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Introduction: F

* About 20% of marketed drugs and 30% of agrichemicals contain one or more °
fluorine atoms!
Fluorine
* Introduced F can modify: 18998103163

pKa 1 . .
i t t
Hydrogen bonding Selectivity

) Pot
Electrostatic orency ea
. Membrane Permeability
Lluterackiors harmacokinetic properties
Conformation p prop

Metabolic stability

Lipophilicity

» Bioisosterism: the capacity of atoms or functional groups with similar sizes or shapes to
be interchanged without substantially altering biological behavior such as binding

- C-F(1.35 A ) : between C-H (1.09 ) and C-0 (1.43 A)

F CF, F

F
O
-CF;H ———> -OH, -SH or —NH, \L or W — W

a) K. Mdler, et al. Science 2007, 317, 1881. b) E. P. Gillis, et al. J. Med. Chem. 2015, 58, 8315.
c) S. Caron. Org. Process Res. Dev. 2020, 24, 470. d) V. Gouverneur, et al. Chem. Soc. Rev. 2008, 37, 320.

N
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Introduction: allene

Allenic Natural Products and Pharmaceuticals

Allene as multifunctional synthon

R!
R2 \ R3 R'MgX _
R' = aklyl, Ph, vinyl

R’ CO,R
RMgX

R' R3
R2 o
Ry

R* R®
L
R1
R'2Zn or R'ZnX
R' = Aryl, R2= Aryl, H
R' = alkyl or aryl
R R3 MgBr R! R®
>= e >=. VY
R2 .=<COOR R?
HO N

s Nu = R%Zn
R®=TMS R! = alkyl, R? = alkyl, H
R'MgX

T™S RS 0
R;_2:.=O jz/p
P R2
R? R R* Rt

Examples of Nucleophilic Addition and Cyclization of

allenoic acids

a) A. Hoffmann-Rdler & N. Krause. Angew. Chem. Int. Ed. 2004, 43, 1196. b) S. Ma. Acc. Chem. Res. 2009, 42, 1679.
c) S. Ma. Acc. Chem. Res. 2003, 36, 701. d) S. Ma., et al. Acc. Chem. Res. 2014, 47, 989.



Introduction: gem-difluoroallene (DFA)

Potential Fluorinating synthons

9

: R,
Fl g = o) <
Fluorine '

18998403163 fluoro-allene

Synthesis of DFA o N NHTrS N NHTrS
NH,NHTrs | n-BulLi |
Fc R X e Fo R
lo °c
R H

0 R R
== Xu’ s method == ~—|__ACR
e Hard to synthesize Hammond” s method
* No substituents CFBr, g CuX F

— R!—n-Buli R1__ReMgBr
A -60 °C

= R?
F
R1

F R’
—
F R

gem-difluoroallene (DFA)

a) W. H. Knoth & D. D. Coffman. J. Am. Chem. Soc. 1960, 82, 3872. b) Y. Xu, et al. J. Fluorine Chem. 1989, 44, 161.

¢) G. B. Hammond, et al. J. Org. Chem. 2000, 65, 6547. d) J. Ichikawa, et al. Org. Synth. 2016, 93, 352.




Introduction: gem-difluoroallene (DFA)

F R’
==,
F R

gem-difluoroallene (DFA)

NBO (natural bond order) of allene and DFA
+0.074 0. 151

H l R 0329—> F
0460—+>::r—/

T :> +o712—>>: —/

-0.269 -0.143

LUMO coefficient of DFA

F,C=C=CH
2& B v 2 o B Y

0. 693

LUMO Coefficient: 0.275 0. 581

The electrostatic distribution is
different from that of general

allenes

LUMO concentratI)n Cr

Different reactivity and selectivity !

a) Z. Shi, et al. Nat. Synth. 2022, 1, 227. b) J. Ichikawa, et al. Chem. Lett. 2012, 41, 16109.
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Cycloadditions: Preliminary studies of DFA

F F
Fjj_\ «O_Me F goooc _ | 20TCTCH:
F o) B — F —_— +

F o) F <10mmHg  F,c=CH,

Cycloadditions of DFA
FzC:‘:CHz
[4+2] [3+2] [2+2]
y

F Yo R
X"z F;j:]
ZE
F—
F
e Reactivity

Experimental results & calculation_ e Regio-selectivity

a) J. L. Anderson, et al. U.S. Patent 2733278, 1956. b) W. R. Dolbier, Jr. Acc. Chem. Res. 1991, 24, 63. 9



Cycloadditions: [4+2] & [2+2]

Comparison of reactivity in D—A reaction
H,C=+=CH,

M :
200-230 °C A5, Lb/é M
F
>99% 2

@ FHC=-=CH
0°C, 4 days >99%
F,C=+=CH

-20 °C, 1 min

e ar:g

<2%

Acyclic diene:

= o
+ F,C=+=CH, _A110°C
AN 90%

63% 37%

F F
M
/A = E e = F
+ [4+2]
X Me
29% 35%

n A, 110 °C
85%
F,C=+=CH, F [2+2]
| Me F

26% 10%

a) W. R. Dolbier, Jr. Acc. Chem. Res. 1991, 24, 63. b) W. R. Dolbier, Jr., et al. J. Org. Chem. 1984, 49, 13, 2381.

. [2+2]:

[4+2]: Greater reactivity than general allene.
Regio—specifically reacted at CE=CY, but bad
orientation effect, underwent concerted

mechanism.

mainly reacted at C9=CB, with relatively
good orientation effect, underwent stepwise di-

..............................

F

radical mechanismy i
F o Me P e |
r’iF‘_ N - cmﬁ)) FZCE/H\ : s F%/H\ s Me“/lz(

|Me F
2 CH, CH,

favored

destablized! LUMO
F a F esta IZe;_,--\

s

T =+ &5 D

N ==

F;\ B v H

[4+2]

HOMO

c) W. R. Dolbier, Jr., et al. Tetrahedron Lett. 1978, 26, 2231. d) K. N. Houk, et al. J. Am. Chem. Soc. 1978, 100, 6908.



Cycloadditions: [3+2] 1,3-dipolar cycloadditions

[3+2]: obeys Woodward-Hoffmann rules, undergoes concerted, suprafacial-suprafacial

mechanism with HOMOdirole to LUMOP™A FMO interaction, like [4+2].

Nitrone as dipole: Nitrile oxide as dipole: vy - -
Fe_F -
Me ‘ Q \ ‘
1 rt. Ph i I+ r.t. B B
F,C=+=CH, + _O/N: . 9y Y F,C=+=CH, + |N| - > R\g Y q Y
Ph N-0 | N-O NT
Me R R
95% ratio of regioisomers
R = Ph (75%) 56% 44%
Diazomethane as dipole:
R = Mes (94%) >99%
N FOYE FF
1S r.t. R ‘ B ‘ B F. F F F . F E
FoC=-=CH; + N s ';g ' N “\"/ \"/“ i |
)]\ o 000 R " B w/o metal .fﬁ—f—fdl R R'
R R 95%-99% N=N N R . ”\ —_— J‘V U —_— 3
R R R™ T (-)_ O-N
ratio of regioisomers AuC _ B.y-[3+2]
C.>+ concerted process
N

R =Me 61% 39%
F I F FF
R= O O g% 2% B : FaloN=r
o b o]
Y
- :

R=Ph 14% 86% I~ "[Au]

py)

o,p-[3+2]

+ ong ol
Mes = 2,4, 6-trimethylbenzo- Reversed [3 2] cycloaddltlon step-wise process

a) W. R. Dolbier, Jr. Acc. Chem. Res. 1991, 24, 63. b) W. R. Dolbier, Jr., et al. Isr. J. Chem. 1985, 26,115.
c) W. R. Dolbier, Jr. Tetrahedron Lett. 1990, 46, 7991. d) K. Fuchibe, J. Ichikawa, et al. Org. Lett. 2023, 25, 7258.



Contents

|
® Reactivity of gem-difluoroallene

« Bond forming at a-site

o



Bond forming at a-site: Sy2 -type substitution

E E* X Nu- Nu RS
‘ % % % L challenge: shielding of Me0>\
F'g Sg2 Fg S\2 Fg C by the surrounding F STIP F_F

STIP
S\2"
| - }
F ™ F
F. In, Br, &/\' In, Br, F.
>/—: TIPS — = > Fo>t Br, Q= 7—: TIPS
Br Se2 }/\) Sn2 Nu EF
TIPS
/ Nu=0,S,P, Br,N,C N3>\
STIP
e F retained !
£ F +0.765

l
F\[]/F } FYF >\
J\C:I -0.449 N KQ
Br~ TIPS Pha;?\

OMe

G. B. Hammond, et al. Angew. Chem. Int. Ed. 2005, 44, 7404.



Bond forming at x-site

. F substitution (SyV)

Observed 1in optimization & scope
studies in Hammond’ s work:
5 CuX F '
I, 2 '
= R2MgBr F,J\ -
FE THF -

R1
second nucleophilic attack

Experimental evidence:

Hammond & Ichikawa

In optimization of Ichikawa’ s work:

Nu-M, THF, -60 °C

.YRZ i F/Ta&.

R = -CH,CH,(1-Naph)

then Hz0"

/YV

Proposed mechanism

FL‘Y\)O\/Oj

X<
X CuMgBr
CuBr+S(Me), (2.0 eq.) F ¥ BrMgCl ’i§ X ég\%i§
uBreS(Me), (2.0 eq. rMgCu.  _MgBr. -CuX -MgBrX
g N R2—=—2» oy —— > 2
n-HexMgBr Bﬁl\J Ger F -§QU(|l|)2 FeGliie T -yR
n-Hex R! R R® Elimination R
A O/j A ® ¢
F 'Y\)\
0]
i-Bu

63%

a) G. B. Hammond, et al. Org. Lett.

Et,Zn (1.7 eq.)
EtMgBr (1.0 eq.)
CuBreS(Me), (0.1 eq.)

R3 :
F Cu(l : !
Yy~ U( ) _ 0 '
F?\‘/\ RZ i». F/& \

. F_F
o
R
Et&'%/R \(\/
Et

12% n.d.

34% n.d.

______________

Y !
p R

SyV: Nucleophilic vinylic substitution

2006, 8(3), 479. b) J. Ichikawa, et al. Chem. Lett. 2012, 41, 1619.



Bond forming at a-site: F substitution (S\V)

More in—-depth study by Wu’ s group

F CuCl (10 mol%)

R2

R2MgBr

(1.1 eq.)

F/&'\/R‘I ¥

THF, r.t. for 5-24 h

.

%/R1

F

Et Et
. A
X X

with EtMgBr: 80%
with Et,Zn: 60%

i
t-Bu
F o,
By

70% 91%

FKW@ (/E_R )
& '\/\vi:j

with MeMgBr: 79%
with MeLi: 43%

88%

Me

a =

Et
Za
AN

52%

L oD

61%

H: 49%
35%
2-Me: 42%
4-Cl: 36%
4-F: 61%

(with PhMgBr)
(with PhZnBr)

2-60°C

T. Wu, et al. Eur. J. Org. Chem. 2024, 27, e202300869.

Application

e Tandem & step—by—step further nucleophilic attack

F

1
F '%,R
R'=-CH,Bn

e Asymmetric trails

F

A

R'=-CH,Bn

1
%/R

Et
EtMgBr PhMgBr Et
F/&,%/w \rR1
Ph
Standard condition
CuClI (10 mol%)
* 0,
+ c-HexMgBr LDC(I‘\I/IZ néglo/;)
) SRR 1
F \/R
(1.1 eq.) 24%, 36% e.e.
Me
N
2N O
M N+
E NN
Me BF4
L*
15



Bond forming at a-site: F substitution (S\V)

Defluoroarylation with aryl boronic esters

CuCl (10 mol%)

L (11 mol%) ! MeO OMe
L + Ar-Bneo O ATCYD) /t ' Le 7\ - Bneo = g
F L F Lo

R DMF, 35 °C e R' ! W o
Y (1.1 eq.) D = N
R? R2 5
Ph Ph Me Me Ph CN | I OMe CHO
F/g' F&'Y\/‘\i;/ F/g‘ s F .Y\/© \(©/ \(©/
Me CO,Me Me Me Me : Me
87% 85% 87% : 80% 66%
Ph Ph Ph : < 4-F: 89% N Boc
: 4-Cl: 76%
F/&' F/g. F/g, ; \ X 4Br91% /
NS 2-Cl: 86%
c - , 4-CN: 82%
! e : ° 80% 72%
61% 79% 93%
Asymmetric trails: LCux Ar-Bneo + £-BUOK
CuCl (10 mol%) _ e r |
F L* (11 mol%) Ph H /& h Transmetalation
t-BUOK (1.1 eq. : o) F7 SR
F/&. R' + Ph-Bneo TBMI(E t q.) F&, Ve Lr= \\) N N mechanism LCu-Ar
T\/I/ (1.1 eq.) Al ﬁ: ] PCy, N—/ c R? R
- R Ph B-F Elimination Y

=-CH,Bn 87%, 32% e.e. AerC
Insertion

T. Wu, et al. Org. Lett. 2023, 25, 4546.



Bond forming at a-site: Addition

Intramolecular cyclization

1) In, H,O/THF (80/20) F H--Base
. F 2) HCHO (aqg., 5 eq.) Base % O, 0
H: TIPS E Y —— ) S—TIPs
£ Base = RNH, K,CO; g F o
TIPS

HBase

Base

F--/K%\Tlps

a) G. B. Hammond, et al. J. Org. Chem. 2000, 65, 6547. b) G. B. Hammond, et al. J. Org. Chem. 2008, 73, 2886.



Bond forming at a-site: Addition

Intermolecular addition

F % Nu
InBrj E.C o 7
/§ R 2 Z "R| ——— F/’\/\R
DR (cat.) M] F !

a —Cation
stabilizing
effect

J. Ichikawa, et al. J. Fluorine Chem. 2020, 232, 109452.

/§
R!
F Y + R'OH

Condition A: AuCl3 (4 mol%)
Condition B: AuCI(PPh3) (3 mol%)
AgSbFg (3 mol%)

R2 1264 MS 4A, DCE, 70 °C F*F g2
Me_ Me
Ph0>(\/\/Ph PhONPh PhOW\/Ph
FFF FF F F Me
A: 78% A: 64% A: 77%, EIZ = 77/23
B: 54%
18.02
ACOX\/\/Ph BZOX\/\/Ph F3C\n/0>(\/\/Ph
FFF F*F o F F
A: 85% A: 93% A: 61%, E/Z = 84/16
B: 62% B: 96% B: 94%
12.6° 11818 3 58

@ pKa of R'OH in DMSO



Bond forming at a-site: F-C type domino synthesis of PAHs

Friedel-Crafts type cyclization to form polycyclic aromatic hydrocarbons (PAHs): domino

préyathesis k-

"Magic Acid" (Ho= -22.9)

7 InBr3 (2 mol%) L\
DCE, r.t.

| _DDQ(1.6eq.) .
reflux, 1 h

H .
FSO4H+SbF -

CF _(29e9) *CF — “
OHOE ONE O

FE
’ \

!
) F
.

‘ R = H: 90% ‘
R—/ O p-Me: 93% OO
X p-OMe: 66%2

‘ ‘ ‘ £ m-Me: 96% (major:minor = 52:48)° O F
| InBrg 85%
i DCE, r.t. A g
F

L ,C” InBry O ‘ ‘ O
o F 90 g @
‘ DDQ

F O F
F
4—F
~ 84% 88%
(major:minor = 75:25)°

80%
F

210 mol% InBrj. ® major product was reacted at p-site of Me, while minor product was at o-site.
¢ minor product was formed by sequential cyclization at the ipso position and a double ring expansion

J. Ichikawa, et al. Angew. Chem. Int. Ed. 2013, 52, 7825.



Bond forming at a-site:

Proposed mechanism

5

FzC

F-C-type cyclization
- InBrg 2
—>
O‘
InBr3
F F
c

InBr3
InBr3

|

ring

O@

F
D

a) J. Ichikawa, et al. Angew. Chem. Int. Ed. 2013, 52, 7825. b) J. Ichikawa, et al. J. Fluorine Chem. 2017, 203, 173.

expansion
B
-H*

1,2-migration

F-C type domino synthesis of PAHs

Tandem synthesis of difluoro—PAHs

F
)-p
‘ 1) InBr3 (4 mol%) C ‘
5O i O o
DDQ (2.5eq.)
DCE, reflux

_( (one-pot)

J

1) InBr3 (4 mol%)
__ DCE.rt.
2) DDQ (2.5 eq.)
DCE, reflux
(one-pot)

76%

F7OF F7OF

o5



Bond forming at a-site: F-C type domino synthesis of PAHs

Synthesis of 1-fluoro—naphthalenes Benzene Ring Extension
(acyclic substrates at benzyl site)
1) RCH,CN (4.0 eq.)
KHMDS (4.0 eq.)

F THF, 80 °C
il " ©/ microwave @
R o 2) DIBAL-H (1.2 eq.)
R‘©)<" InBr3 (2 mol%) 5 OO : toluene, -78 °C _
. DCE, rit. ' (i) Formylalkylation 3) CFy=C(Li (1.2 eq.)
L i : THF, -95°C

7P F k = then Ac,0 (1.5 eq.)
R'=R2=Me 0 4)Zn (2.0 eq.), DMF, r.t.
b2 e e ' (ii) Difluorovinylidenation
OO Me ! ! Me Br ! l Me R
Me MeO 5) InBr3 (2 mol%) ‘
F F F DCE, r.t.
85% 56% 74% ! (iii) F-C type cyclization )L
R'#R?=H
Ph Me
Br.
Oe OO OO Modular extending: Re
MeO
F F F

. SO0
83% 65% 74% et
4 \
0 —3 T

a) J. Ichikawa, et al. Bull. Chem. Soc. Jpn. 2014, 87, 942. b) J. Ichikawa, et al. J. Chem. Asian J. 2017, 12, 2359. 21



Bond forming at a-site: F-C type domino synthesis of PAHs

Halogenation of the intermediate:

G e ) ©) As Aryne Precursors: expanding the m-systems

O | _DCE.rt DDQ (1.2 eq.)
JL b) TFA (1.0 eq.) reflux, 4 h

r.t., 30 min X

F F >
F F Br O H
X = Br: quant n-BuLi (1.2 eq.) Me,(TMP)ZnLi (2.2 eq.)
X=1.94% : E Et,O/THF (4/1), r.t. | THF, reflux g E
A A

‘ a) InBr (2 mol%) r 7 Ar,
NBS (1.2 eq.) ‘ Oijij
O | DCE, r.t. —
j\ b) TFA (1.0 eq.), r.t., 30 min Oe D-A Reactions of Aryne

Br Ar & isobenzofurans
then evaporation - F =

Pd(PPhs), (5 mol%) 0 ] Ar I
ArB(OH), (1.2 eq.) SnCl,
Ba(OH),*8H,0 (3.0 eq.) “ao _ HBr ‘OO _ FeCly(30eq) _
dioxane/H,0 (3/1), reflux THF, 60 °C DCE/MeNO, (5/1)
Ar
then evaporation E F = O Ar O O
nde

Sequential synthesis of PAHs

et ie /A tisati intramolecular
eductive Aromatisati e e G
Ar = Ph: 64%
‘ p-MeCgHy: 48% Ar = Ph: 89% Ar = Ph: 93%
DDQ (1.2 eq.) p-CICgHy: 49% C-a D-a
DCE, reflux 0-PhCgHy: 83%
Ar 1-Naphtyl: 62%
E 2-Naphtyl: 63%

a) J. Ichikawa, et al. Angew. Chem. Int. Ed. 2013, 52, 7825. b) J. Ichikawa, et al. Chem. Asian J. 2020, 15, 1384.
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Bond forming at y-site

i e e .. H HIE
Possibility for nucleophilic addition at F A Isil F\fJ\fR
Y —site: F L
F,C=C=CH
a8y o B Y
Coefficient of LUMO: 0. 275 0. 581 0.693
e« LUMO is concentrated on m*-CP=Cr
. . . H F E* H
Fluorine substituents can lower i . [Bpinl, - - RT)\(SR
= Foooly M . =
the energy of the LUMO [Cu]+base+ROH &1\]‘/ base, [Rh]-L* or [Au] I
F R
Lumo R
"Negative Hyperconjugation” LUMO

el
S
H
a B v
FMO—controlled
nucleophilic additions!

O N
m- O
R R

F%([N] PhCONH-

F R

a) K. N. Houk, et al. J. Am. Chem. Soc. 1978, 100, 6908. b) J. Ichikawa, et al. Chem. Lett. 2012, 41, 16109. 24
c) W. R. Dolbier, Jr., et al. Tetrahedron Lett. 1978, 26, 2231.



Bond forming at y-site: [S] as nucleophiles

First reported nucleophilic addition with

DFA .
/g KOH (10 eq.) F
. RSH -
F %‘/H * THF, 60 °C F)\/\SR
H (1.5eq.)
R= H: 89% F N-N F Néj
F Z3 \ |
g 4-Me: 91% | D—Me
F)\/\s N 4-CI: 85% F)\/\S)\S F)\/\S)\\N
2-NH,: 81%" 92% 94%
F NN F F
)\/\ IN’N | i )\/\ Bn )\/\ Bn
F s e F)\/\s/k\N F s BnS s~
85% 87% 31% 61%”

8 Et3N (100 eq.) instead of KOH. b KOH (100 eq.), byproduct was formed through
further addtion followed by dehydrofluorination.

W. Huang, et al. J. Fluorine Chem. 1995, 70, 5.



Bond forming at y-site: [S] as nucleophiles Shi

Regio— & enantioselective nucleophilic

addition
r [Rh(cod)Cl], (2 mol%) e | Me Me
. . RSH L*@48mol%)  F S Y Y
1 2 | =
F '%/R EtOH, r.t., Ar F)\/\R‘] : PPh2 PPh2
Y : L*
Me o OMe
_ R = H: 76% (16/1 r.r.), 90% e.e. I} Q/ .
/@R 4-Me: 78% (>20/1rr), 94% ee. F s e g7 s N
oY 3-Me: 92% (13/1rr), 91% e.e. \? 2 Fg
g 4-F: 91% (19/1rr), 92% ee. F X X
X 4-Cl: 79% (>20/1 r.r.), 91% e.e. S
4-Br: 80% (>20/1r.r.), 90% e.e. OBn OBn
OBn 4-COOMe: 75% (>20/1 r.r.), 88% e.e.
76% (19/1 r.r.), 93% e.e. 83% (>20/1 r.r.), 95% e.e. 79% (>20/1 r.r.), 90% e.e.

F -n-Hex: 64% (7/1r.r.), 86% e.e.
-CH,CH,CO,Me: 70% (4/1r.r.), 91% e.e. F
(at0°C) OBn

OMe
Alkvl OMe /©/
FRS e Alkyl = -Bn: 65% (>20/1 r.r.), 90% e.e. /©/ S
F S G

(

A -CH,CH,Ph: 62% (13/1r.r.), 92% e.e.
(
(

g
AN

Me::o\)O

85% (>20/1 r.r.), 93% e.e. 84% (>20/1 r.r.), 94% d.e.

r.r. = regioisomeric ratio of y/p. e.e. = enantiomeric excess. d.e. = diastereometric excess.

Z. Shi, et al. Nat. Synth. 2022, 1, 227.



Bond forming at y-site: [S] & [N] as nucleophiles

Different selectivity under [Au]-

PhSH 5 PhSS ~"Ph |
(1.2 eq.) ! :

condition
AUCI(PPhs) (3 mol%) F AuCI(PPh;) (3 mol%)
OR' Y o
5 ""Ph __AgSbFj (3 mol%) P AgSbF¢ (3 mol%)
FF MS 4A, DCE, 70 °C F/4 ‘> >FPh  Ms4a, DCE, 70°C
17
[or 7

[S1. [N]

J. Ichikawa, et al. J. Fluorine Chem. 2020, 232, 109452.

.......................

PhCONH, E PhOCHNW\Ph E

e FFF

not reported



Bond forming at y-site: [N] as nucleophiles Gao

Sulfoximines as nucleophiles

Challenges:
low nucleophilicity

[Rh(cod)Cl]5 (2 mol%) 1 oo
rac-BINAP (5 mol%) or L* (15 mol%) R R

F& + Oy NH BF3-Et,0 (20 mol%) - N*%0 \‘/V

"sR' R15°R2 MeCN, rt. or MeCN/Tol (1/4), 30 °C LAy~ Ng PPh, PPh,

40% 67% 50% 42% 27%, 30% e.e.

B. Gao, et al. Org. Lett. 2023, 25, 2756.



Bond forming at y-site: [P] as nucleophiles

Enantioselective nucleophilic addition of

[Pd] (4 mol%)
L* (6 mol%)
PivOK, DCM, -20 °C [ FR

HPAr,
ey

g1 + HPAr,

[Pd] = p;l 4 L*= MeO : PR,
I
> MeO PR
ph O 2

Mechanism studies:
[Pd] (4 mol%)

F L* (6 mol%) o
i 20° F “PPh
+ HPAr, _PIVOK DCM,-20°C EEl
F© S Ph then H,0, N Ph
(90% D)
H/D ~40% D

76%, 95:5 e.r.

X. Li, et al. Org. Lett. 2023, 25, 5957.

[F R—Ar
ZZ T
O ar |—

\

‘\\P\—Ar
Ar

Z

F R
33 examples

up to 84% yield, 97.5:2.5 e.r.

H0, F
——

Ss

57%, 95.5:4.5 e.r.
H3B\
BH;DMS F. = «R—Ph
—_— ﬁ/\ Ph
F R
52%, 95.5:4.5 e.r.

H [Pd]-L
+ HPAr, various conditions

H™ e ~_Ph

H

H PPh,
X

no reaction

Ph



Bond forming at y-site: [B] & [Si] as

Xu’ s
. cordghions . _
,& ) £-BUOK (11 mol%) F  Bpin F SiMe,Ph
F7X.__R'* R-Bpin o X or A
Ny #BuOH, THF, 50°C r2 O F “R?
R2 R = Bpin or SiMe,Ph R R

) Bn
F Me_ Bpin _\/

F Me_ Bdan /
F)\/\/b FW S ¥z
Bn =

77%, d.r. = 57:43 27% 63%, d.r. =93:7
(R = Bdan)
F Me_ siMe,Ph F  SiMe,Ph
EAN F  SiMe,Ph o
Ac  F
t-Bu
86%
B 86% 87%, d.r. = 55:45
)
Feng’ s

Cul (5 mol%), L <~‘cft9ﬁditions Cul (10 mol%)

) t-BuONa (20 mol%) F t-BuONa (1.0 eq.) .
o §MePh  phmessi-Bpin (1.8eq) L [Bpinl, (1.5 eq.) F Bpin
N g2 DCE/MeOH, r.t. P 'yR MeOH (2.0 eq.), DCE, rit. | g~ xTg2
TR poEment i 2
; Me i leoz, NaOH
i N_ N- ' 34 examples from [Bpin],, up to 93% THF, r.t.
1L = \/ ‘ 25 examples from PhMe,Si-Bpin, up to 96% F OH
L Me cl Me | o
A e R ; FR®

nucleophiles

Mechanism studies

F
F&Y\/ Ph + [Bpinly

Me oH

F
standard condition Mph
CD,0D (20eq.)

Me instead of MeOH (2 eq.) HD oD
F . _
) standard condition Me_ Bpin
F/&- Ph + [Bpin, ——— 22 L M ph
Y\/ w/ Xantphos F
Me 89%
H
H Me
H
. standard condition
H’g Ph + [Bpinlp —————————— ;g Ph

Ny

Me

A

Me

a) Y. Xu, et al. Eur. J. Org. Chem. 2021, 4054. b) C. Feng, et al. Cell. Rep. Phys. Sci. 2021, 2, 100461.

-Y\/Ph + [Bpin]z

w/ Xantphos

92%, ZIE = 3/1
<5% (w/o L)

Me Bpin

standard condition )\)k/ Ph

A
w/ or w/o Xantphos
no reaction



Bond forming at y-site: [C] as nucleophiles

EtMgBr: Three component coupling

CuBr (1.7 eq.)

F SMe, (1.7 eq.) 1 Electrophiles
K , EtMgBr (1.7 eq.) IR or T
F . Rl!p— N )Yk 1
" THF -60°C, 1 h F)YkEt [Pdy(dba)s]-CHCy (5 mol%)  © B
[Cu] PPh3 (20 mol%), R-X (1.0 eq.) ER
12 1-Naph THF/HMPA (5/1), rt.
CuBr (1.7 eq.) R W

F SMe; (1.7 eq.) 1 E B
F R F Et F Et F Et F Et F Et
FN g RMeBr(i7eq) | ] L e « “ & o «
reere | A NS A AN AN AN AN
[Cu] N R2 I Br Cl Sn(n-Bu), SnMe,
12 1-Naph
2 W 84% 75% 76% 66% 68%
R = Et: 1% 95% (from NIS) (from NBS) (from NCS) (from Sn(n-Bu);Cl) (from SnMe);Cl)
R = n-Bu: trace 93% F Et F Et F Et F Et
AN N N I
Ph Bn
90% 53% 66% | T 85% ¥
(from Phl) (from BnBr)  (from R-Br) (from R-Br) ¢

J. Ichikawa, et al. Chem. Lett. 2012, 41, 16109.



Bond forming at y-site: [C] as nucleophiles

Cu—catalyzed hydro—arylation

CuCl (12 mol%)
DPPE or L* (11 mol%)
t-BuOK (1.5 eq.)

Ph,
0 Ph ]
F | P
. 2 0 p7
i-PrOH (2.0 eq.) F R | C
F/&.%/w + R2-Bneo F)\/!\W ! "’Ph Ph

dioxane, 45 °C
(1.5eq.)

= (S,S)-Ph-BPE
F Ph F Ph F Ph F Ph ‘" F Ph £ Ph
Ph Ph 1R A~ X
: D
X= Bn:89% Me Me : 49% D
TBS: 83% 76% 81% 0% ' 70%, 89:11 evr. 85%
H: 73% , (EtOD instead of i-PrOH)
R 5 OMe
Ph
F F 7 F
N Ph PN Ph FTN Ph
R = Me: 91% !
CON(Me)z: 87% 74% 91% 1% . 540/0, 89:11 e.r. 580/0, 89:11 e.r.
CHO: 52% '
Br: 90%

L. Cheng, et al. Org. Lett. 2024, 26, 525.



Bond forming at y-site: [C] as nucleophiles

o
Regioselective C-H functionalization NHOMe
o 0} 4
F [CP*RhCly, (2 mol%) a-selectivity [Rh'"], Base ‘ CMD y-selectivity
NHOMe /& 1 NaOA o NHOMe
+ F .ﬁ’R aOAc (20 mol%) r l
H % DCE, r.t. X
R RTR? p
(1.2 eq.) 64 examples, up to 99% yield
AEn
o i Fle B 7 Me ;
9 L i LUMO coefficients |
N NHOMe , F . Standard Conditions NHOMe ; C*:10.70% ‘
HgD - N en ~oF L Ch2289% !
Me Bn—' Me F ! C":27.75% }
(1.0 eq.) (1.0 eq.) Ml = oo
KIE (competition) = 13 via O *

KIE (parallel) = 2.5 N,OMe
o @ _____‘Rhm
£ 5

(o] F =
5 NHOMe Rﬁ{\S,F
NHOMe + F~ X Standard Conditions Me R2
N en D,0 (5.0 Me e
Ve ,0 (5.0 eq.) Bn Major TS

Me NGZ o
HD 24%D Proto-demetallation
(1.0 eq.) (1.2eq.) F liberated the [Rh]
O
(0] F o
Standard Conditions
NHOMe + F/&. 5 NHO'\ﬁe @ NHOMe
Y\ n Me N Nl
Me H Bn H g R R2 !
(1.0 eq.) (1.2 eq.) Major

P.J. Walsh & C. Feng, et al. Cell. Rep. Phys. Sci. 2021, 3, 101117.



Bond forming at y-site: plausible mechanisms

F Ligand exchange / Oxidative addtion F
/& Transmetalation / H ’ 7]\
F7 N __R! CMD Nu-H | R~ F
Y
N7 [M]-Nu Nu-[B] M]-Nu ,
R2 Ar-H Nu-H (low valent [M]) R
. Insertion
Insertion
base
l}lu

MY C/P/B/Si-Metalation H--M]_
==K Mechanism [M] F 7—_‘-'—K' R
F R? F R?

Proto-demetallation

/

ation
F R R?
F Nu F R N M

F [M]
[M] H/E source FMNU H

H/E

Reductive Elimin
R2
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Bond forming at f-site: challenges and strategies

F,C=C=CH
2(1 B v 2 o B ’Y

F
Coefficient of LUMO: 0.275 ~ 0.581  0.693 F#.

Electrostatic Charge: +0.272  -0.067  —0. 341

-

R Ag
">/' F ~ -R
A~ M F
L F
k\ rd
l [Pd]-Arl
F
H F Ar
[ P
T~ EorZ
Cyclization F-nusé’e.:)_philic
addition

J. Ichikawa, et al. Chem. Lett. 2012, 41, 1619.

Difficult to attack at B —-site!

X LUMO for nucleophilic addition
X Positive charge

N-H

Ligand control



Bond forming at f-site: Cyclization

Proposed catalytic cycle

j\ Pd,(dba)3*CHCI; (3 mol%) CHF, . ;\
= Br - [ P(m-Tol)3 (6 mol%) O@ F _ By A
N | EtOH (50 eq.) _~_Br /.)\F g/\;i/r
B K,CO3 (5 eq.) A ‘ B Insertion
oHF 10 Ta Y Qe

FF

CHF, CHF, CHF, CHF, " Pd(L)Br
-
A
MeO F R
C
60% 54% 55% 58% /

F_F
CHF, CHF, CHF, CHF, _ \ PA(L)Br
Me B-H Elimination ‘
\/\
“OO “OO “OO g, SRR
Me Ph Me D

Me

36% 57% 43% 83% (80 °C) ‘ o
= Aromatization Z

CHF,

J. Ichikawa, et al. Org. Biomol. Chem. 2019, 17, 5047-5054.



Bond forming at B-site:

F-nucleophilic addition of difluoro-olefins
1 1 1
F T F M F DL — F =
j/\az A M] FHXFG
F g F
from AgF, KF, CsF,...

R M] FG

a) Z. Shi, et al. Green Synth. Catal. 2020, 1, 134. b) D. Xu, S. Lou, et al.

Shi & Lou

Shi’ s work: B~
sel eedsbhiid; ¥io moi%) K

DPEPhos (20 mol%)

/'J; . @ ' AgF(SOeq
FTNR DCM/MeCN = 10/1, 60 °C iz \ph o \ph

DPEPhos

R=  H:65%, E£/Z> 30/
Ph: 54%, E/Z > 30/1
— OMe: 66%, E/Z > 30/1
Me: 63%, E/Z > 30/1
Ph CFs: 63%, E/Z > 30/1
b Cl: 62%, E£/Z > 30/1

Briosze IR Zegs 0 56%, £/Z > 30/1 43%, E/Z > 30/1

R F R F R F FF
F F F F
2 S
cl Ph Ph W Ph O Ph
cl OHC
61%, E/Z = 20/1 32%, E selectivity 38%, E selectivity  69%, £/Z > 30/1
R F R F R F FF
F Me
Me — —
Ph
N\
70%, E/Z > 30/1 77%, E1Z > 30/1 59%, E/Z > 30/1 68%. E/Z > 1/1

Org. Biomol. Chem. 2023, 21, 8979.



Bond forming at P-site:

( ] Bulkier n) )
FG M J subst'ltuents M] FG
S o ACe| D | X Proposed mechanism
Fe Fe FEOR ) Fr R
E-selectivity Z-selectivity Ar
IE>[)\MR [IFT’d]
Lou’ s work: Z . Ar
1 .. o c
se e(';(.l—(ﬁb&;lz‘&z 10 mol%) E F 3 O

XPhos (12 mol%) F R ! PCy,

L + @ ! AgF (1.5€q.) =/ ! iPr i-Pr
F7 o R Dioxane, 60 °C O Rf-zdf.lctlfle
@ : XPhos Elimination

i-Pr

Oxidative addition

H: 92%, E/Z = 2/98
2-Me: 90%, E/Z = 2/98
4-OPh: 66%, E/Z = 2/98
4-SMe: 89%, E/Z = 3/97
4-Cl: 87%, E/Z = 3/97
3-F: 93%, E/Z = 3/97
3-CFy: 85%, £/Z=2/98  O2N

87%, EIZ = 2/98 88%, E/Z = 2/98 .
FF F Me FF F Me EF AgF /&B
_ _ F o sMe F 'VR
) @, Ve g A
t-Bu Me
86%, E/Z = 98/2 87%, E/Z = 7/93 75%, E/Z = 12/88° 77%, E/Z = 17/83°

2100 °C, XPhos (20 mol%).

a) Z. Shi, et al. Green Synth. Catal. 2020, 1, 134. b) D. Xu, S. Lou, et al. Org. Biomol. Chem. 2023, 21, 8979. 39



Bond forming at f-site: Ligand control strategy

E [Rh(cod)IBF4 (4 mol%)

L (4.8 mol%)

R * R?SH

F /&'%/

Toluene/CH3CN,60 °C, Ar

F

Z S R1
SR?

| 5 OBn

Alkyl* =

OBn

L
OMe

61% (>201 r.r.), EIZ = 94/6

r.r. = regioisomeric ratio of p/y.*

-Bn:
F -CH,CH,Ph:

-n-Hex:
-CH,CH,CO,Me:

1 71% (>20/1 r.r.),
4-Me:
3-Me:
S 4-F:

4-Cl:

4-Br:
4-COOMe:

(

72% (>20/1 r.r.),
77% (>20/1 r.r.),
75% (>20/1 r.r.),
64% (>20/1 r.r.),
77% (>20/1 r.r.),
77% (>20/1 r.r.),

58%
66%
68%
71%

>20/1r.r.)
>20/1 r.r.),
>20/1r.r.)
>20/1 r.r.)

E/Z = 8317
E/Z = 86/14
E/Z = 83/17
E/Z = 82/18
E/Z =90/10
E/Z=81/19
E/Z = 95/5

, E/IZ=82/18

E/Z = 85/15
E/Z=91/9

, E/Z = 89/11

WOTBS
CL

74% (>20/1 r.r.), E/Z = 86/14

63% (>20/1 r.r.), E/Z 86/14

67% (16/1 r.r.), E/IZ =90/10

CF;COOH (40 mol%) in DCM/EtOH (1/3)

Z. Shi, et al. Nat. Synth. 2022, 1,

227.

Dexperiments

F7ONF

L
45% D OMe

[Rh(cod)]BF, (4 mol%)
LN (4.8 mol%)
Toluene/CH;CN,60 °C, Ar
63%

Isotopic labelling

DF

FOONF

L
64% D OMe

[Rh(cod)]BF (4 mol%)
LN (4.8 mol%)
Toluene-dg/CH3;CN,60 °C, Ar|
61%

‘ 82% D

[Rh(cod)Cl,], (2 mol%)
LP (4.8 mol%)
EtOH, r.t., Ar
87%, 94% e.e.

10% D

[Rh(cod)Cl,], (2 mol%)
LP (4.8 mol%)
EtOH-dg, r.t., Ar
90%, 94% e.e.




Bond forming at f-site: Ligand control strategy

DFT studies for
slectivity (aﬁ

hT4 }Y4
vs| ArS”; :7“‘Et .

i _.>\\|: " F //<
F

R-TS5B (12.5) Int4B’ (5.2)

Selectivity of RIS | Selectivity of

ave
U\

DFA 1

L/\L DFA 1
-/

-
ArS”  H
(0.0)
INT3A (L = N)
INT3B

IntdA (-2.4)

Selectivity of B

Z-TS5A (3.1)

Selectivity of Z/ E

Shi

|
Z. Shi, et al. Nat. Synth. 2022, 1, 227.
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Conclusion

cycloadditions

FOF
\l\/:> [2+2], step-wise with diradical
BN,

[4+2], [3+2]
concerted, HOMO-LUMO

.
s Xz F
P F
SIS o=
F

substitution

o-site
o,p—addition
y-site B,y—addition
B-site a,p-addition

£ F

Nu__ F
~
F’sgf%,@ Nu/—: TIPS

TIPS
Sn2' " Nu=[0], [S], [P], [Br], [N], [C]

[M] Nu
| ti 1 B-FE.
g ﬁ)\(R_E_,FA§
R? ﬁ/z
SyV Nu = [C] (RMgBr, R-[B], R,zn) R

R!

“Hard” :

Nu
M] Nu .
R Rl A electrostatic-
(cat.) ™ F H
Nu = [0], [C] contrglled
"Negative Hyperconjugation” LUMO
F E* &;
{1 »

AN F Nu Soft” : FMO-controlled

F -§1y B = \\H
&JR R H
LUMO ° Nu=[S], [N], [P], [B], [Si], [C] v
K F (N
H
~F F Ag [Pal- A NN Nu
M — Fo AR ~ FO AR Rh-. Rl— = HUAUR

PR \ 7S F 3 Nu; =/ r

L 1 F F H-4 F

S~ % EorZ F F

Cyclization F-nucleophilic addition Ligand control




Outlook

More strategies to
stabilize intermediates:

Radila process
Me. .2

CH,

F can stablize the allyl radical

‘n

How to develop B-selectivity?

MCR: difluoro-—
alkylation reagent

Nu'\

+ Y

F
ZSY\R
[M]

N\

Coupling !
F

F oy
NUW\R j NU/OY\R
F FG

G

Electrophilic Addition

-0.151

R ¢ F <—-0.329
\:.:<<—o.712

New Catalyst and
substrate design

-0.143

44



Thank you!



Appendix: HSAB and HMO

Theory of Lewis (HSAB) acid-base interactions
(Klopman, G. J. Am. Chem. Soc. 1968, 90, 223.)

LUMO \\— LUMO
+ HOMO
HOMO l Reference

(a) Hard acid base
LUMO ——
/#/l— LUMO
Homo - —— Homo
Hard base Reference
(c) acid

Hard acid—hard base:
Soft acid—soft base:

HOMO Reference

i base
(b) Soft acid

LUMO ——

—— LUMO
Homo —j— 7
Soft base
—Hf HOMO

Reference
(d) acid

electrostatic interaction
covalent interaction

Combining Pearson's and Klopman's Ideas
* Hard Lewis acids:

* Atomic centers of small ionic radius

* Net positive charge

* Species do not contain electron pairs in their valence shells
* Low electron affinity

* Likely to be strongly solvated

* High energy LUMO

* Soft Lewis acids:

* Large radius

* Low or partial (delta+) positive charge

* Electron pairs in their valence shells

* Easy to polarize and oxidize

* Low energy LUMOs, but large magnitude LUMO coefficients

VI A AR, AR, P44-45 46
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