bu
BnoN Bu.__~ Bu.~ Bu.~
= \_/
Bu Y Y OMe
93% 89% o o |
N Ph N
O O
Me,N —g_<H Me,N —g_<H 86% 5% 86% 74% (MAD)
— — Bu

Bu Bu Ph Cy _ Bu. =~
89% 85%
. T Z "B Z "B Z N
Imidazo[1,2-a]pyridines e u Me u N
N

2N AN . .
- \/)—Ph . \/)—Me 84’ 66% 86% (MAD) 58% (MAD)
. Thiazoles Oxazoles
Z Z “Bu N Ph N Ph SiMe,
° 2 (" 4 S
67% 84% S  Ph S Ph

Wang, C.-S. et al. J. Am. Chem. Soc. 2020, 142, 12878. 92% 3% 68% (Ti( O'Pf)4)
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AGheptane (kcal mol™)

A = aE: TS1a_t
S 33.0 TS2a_s P PPh,
P, | . TS1a_s 32.5 ( = <:
Co*-- P
(P/ L H 29.5 MECP2a - Ho T+ o
o=\ 3 (23.2) P, ?/ — triplet
n ! NMez_ \ NS /CO =7,
MesAl \ X pY singlet
MECP1a ; \ = N
(17.0) . 171 0" “NMe,
e et , INT1a_s . INT1a_t AlMe
: CPla_s 29.5 N o0 \ 3
. 36.0 w/o AIM . 2, LLE: S —
(36.0 w/o AlMe;)  —— e TS2a_t",
; 3 H 136
, P, 7/ N INT2a_s
; ( ,Co* reductive "\ 15.7
; P elimination '
— s 0% “NMe
CP1a_t AMeg ) W
0.0 — ‘
BEEFE?

« CoXy/Me;AlD S DA FF >V iECo()BEDERKIC—ED A>T X
* Ni(0)/LATIZLLHTHEDMEE. ColcDWTHAELSMICLTZL
- H[EHZTE (Prof. Chen Wang) ICE£FE®

MesAl'  NMe,

MO6L(SMD,heptane)/6-311++G(2df,2p)-SDD(Co)//M06L/6-31G(d)-SDD(Co)

Wang, C.-S. et al. J. Am. Chem. Soc. 2020, 142, 12878.
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Ni/AlfhE %z Sl

Site control of C-H activation

Bn Bn |
Bn Pr Ni(cod), (10 mol %) I{I 0 ATy AT N@ O9AI
N. O SPO (12 mol %) i o o, 0 \
| + | | > _ >< PO | _ __Ni\P
_ AIEt; (30 mol %) Z Pr 0 "'KO H H LR
97% Ye, M. et al. ACS Catal. 2021, 11, 4606.
Pr _ \FI,

H Pr Ni(cod), (10mol %) \_ _Pr Dipp ANCPN

\ SPO (10 mol %) N, ,0 Hg A

A\ + > N E LN N®

N>_Ph AIEt5 (40 mol %) S—ph N H S—ph

Ph Pr toluene, 80 °C N bipp N

Ph Ph
83% Ye, M. et al. Nat. Commun. 2022, 13, 2938.
Site control with NHC/hydroxy hybrid
- ’ Pr Ni(cod), (10 mol %) Pr Me Me MeS
N NHC-OH (10 mol %) \O{ Ni
| + | - F S\ I\(
N7 Al(Bu)3 (10 mol %) | _ “Mes
Pr NaOiBu N . /AI\
toluene, 100 °C 9% OH
(98:2, C5:others)

Ye, M.; Yu, J.-Q. et al. Nat. Chem. 2021, 13, 1207.
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R

R R

‘||3" + AlMe,
Ni©

separated catalysts

w/ monophosphine ligand

Nakao/Hiyama

&

+ AlMe
Ph2P\ /Pth 3
Co

separated catalysts
w/ diphosphine ligand

R
R~p-
|
Ni©

O~AMe,

bifunctional catalysts
w/ SPO ligand

Ye, Cramer

()

RZP\ /Plz'
Co (o)
|
AlMe,

bifunctional catalysts
w/ phosphine-SPO ligand

. Co/AlREIR DECHLFE%ET

(a) Ni/Mg cooperative catalysis
(" PRz
~~  Ni' RMgX 7 O--Ni,

> RP O 4
2 \ ,’ \ XMg‘ @
R,P OH NI MgX \F,

hydroxyphosphine C-F activation
(b) Ni/Al cooperative catalysis -X_ 0O- AIB 5
% 0 =X  O-AIR M A
i g0 NEAR, y ‘P\,O 2 52 N';~~--JJ\
-y H X Ni H’
(chiral) SPO C—H activation

proximal to LB

(c) This work: Design of phosphine—SPO (PSPO) ligand for Co/LA catalysis

R? CoX, X CoX,
R~ dppp | PSPO H
AlMe, N7 AlMez or RMgX ||
X S — = N >
| ref 13 ] o ) f—\,R, N 1 R
N H =R RP P R
+ C2/C3 H C2ionly
products PSPO
R2 0 = R2 —~LA R2
7/ 5 O O\
Hp" LA ---Hp" | Hp LA
L colieN? RE . e
|

Saito, Y.; Kikuchi, J.; Wang, C.; Yoshikai, N. Angew. Chem. Int. Ed. 2023, 62, e202301006.
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Pyridone
Bu
Bu ~ Co(acac); (5 mol%)
dppp (5 Mmol%)
A AlMe5 (40 mol%)
| -
Bu” X RIA 0 heptane, 100 °C
Bu © H
81% | X
Y IJ\rl/ O,AIMe3
Me

Imidazo[1,2-a]pyridine

Co(acac)s (5 mol%)
dppp (5 mol%)
AlMe3 (40 mol%)

complex
mixture heptane, 100 °C
AlMeg
H N
=
I
X N+\/)_ "

H

| N Co(acac)s (5 mol%) Bu
L4 (5 mol%) - X Bu
AlMe5 (80 mol%) |
M > phop  HPL ™Y
+ toluene, 100 °C Mo O ? S0
Bu————Bu L4
= H-. 7 ) 7%
:.---Co
+
Mez

Co(acac)s (5 mol%)
L4 (5 mol%)

AlMe; (80 mol%) Z N Bu
- U4,
toluene, 100 °C N Y B

u
Ho P
+ /\r---CO\
N P
\ N\ /
/ Al-O
= Me,

Saito, Y.; Kikuchi, J.; Wang, C.; Yoshikai, N. Angew. Chem. Int. Ed. 2023, 62, €¢202301006.

= /N
o
+

Bu————Bu

90%
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DFT:tH : EERERDTR— b & & 57 B 158
CN-/,\'Mez C2-H: 1.720

@)
M B
A H 2-butyne ¢ .

| —BU O \)k /
ANF Me AN, e M\e Co*
N \_ <

P
Me D,_CO+ D Me bh, CP3_t (0.4)
pyridine, 2-butyne Mé \p\ \

- spin
o ,Bu Fh Ph crossover Bu_ 0-AlMe,
Me \\P/ Me H \ 7 N:
7\ G O ”—CT =/,
N
H /vy PO Me _PS _
=/pn N Ph”" “ph
INT3_t (-6.1) CP1_s (10.4)
. . via
spin suffix t: triplet TS1 s (27.2)
crossover suffix s: singlet LLHT | LWDKIE =3.81

Me ;iB“\P,o—NMe2

|
w ="y . PSPOACO Y AlEBY)ICERE

: o el LLHT B —faie
09 NG e I o, s WIS L EQ R HEBO—X
Tss_\gazzoj) H-- ?Ow Tsz_i'?zs_o) d ppp@ﬂﬁ'l? EMDEL .
Ph™ Ypp ' SRR « £XIF TR T—EECHETT

with Prof. Wang INT2_s (6.5)
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Pd(OAc), (10 mol%)
BusNBr (2 equiv)

BocHN
0, (1 atm) oc A
> CN
DMSO, 60 °C, 24 h N

55 mmol scale H
15.5 g (84%)

02 2 HOAC
/ Pd° ﬂT
J\ Pd(OAc ‘ JiPd(OAc) @ de\
N~ AP _ HOAc N SAr
H H

BocHN

HOAc

- a-palladated imine -

Wei, Y.; Deb, I.; Yoshikai, N.
E-X ¥
E
L

J. Am. Chem. Soc. 2012, 134, 9098.
Da-NFOUVLET I FERIGICEATE 2WLWAH?




BREFEIVRECVSESF . FEADT S VG
ij/g /©)‘\ toluen:(:to;4 h» O + PMP NiH

Ph-EBX (Ar = 4-MeOCgH,)

Ph 64%
\ )
1 1

C36H28|N03 C36H28|N03

pu—
—

f— (ke ?
C=CREDRARESTUCAREI D BHBEEABRZ
ERREE L L TE< 3 — FLEFEREUDOEUA A
SHHICIEITE R LR

TNl

1:|||I|

Lu, B.; Wu, J.; Yoshikai, N. J. Am. Chem. Soc. 2014, 136, 11598.



& L (?) D ickts

0
IPh AT
Ph—-&=—1—0 0 ( PdX Oy 'Ph
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. NO, Me Ve NHBoc
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p-An p-An Me

80% 76% 60% 68%
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S NAr  Pd(OAc)
F3C CF; + @/002"' + )]\ e
FsC CF4 Ph
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CERELE LTOXA—TIFKELL LD o7 Wu, J.; Yoshikai, N. Angew. Chem. Int. Ed. 2015, 54, 11107.
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F5C PhCO.H Pd(OAc), (10 mol%) complex mixture
+ 2 > !
FsC toluene, rt, 24 h (decomposition of PhEBX)

FAZI>D (RhD] ICEUSYEAND -

O—|—=—Ph Pd(OAc), (10 molw) ~ BZO FPh

F.C pyridine (1 equiv) —

3 + PhCO.H > / |

F3C toluene, rt, 24 h 4 \ CF;

Ph O ©r,
42%
l Pd(OBz), PhEBX
1,2-1(111) vinylidene

Pd(OBz), shift Ph insertion BzO Ph
I —— (BzO),Pd — —

|l—=—~Ph i BzOPd i

cf. Nicolai, S.; Erard, S.; Gonzélez, D. F.; Waser, J. Org. Lett. 2010, 12, 384; Ariafard, A. Organometallics 2014, 33, 7318.
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Wu, J.; Deng, X.; Hirao, H.; Yoshikai, N. J. Am. Chem. Soc. 2016, 138, 9105.
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1,2-iodine(lll) shift migratory insertion _ i
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=Me 070 e FaC
0 Ve . d
(AcO)Pd
TS1

B3LYP/B2//B3LYP/B1
B2: def2-TZVP
B1: SDD for Pd, 6-31G* for the rest
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Wu, J.; Deng, X.; Hirao, H.; Yoshikai, N. J. Am. Chem. Soc. 2016, 138, 9105.



WODRBICHIADEDERIC : AVE(NKREFHIDILE

lodo(lll)etherification of unactivated alkynes

F3C

o)
FsC

TfO—I1—0O
o= + CFs >
CF3

|
ROH, rt 2=<
internal & terminal OR

precursors to
multisubstituted vinyl ethers

Ding, W.; Chai, J.; Wang, C.; Wu, J.; Yoshikai, N. J. Am. Chem. Soc. 2020, 142, 8619.

C-H lodanation of electron-rich arenes

TI0—1—0 veN it O
|—O
CF4 or _
H t CF — CF3
3 ball milling CE
(30 Hz) 3

e-rich

aryl electrophiles for
cross-coupling

Ding, W.; Wang, C.; Tan, J. R.;; Ho, C. C.; Leon, F.; Garcia, F.; Yoshikai, N. Chem. Sci. 2020, 11, 7356.
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Pd(PPhs), -proiine
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60 °C DMF, 90 °C
p-Tol Ph | Ph
Y= Y P
Me OMe Me OMe
NC Ph
83% >=< 71%
Me OMe
93%
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Ding, W.; Chai, J.; Wang, C.; Wu, J.; Yoshikai, N. J. Am. Chem. Soc. 2020, 142, 8619.
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NPA charge: As negative as silyl alkyne

Ph———I| o)

-0.431 CF3 ph——=—C] Ph——=—Br Ph———I| Ph—=—SiMe;
CF3 —0.111 —0.187 —0.304 —0.443

Proton affinity: As high as silyl alkyne

Ph X + Ph—=( — Ph—=( + Ph—=—H
H AEpa
X o cl  Br | SiMe, s—I1—0

AE 1L CFs
(kcavmol) -11.9 +58 +3.4 +03 -105 CF3

M06-2X/def2TZVP (SDD for )

@IV, TTHICEBRDOBEREREIFE DRKIER LD S5 - TIIREABGRBIEF ?
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... and many other precursors

Selected reviews: Lopez,
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NR; MeN\)

RoNH
nucleophilic insertion into
addition o-bond
activation |
é
carbo-

cycloaddition metalation
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X,

Greaney, Chem. Soc. Rev. 2016, 45, 6766; Li et al. Chem. Rev. 2021, 121, 3892.
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F3C

CF5
. R——I @)
SiMes CsF (4 equiv) O
R@ i CEFS > 1
OT 3 MeCN, rt R

2 equiv %
R

|
s Gy s
R = OMe, 82%
NV ’ X
A R = Br, 74% A S X - X
O R =CN, 75% | 4
R R=CHO, 63% 70% 67% 51%

OMe cf. aryne distortion model
i i i i OMe 159
(] " e
AN AN A R y / i~ electrophilic
75% 69% 59% 66% AN Houk, Garg

(rr. = 4:1) 135° JACS 2014

Arakawa, C. et al. J. Am. Chem. Soc. 2024, 146, 3910.
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" ' R CF >~
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2 equiv |
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i i i i
Me Et H
I I | I
Ph OMe Ph OMe OMe Ph OMe
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i ji i i o i
H Me <O
| | | |
Bu OMe Ph N™ Q Ph Ph Ph Ph Ph
48°/o 440/0 — 780/0 7°/o 32°/o

J. Am. Chem. Soc. 2024, 146, 3910; Beilstein J. Org. Chem. 2024, 20,

891 (synthesis of VBXs: J. Am. Chem. Soc. 2020, 142, 8619).
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J. Am. Chem. Soc. 2024, 146, 3910 (synthesis of ArBXs: Chem. Sci. 2020, 11, 7356).
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C(FDSF * Four-centered TS
° e Single-step bond reorganization

e Distortion & polarization of benzyne
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O
940 /
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% o \.)1680
TS2a
—66.7 A
---------- ’— Ph
PD1a
.l 817
insertion pseudorotation

M06-2X/6-311++G(2df,2p)-SDD(for 1)/SMD(MeCN)//M06-2X/6-31G(d)-SDD(for 1)/SMD(MeCN)
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