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Introduction
A three-component Heck/allylic substitution coupling involving unactivated alkyl bromide has been reported as the first example. Such
method allowed the construction of Cgp3—Cgp3 and C—X (X = N, O, S) bonds with a broad scope (>130 examples) as well as excellent
selectivity (>95:5 E/Z, >20:1 1r). Subsequent mechanistic studies indicated an unprecedented radical-promoted route in this reaction.
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reaction and allylic substitution becomes a unique strategy to achieve the Ar-x- . addition Ar/\/\rR
difunctionalization of 1,3-dienes (Scheme 1B, up). However, such A,ky,/\/\(" " pdn < - N
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According to past reports, unactivated alkyl halides have been established

radi_cal ) Pd-catalyzed 1
well as widely used reagents in C—C bond forming cross-coupling reactions. recombination radical generation
Also, visible-light-driven Heck reactions which employed unactivated alkyl 8>
. . . AR Pd(l)Ln
Alkyl 7 >N )
halides have also been achieved by several groups independently. [ | PdiL radical | Alkyle
insertion

Hybrid allylic Pd(l) radical ‘\—(Hybrid alkyl Pd(l) radical
Inspired by those facts, the authors hypothesized a IR
palladium-catalyzed reaction. Initially, light excitation formed Pd(())* C. This work: Interrupted radical Heck/allylic substitution - unknown

species. Then a Pd(I) radical intermediate I generated from alkyl .

bromides which could undergo radical addition into 1,3-dienes to Alkyl-Br + \/'\/R + NUH —— o Alkyl/\l/\( R
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form allylic Pd(I) intermediate II. After radical combination, formed 1 3 f . M
Pd(1I) intermediate IIT would be attacked by different nucleophiles to . pifferent nucleophiles (NUH) == - <ccccmemememaemaaaecacaaaoas .
form the product 4 with regenerating the palladium(0) catalyst o o

(Scheme 1B, below).
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. . ! cyclic amines Phthalimide
Herein, the authors developed a three-component Heck/allylic Y methylenes :
substitution cascade as the first example. Different nucleophiles
. . . . . L. . m >130 examples H quaternary centers
including acyclic & cyclic amines, phtalimide, activated methylenes, ® radical approach m operationally simple
m C-N, C-0, C-S & C-C bond formation H mild conditions & scalable
phenols and sulfonates are applicable to this method to form C-N, W three-component coupling W broad functional groups tolerance
W unactivated alkyl bromides & dienes B compatible with natural products & drugs

C-C, C-0O, and C-S bonds respectively with excellent yields and

regio- & diastero- selectivities (Scheme 1C).



Optimization of Conditions (Table 1)
In the presence of Pd(PPhs)s, BINAP and KOAc, #-butyl bromide

Table 1. Optimization of Three-Component Interrupted
Radical Heck/Allylic Substitution Cascade®

. . Pd(PPhs), (10 mol%
(1a), 1,3-butadiene (2a), and phthalimide (3a) were reacted for 24 . 2 BINAR (12 ooy
. . .o . o XB' + N + HN
h in DMA under irradiation with blue LEDs as the initial Me™ Yo KOAc (150 mol%)
4 DMA (0.2 M), 24 h
investigation. As a result: 1a 2a 3a 5 W blue LEDs
* BINAP is superior to DPEPhos and XantPhos as ligand. U o
+ Me. e
. . i A X
* KOAC is the most suitable base rather than Na,COs, NaHCOs, : MEI\/\ Mef/\ Y Me N
: 5a 5aa H Me>(\/\/
and KoHPO,. i Heck product hydroalkylation ! Me 5 o
. . . . e notobserved . i hree-
* Both base and ligand are essential to this reaction. three-component
S . t deviation from standard conditi 5 (%)%
* A longer reaction time increased the yields. oy cviation Tom stancard condiiions (%)
1 none 60
* Less amount of catalyst/ligand slightly increased the yields. 2 DPEPhos instead of BINAP 51
¢ Palladium catalyst and blue LEDs are necessary for this reaction. 3 XantPhos instead of BINAP 17
) o . 4 Na,CO;, NaHCO;, and K,HPO, instead of KOAc 17 or S or 0
* High temperature under standard conditions decreased the yields. s without BINAP 31
« Sensitivity screenings were also conducted and shown that this 6  without BINAP and KOAc 0 .4
L " . ) ) 7  48h 91 (87)
reaction is highly sensitive to high O, concentration, low light 3 Pd(PPh,), (5 mol %)/BINAP (6 mol %), 48 h 7
intensity and low temperature. 9 without Pd(PPh;),, 48 h 0
. 10 4-CzIPN (S mol %) instead of Pd(PPh;),, 48 h 0
L]
Delightfully, no Heck product or hydroalkylated product were 11 without blue LEDs, 48 h 0
detected. 12 100 °C instead of blue LEDs, 48 h <5
sensitivity screening
e
“la (0.3 mmol), Pd(PPh;), (10 mol %), ligand (12 mol %), Big Scale Low ¢ :::z
butadiene 2a (0.3 mmol, 2 M in THF, 0.15 mL), DMA (0.85 mL), 3a Oe ?  PPh,  PPh,
(0.2 mmol), base (0.3 mmol), RT, blue LEDs (5 W, 455 nm), 24 h, High Ho DPEPhos
under argon. “Yield was determined by 'H NMR spectroscopy BINAP Me, Me
analysis with 1,2-dibromoethane as internal standard. “>95:5 dr and Low ! Low O, O O
>20:1 1r in all cases determmed by 'H NMR spectroscopy at the o
crude reaction mixture. “Isolated yields. High T High 0, PPh; PPh,
Low T X.
antPhos
Substrate Scope with N- and C- Based Nucleophiles
Y w _ PEINAR (12 moy St | trescompanentcouping
XE S e — n | 3oty et
a). C—C & C-N bond formation R R N s owioumar  FR L e
. 5 W blue LEDs : 41 examples
e Various primary and secondary ©-C and C-N bond formation
6,X=0, 84% Me
amines including their linear and R § 1x=s 81%0 O
. e e o OO AMEE: | NN O VI O R O RS
cyclic heteroatomic derivatives were Ve Me oll 59535 /2, 520:1 17 10, 68% 11,81% 12, 76% 13, 74%

all tolerated with moderate to high

yields and selectivity (6-25).

14, 82%
>95:5 E/Z, >20:1 1t

SO o,

>95:5 E/Z, >20:1 rr

>95:5 E/Z, >20:1 1

@ Neg e

1s, 78% 18, 51%*
>95:5 E/Z, >20:1 rr >95:5 £/Z, >20:1 1t

>95:5 £/Z, >20:1 rr >95:5 E/Z, >20:1 rr >95:5 E/Z, >20:1 rr

¢

N,
% "Me
19, 85%
>95:5 E/Z, >20:1 rr

15, >99% 17,72%

>95:5 E/Z, >20:1 rr

Me H H H
N N H
r w kg \(\OMe H\/@ N Me N
N__M N NP P L'e
NN Ve L'd e ; X
20,76% 21,79% 22,66% 23,52% 24,61% 25,51%

>95:5 £/Z, >20:1 rr >95:5 E/Z, >20:1 it >95:5 E/Z, >20:1 1t

b). C—C & C—C bond formation

C-C and C-C bond formation®

>95:5 E/Z, >20:1 rr >95:5 £/Z, >20:1 rr >95:5 £/Z, >20:1 11

I hil | CO,Et o o CN o;/———>
* Carbon-based nucleophiles could be P AN ot o T Yo cN Lot
. . . me Me me ?
employed in this reaction (26-30). 26, 76% 27,84% 28, 43% 29, 55% 30, 45%
>95:5 E/Z, >20:1 1t >95:5 E/Z, >20:1 1t >95:5 E/Z, >20:1 11 >95:5 E/Z,>20:1 i1 >95:5 E/Z, >20:1 rr
* When choosing diethyl malonate
(26) as nucleophile, various linear e CO,Et ©\/>@ j@\/}@ \Q( N RIS <j\y( \/ﬁé
CO,Et v Et M Me Mé Me 35, R=OMe, 70% o Me Me
and cyclic trialkyl bromides were R R 31,54% 32,57% 36, 72%
>95:5 E/Z, >20:1rr >95:5 E/Z, >20:1 rr all >95:5 E/Z, >20:1 rr >95:5 E/Z, >20:1 rr
investigated and all well-tolerated
37,R=H,61%

- 38, R = CN, 67%
(31 46) /©/ 30 R=F, 77% W
Me Me 40,R=cl, 57% mé Me

41, R = COMe, 46%
42, R = CO,Me, 54%

all >95:5 E/Z, >20:1 rr

Ph
Me
Me

43,60% 44, 52%, 73:27 dr
>95:5 E/Z, >20:1 rr >95:5 E/Z, >20:1 1

from estrone
46, 66%
>95:5 E/Z, >20:1 rr

45,91%
>95:5 E/Z, >20:1 rr

“NaOH (150 mol %) was used instead of KOAc. ®1 (0.2 mmol, 1.0 equiv), 3 (0.6 mmol, 3.0 equiv). “Reaction conditions: 1 (0.3 mmol), 3 (0.2
mmol), Pd(PPh;), (10 mol %), BINAP (12 mol %), butadiene 2a (0.3 mmol, 2 M in THF, 0.1 mL), DMA (0.85 mL), KOAc (0.3 mmol), RT,
blue LEDs (5 W, 455 nm), 48 h, under argon.



Substrate Scope with O- and S- Based Nucleophiles

(Variation from standard conditions: K,CO3z were

used as base instead of KOAc)

¢). C—C & C-0 bond formation

* Hydroxy-containing nucleophiles with various
substituents such as methoxy, nitrile and ester, as
well as boron and nitrogen-containing heterocycle
were all well-tolerated to give corresponding
products (47-62). Moreover, natural products
estrone and ethynylestradiol could be used (62-63).

Oxime could also be employed (64).

d). C—C & C-S bond formation
* Sulfinates with different substituent all produced
corresponding products with good yields (65-75).

* With using sulfinate nucleophile, various trialkyl

Pd(PPhs)s (10 mol%)
R o P BINAP (12 mol%)
X + NP+ N —————
R?
DMA (0.2 M), 48 h
5W blue LEDs

1 2a 3

C-C and C-0 bond formation

0.
47, X = OMe, 93% At
>95:5 E/Z, >20:1 rr

o o
P"\/Y\/\J( R [ 48, X = CH,CN, 34%
91'9 B2, 5201 10

>95:5 E/Z, >20:1 1t

K,COj (150 mol%) R? R3

X49, X = CH,COLEL 81% 59 goopa.b

three-component coupling
C(sp*)-C(sp®) bond formation
€-0 and C-$ bond formation
quaternary centers

36 examples

)(\/\/

47-82

“Uer ey

51,47% 52, 94% 53,70%

>95:5 E/Z, >20:1 11 >95:5 E/Z, >20:1 i >95:5 E/Z, >20:1 rr 93:7 E/Z, >20:1 1t

C0 YO,

MeO’

“Q,,

54, 63% 55,61% 56, 72%
91:9 £/, >20:1 17

91:9 E/Z,>20:1 91:9 E/Z, >20:1 1

estrone

60, 63% 61, 16%

2 2, 89%
94:6 £/Z, >20:1 17 94:6 £/Z, >20:1 11 >95:5 £/Z, >20:1

C-C and C-S bond formation

65, X = Me, 66%
QR 66, X = OMe, 90%
Ph \/Y\Ns\b o 67, X = OCF3, 96% ou
68, X = Cy, 92% 5y

sy
o 3 3 o
4 69, X = Cl, 79%" 4

all >95:5 E/Z, >20:1 1t 70,99%

>95:5 E/Z, >20:1 rr

0. 0.
ke %° ke
N-Me \Q NS
{
Ilﬂe NHAc _
paracetamol
57,73% 8, 80% 59, 65%

>95:; 5 E/Z >20:1 91:9 E/Z, >20:1 11

&gt

H

emyny!eslradro/ li
63, 9! 64, 93%°

m >95:5 E/Z, >20 1 >95:5 E/Z, >20:1 1t

71,>99% 72,>99% 73, 85%

>95:5 £/, >20:1 rr >95:5 E/Z,>20:1 rr >95:5 E/Z, >20:1 r >95:5 £/Z,>20:1 rr

73% (3.6 mmol)°

74, >99% 75, 55%
>95:5 £/Z, >20:1 1t

Me
Lo %EAS RW\ESOQ :7 V%

>95:5 £/Z, >20:1 1 >95:

T T2

mé Me Me Me

76, 66% 77,92% 78, 88%
5 E/Z,>20:1 1t >95:5 £/Z, >20:1 1t >95:5 £/Z, >20:1 1

Meé Me

bromides were also tolerated (76-82). e e 1

>95:; 5 E/Z >20 1 >95:5 E/Z, >20:1 rr

from estrone
82,>99%

>95: 5 E/Z >20 1 >95:5 E/Z, >20:1 rr

“PhthCH,CH,(CH,),Br was used. bYield was determined by 'H NMR spectroscopy analysis with 1,2-dibromoethane as the internal standard.
“The conditions were modified as follows: 1b (1.3 equiv), Pd(PPh,), (S mol %), BINAP (6 mol %), 48 h. “Reaction conditions: 1 (0.3 mmol), 3
(0.2 mmol), Pd(PPh;), (10 mol %), BINAP (12 mol %), butadiene 2a (0.3 mmol, 2 M in THF, 0.15 mL), DMA (0.85 mL), KOAc (0.3 mmol),
RT, blue LEDs (S W, 455 nm), 48 h, under argon.

Substrate Scope with Various Alkyl Bromides

and 1,3-Dienes

e). Tertiary alkyl bromides as nucleophile

e With employing phthalimide (3a) as
nucleophile, various unactivated trialkyl
bromides even including some natural product

derivatives were tolerated well (83-112).

f). Primary & Secondary alkyl bromides as
nucleophile
e Primary (113-117) and secondary (118-120)

alkyl bromides were all well-tolerated.

g). Unactivated 1,3-dienes as substitution
scaffold

e Various substituted 1,3-dienes were tolerated
with excellent regioselectivity (121-132).

* However, using enantiopure ligands gave
minimal ee (123).

* By employing 2,3-disubstituted 1,3-diene
has achieved the synthesis of tetrasubstituted
olefin (133).

o Pd(PPh;), (10 mol%)

R' oo P BINAP (12 mol%)
Rz)(ﬁ AR 4 N
1 2

o 3a

KOAc (150 mol%) 7
R? R®
DMA (0.2 M), 48 h
5 W blue LEDs 83~ ”3

Tertiary alkyl bromides
o @\/% MeO
R! >z N mé R Mé Me
>€{\N © meé Me e0
R? R3 o 83,R = Me, 76%
84 R =Et, 63% 85, 59% 86,71%

all >95:5 £/Z, > 20:1 rr

D e e

89, 80% 90, 63% 91, 92% 92, 65% 93, 54%
>95:5 E/Z, >20:1 1 >95:5 £/, 14:1 >96:5 E/Z, 10:1 >95:5 E/Z, >20:1 rr

7@5( g B OY o RIS

M Me Mé Me M Me 99 R = CF3,33%
100, R = OMe,70% R

all >95:5 £/, >20:1 rr 101, R =Me, 61%

>95:5 E/Z, >20:1 rr >95:5 E/Z,> 20:1 r

95, 62% 96, 66%
>95:5 E/Z, >20:1 rr >95:5 E/Z, >20:1 1

Me Me Me Me
Me Me

from chloroxylenol
from estrone from i (preservativ
108, 78% 109, 75% 110, 89% 11, 65%

>95:5 E/Z, >20:1 1t >95:5 £/Z, >20:1 1t >95:5 E/Z, >20:1 1t >95:5 E/Z, >20:1 1t

Primary & Secondary alkyl bromides

@\}A N/ Ph N/m

113, 74%"
>95:5 E/Z, >20:1 1t

Unactivated 1,3-dienes®

0,
P g °7"'5

o 5

Me Me R 121, 58% 124, R = 3-CFy, 57%

>98:5 E/Z, 220110 41l >95:5 £/Z, >20:11 11 125, R = 4-Cl, 51%
126, R = 4-CO,Et, 53% 127, R = 2,4-Me, 61%

n
116, 60%"
all >95:5 £/Z, >20:1 r

114, >99%" 115, 82%° 117, 50%"

=
FZ FZ

from estrone
132, 53%

from paracetamol
130, 48% 131, 40%
>95:5 E/Z, >20:1 1t >95:5 E/Z, >20:1 rr

129,51%
>95:5 E£/Z, >20:1 17

st

>96:5 E/Z, >20:1 1t

>95:5 E/Z, >20:1 rr

all >95:5 E/Z, >20:1 rr

from 2-phenylphenol

Z CH, n=1, 18, 65%°
Q\f >95:5 E/Z, >20:1 1t

>95:5 E/Z, >20:1 rr

three-component coupling
unactivated alkyl bromides
unactivated dienes
quaternary centers

natural products and drugs
51 examples

/\/v(”ﬁ\/%

Me Me Me Me

87,79% 88, 54%
>95:5 E/Z, >20:1 rr

R Do

Me Me

94, 53%
>95:5 E/Z, >20:1 rr

102, R=H, 72%

0\/% 103, R = COMe, 55%
/©/ : %

Me Me

Co,Me

Me Me

F
from diflunisal
(anti inflammatory)
112, 60%
>96:5 E/Z, >20:1 1t

1,118, 65% o
° Ph\/\’,
=2,119,81%° 120, 86%"

>95:5 E/Z, >20:1 11 >95:5 E/Z, >20:1 rr

122, R =H, 55% =

123, R = H°

o Vilh (RIBINAP, 69%, 7% o o 0,
R with (5)-Tol-BINAP®, 68%, 12% ee °>

128, 50%
>95:5 E/Z, >20:1 rr

s CH, owo OMe

f\ﬂv

tetrasubstituted olefins
133, 38%"
>95:5 E/Z, >20:1 rr

“The corresponding unactivated 1,3-diene 2 was used instead of 2a. "Nucleophlle S30 (1.0 equiv) was used, K,CO; (1.5 equiv) as base. “Sodium
4-toluensulfinate (1.0 equiv) was used as nucleophile, K,CO; (1.5 equiv) as base. “Reaction conditions: 1 (0.3 mmol), 3a (0.2 mmol), Pd(PPh;),
(10 mol %), BINAP (12 mol %), butadiene 2a (0.3 mmol, 2 M in THE, 0.15 mL), DMA (0.85 mL), KOAc (0.3 mmol), RT, blue LEDs (5 W, 455
nm), 48 h, under argon.



Mechanistic Studies

Pd(PPh3); (10 mol%)

PRSI T SN, BINAP (12 mol%) ve Me o]
SI. TEMPO inhibition: Me Me P @NH TEMPO (1.0 equiv.) MeWN
When reaction was performed in the presence of ~ M¢ Br KOAG (150 mol%) 5 (not detected)
1a 2a 3a © DMA (0.2 M), 48 h 5
TEMPO, desired product 5 was not detected, 5 W blue LEDs
o . . . . a. EPR experiment
indicating that this reaction may proceed via a PA(PPha)s (10 mol%) _
. BINAP (12 mol%) Ph Me b. XPS experiment
radical route. Me g PBN (55 mol%) Me i Me
Me 2)\ N”"Me  3.25x10°
Me  2a(15eq)3a(leq) Mg & Pd(l) Pd 3d
1a KOAc (150 mol%) 138
. . . DMA (0.2 M), 48 h ,
a. EPR experiment: By conducting EPR 5 W blue LEDS 3.00x10° Pe(l) Pd(ll) l
experiment, radical intermediate 138 was £ Pl l
=]
. . 2.75x10° A
detected with the well-fitting EPR spectra g l A
g ‘\
between experimental and simulation which S 5 50x10° \
]
indicated the radical formation. &
. 2.25x10° 4
experimental A
—— simulation L An
. Pd 3d 3/2 region K WV
b. XPS experiment: Through the X-ray 200010 —; . ' __ Pd3d 502 region .
- y y y . by 346 344 342 340 338 336 334 332
photoelectron spectroscopy (XPS) measurement 375 3400 34;5ﬁeld /3;50 475 3500 Binding energy / eV
0
of reaction mixture, a Pd(II)-Pd(I)-Pd(0)-routing
mechanism was indicated. o ) )
c. Kinetic profile and Stern-Volmer Analysis
+ -+ m- Bromide (2b)
. . -+ A+ Product (83) L B
c. Kinetic profile / Stern-Volmer . -0~ Phthatmide (38) d. ESI-MS analysis
. = / 92 N t
Analysis: Cleavage of 3a follows % - 1% order (2b)
k Pd(PPhs); (10 mol%) >
st - 8 BINAP (12 mol%) Me A~
the 1%t order kinetics. However, 2 Me_ o 2a(15ocran i on) Me>'\ﬂ(\/1\—| or 7 isomers
. e pd(ll
which of 2b has a faster rate than Me™ Me KOAG (150 mol%) BIN(Az? 139" or 139"
S 1a DMA (0.2 M), 48 h 139 ”
3a, shown that the nucleophilic 5W blue LEDs
. Time / h
attack may be the rate-determing _ ime [hours
184 = Bromide (1a) = e. Radical probe experiment
step (Ilp) 164 . Phlha!lmlde (3a)
s 18] 4 Butadiene (2a)
. Ph
Stern-Volmer analysis shown that 12 Ph Pd(I)L,
< 104 : Q (\ . Me_ Me on
bromide 1a was the only effective T8y RTNG Ph 1; 9/\
64 P » 9%
quencher to palladium species 1] . . . 2n | R e not observed ------- ,
(below) ] ! - Me Me  q49 :
elow). L . . : . ~ P /\Mﬁ\wﬂ\ ;
10 15 20 25 30 i RT ™ |*“</ :Ph Ph
Equivalents of quencher o LnTPde o e Pd(ll) p-C elimination ----'
d. ESI-MS: Allylpalladium complex 139 or 139’ or 139" was detected by ESI-MS, 10 | I I
— Bromide (1a)
indicated Pd(I) radical intermediate was trapped by 1,3-diene in this reaction. 9 — ;rti't:}lt?}gie?; §2a)
— alimidae (3a,
. — Reaction mixture
2 3 — Pd(PPhy), + rac-BINAP
e. Radical probe experiment: 140 Which generated via a radical addition to 1,3-diene, <,
ring-opening of cyclopropane, 3-H elimination route was the only obtained product, ]
which also indicated a radical addition of palladium species to 1,3-diene is happening.
0

SI. UV-vis absorption analysis: Palladium species shown the only absorption in the

visible light reaction system (red/green curve).

Conclusion
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A general and modular three-component radical Heck/allylic substitution cascade involving unactivated alkyl bromides has been developed

for the first time. In this developed method, a wide substrate scope of nitrogen-, oxygen-, sulfur- and carbon-based nucleophiles, different

substituted unactivated alkyl bromides and various 1,3-dienes which has demonstrated the excellent compatibility, and is expected to

construct a diverse platform in synthetic chemistry and pharmaceutical chemistry.



