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Iron-Catalyzed Reductive Cross-Coupling of Alkyl Electrophiles with Olefins

B. Second-generation method

A. Iron: Minimal toxicii o abundant Transition metals R :
inimal toxicity snd shunlen jparkion mes. B o T T . H-Si(OEt); (2.0 equiv) B SN e
Pd 100 >5% of the mass / 1.5 equiv Fe(OAc}, (10 mol%) 1: 78% vield
= — of the earth's crust Xantp’nos (1 2 lTIO|°/o)
> 2 billion metric tons Ma(OEt 2.0 equiv
Cu 3000 gl Fo (>80%) 9(OEt); (2.0 equiv)
Fe No limit THF, r.t.
- — - "standard conditions 2"
B. Iron-catalyzed coupling of alkyl electrophiles with alkyl nucleophiles
alkyl-X  M—alkyl" Fe catalyst ally—sikgi’ entry  variation from "standard conditions 2" yield (%)
@
usually a Grignard reagent 1 none 78
C. Metal-catalyzed reductive coupling of alkyl electrophiles with olefins g no ;e(?,;c)z <;
M-H A. First-generation method no Xaniphos
—x Aakyl'! ——— . akyl 9 . )
alkyl—X o s el M ~aliyi! it PP H-Si(OE1); (2.0 equiv) e 4 no Mg(OEY), <1
not reported for Fe i Fe(OAc) (10 mol%) " 5 7% ield"'He" 5 Fe(OAc); (5 mol%), Xantphos (6 mol%) 63
D. Iron-catalyzed reductive coupling of alkyl electrophiles with olefins: This wor : Xantphos (12 mol%) PRy 6 alkyl bromide, instead of alkyl iodide 67
EtO);Si—H BrMg . . X
akyl-X 2k’ (Fro),5 A~ gy ) asey PN 7 0.1 equiv of water added 64
cat. Fe(OAc),/ Xantphos Loy . A 8 0.5 mL of air added via syringe to the headspace 71
= commercially available reagents ~ Mg(OEt), KE (2.0 ) i F
« mild conditions THF, rt. _("_"F?_T“w) A: <1% yield
"standard conditions 1"
entry variation from “standard conditions 1" yield (%)
1 none 72
2 no ArMgBr <1
3 no KF 65
4 Ph,Zn or PhZnCl, instead of ArMgBr <1
5 Mg®, Zn®, or Mn?, instead of ArMgBr <1
6 HSIAr(OEL),, instead of ArMgBr and HSI(OEt); <1
7 Mg(OEt),, instead of ArMgBr 55
8 MgBrj, instead of ArMgBr <1
9 Mg(OEt),, instead of ArMgBr and KF 71

Angew. Chem.Int. Ed.2023,62, 2023066



Iron-Catalyzed Reductive Cross-Coupling of Alkyl Electrophiles with Olefins

AN ol — BN e 120 i) alkyl”™~N"alkyl"
Fe(OAc), (10 mol%)
Xantphos (12 mol%)
Mg(OEt), (2.0 equiv)
THF, rt.

Scope: Olefin

Ph/\/\/\n-Hex Ph/\\/\/\/t-su Ph/\/\/\o Ph/\N\f‘BU Ph/\/\/o
3: 69%

1: 74% 2: 73% 4:57% 5: 46%
gram scale (1.39 g): 75%

) e Y
8: 54%
PR TN 0TS F’hw o ’ BPin
6: 69% 7:76%
‘ ) Ph/W\("):\O
Scope: Alkyl iodide
|
OMe OTBS OTBS cCI OMe
C\/\/\q; FW Fac/\/\/\(._,h \/\/\/\H«:

alkyl
1.5 equiv

10: 71% 11: 54% 12: 52% 13: 68%
OMe
. OMe /NN, oTBS
<—M4 \\‘ 4
\ —
0 s
14: 72% NI 1s5:63% 16: 68%

Internal Olefins
(above conditions, with pn~"~~"">| as the electrophile)

Me
N Me — ph/\/\/\/\/
W e 17: 56% Me/\O - pn/\/\/\o
Me B M
_ Ph/W\/\/\/ e 19: 45%
Me 18: 52%

Angew. Chem.Int. Ed.2023,62, 2023066



Quaternary stereocenters via catalytic enantioconvergent nucleophilic
substitution reactions of tertiary alkyl halides (Ni-catalyzed reaction)

a
Chiral catalyst
%0 . vo
(R X Enantioconvergent
Limited examples
Racemic
b
@)
CpClzr Chiral nickel catalyst
Y * —X >
Enantioconvergent
® x R °
0
Racemic
Via| Y
R
FsC
3 | A H H
o] QL
Z o
0 SRER
N N N™ =
> H ]
(91 tBu (R.9)-L2
| =
Ph Ph
0] Z o]
) N N MeHN NHMe
iPr L3 iPr L4

Nat. Chem. 2021, 13, 236-242.

Table 1| Effect of reaction parameters on the nickel-catalysed
enantioconvergent substitution reaction of a tertiary cyclic

® B

electrophile
Good e.e.
0 0.5 mol% NiCl, glyme O
" Cpectan 0.6mol% (-1 pyb_ Et
PMP\Ni < + \—\ . > N,
Br n-Bu 1,4-dioxane X
. rt.,24h n-Bu
T ‘standard conditions’ L
Good e.e. Entry Variation from ‘standard conditions’ Yield (%) e.e. (%)
Good yield 1 None 88 98
2 No NiCly glyme <1 -
3 No L1 20 -
4 L2, instead of L1 36 27
5 L3, instead of L1 <1 -
6 L4, instead of L1 5 <5
if 1.0, instead of 1.2 equiv. of the Zr reagent 78 98
8 12 h, instead of 24 h 82 98
9 0.05 equiv. of H,O added 76 98
10 1 ml of air, added via syringe 78 98
11 0.10 mol% NiCl, glyme, 0.12 mol% L1 43 98
12 0.10 mol% NiCl, glyme, 0.12 mol% L1, 5 days 76 98
13 0.025 mol% NiCl, glyme, 0.030 mol% L1, 5 days 41 98
14 a-Cl, instead of «-Br, electrophile 4 98



Quaternary stereocenters via catalytic enantioconvergent nucleophilic
substitution reactions of tertiary alkyl halides (Ni-catalyzed reaction

Nat. Chem. 2021, 13, 236-242.

Table 2 | Nickel-catalysed enantioconvergent alkenylation of cyclic tertiary a-halocarbonyl compounds

] f 0.5 mol% NG g PO
CpoClZr, 7 .5 mol iClz glyme
o e AR 0.6 mol% (S1-L1 '
+ Y i v
¥ + 1,4-dioxane ' of:
" rL,24h 2.0 mol% NiCl, glyme
2.4 mol% (S)-L1 (8)-L1
Racemic 1.2 equiv.
o} o} 0
PMP £t 1, R = n-Bu: 86%, 96% e.e. PMP~y F‘MP\N&E
\‘ i =2 7%, 96% e.0.2 =
R 8, R=tBu:80%, 97%e.6.° S Ph s
4, R = TMS: 68%, 95% e.e.” 5, 85%, 96% e.e.2 \ 6, 82%, 98% e.e.® 7,86%, 96% e.0® /. 8, 90%, 98% e.e.® 4

Me

OJs~ /\/\\r‘\}

A

s Me Me
9, (5)-L1: 89%, 1.5:98.5 d.r2
(10, (A)-L1: 85%, 98.5:1.5 d.r.%)

o o]

e

15, 86%, 98% e.e.

Bu

16, 80%, 97% e.e

18, R = Me: 84%, 96% e.e.
19, R = n-Bu: 78%, 98% e.e.
20, R =Bn: 83%, 96% e.e
21, R = iBu: 44%, 95% e.e.
22, R = allyl: 66%, 97% e.e.

27, R = Me: 88%, 90% e.e.
28, R = n-Bu: 84%, 94% e.e

34, 54%, 98% e.e.°

35, 65%, 97% e.e.°

PMF\N\b/El
=__

_/

0
PMP\Né/E'_
T

11, 85%, 96% e.e®

OMe

0
PMP— ™!

—SPh

17, 86%, 97% e.0.2

36, 56%, 96% e.e.°

Ry &E‘ . =
- =\

24, R =Et: 73%, 92% 6.0
25, R =Cy: 75%, 87% e.e.

Qo A

Et

13, (5)-L1: 84%, 1:99 d.r.®
(14, (R)-L1: 80%, 98:2 d.r.%)

[e] 0

26, 71%, 92% e.e

o]
R 31, R = Me: 82%, 93% e.e.
/ 32, R = n-Bu: 80%, 94% e.e.
OBn ’——\ 33, R=Bn: 71%, 92% e.e.
n-Bu
(o] o
CF3 F
|y nBu | Ry - BU

37, 86%, 92% e.e.°



Quaternary stereocenters via catalytic enantioconvergent nucleophilic
substitution reactions of tertiary alkyl halides (Ni-catalyzed reaction)

Table 3 | Effect of reaction parameters on the nickel-catalysed
enantioconvergent substitution reaction of a tertiary acyclic

electrophile
o CpoCizZr 2.0 mol% NiCl, glyme
— 24mol% (RS)-L2 Ei0
=3 nBu 4
0.2 equiv. ZnF;, DME
NC CI } Bn 0°C,24h
12 equiv. ‘standard conditions’
Entry Variation from ‘standard conditions’ Yield (%) e.e. (%)
1 None 92 94
2 No NiClz glyme <1 -
3 No L2 76 -
4 No ZnF, 64 90
5 L1, instead of L2 26 -56
6 r.t., instead of 0 °C 80 90
7 1,4-Dioxane, instead of DME 80 86
8 L5, instead of L2 80 -84
9 L6, instead of L2 5 -
Me Me
o 90 07)%0
Lo i
gn” N N™ g, 3
L5 Ph L6 Ph

Nat. Chem. 2021, 13, 236-242.

Table 4 | Nickel-catalysed enantioconvergent alkenylation of acyclic tertiary a-halocarbonyl compounds

2.0 mol% NiCl glyme
H CpCr 2.4 mol% (R,S)L2
0.2 equiv. ZnF;
2 DME, 0°C, 24 h
Racemic 1.2 equiv.

38, R = n-Bu:93%, 93% e.e.
(gram-scale: 86%, 93% e.e.)

39, R = Mo: 83%, 90% e.0.

40, R = CH,CH,Bn: 88%, 92% e.e

41, R =Bn: 72%, 93% e.e

42, R = -Bu: 58%, 92% e.e.

43, R = allyl: 76%, 94% e.e

i)
E0” O} (o]
NC

48,84%,91% ee. Bn

54, 77%, 91% e.0

59, R = n-Bu: 83%, 92% e.0.

60, R = Bn: 90%, 94% e.e

61, R = cyclopropyl: 78%, 90% e.e.
62, R = Cy: 88%, 90% e.e

67, 82%, 92% e.e.

65, 68%, 94% e.e 66, 70%, 95% e.0 68, 78%, 95% e.e.

OPh

46, 78%, 93% 0.0 Bn

[o}

Et0 R F
N

O,

51,83%,92% ee. Bn

69, 78%, 9%6% e.e.



Copper-catalyzed enantioconvergent alkylation of oxygen nucleophiles

a R R Chiral catalyst R . .R
\I/ H—OR \l/
Brensted base
X Enantioconvergent OR
Racemic Good yield
Shortcoming: Good e.e.

* Limited to privileged (allylic and propargylic) electrophiles

o] o] o] \(\r o]
Copper/LL* catalyst R </| |
it a0

NHAr H—OR NHAr

Bronsted base 3
Enantioconvergent OR t-Bu t-Bu
Racemic LL*
e Application to the synthesis of bioactive molecules:
0]
Me
NHPh

Naproanilide 0 97% vyield
(herbicide) 98% e.e.

* Use of nitrogen nucleophiles
* Mechanistic studies

Nature 2023, 618, 301-307.

[e]

Alkyl
NHA H—OR

Br
1.3 equiv. (racemic)

[Cu(MeCN) 4]PFs (10 mol%) o)
(R,R)-LL* (15 mol%)
Alkyl

TBABr (20 mol%), KsPOj (3.0 equiv.)
2-Me-THF /toluene (1:1)
30-35°C

OR

0 o Br
Et Et
NHPh N
H
A Br Br

Entry 1
92% yield; 98% e.e.

N

One-half of the catalyst loading:

85% yield, 97% e.e.
1 equiv. of water added:
86% yield, 97% e.e.
0.2 mi of air added:
92% yield, 98% e.e.
Gram scale (1.1 g of product):
86% yield, 98% e.e.

Entry 2
78% yield; 96% e.e.

o]
Bi
NHPh
Br

Entry 7
80% yield; 97% e.e.

Scope of electrophiles
(PhOH as the nucleophile)

(¢} o} o] o]
Et \HI\ Et \HL Et \HJ\ E\Hk
N OMe N N
H H H
Br Br Me Br

Entry 8
90% vyield; 97% e.e.

Entry 4
86% yield; 98% e.e.

Entry 5
91% yield; 97% e.e

o] [o] Q
nO MeS
NHPh NHPh CI NHPh
Br Br Br

Entry 8
93% yield; 97% e.e.

Entry 9
72% yield; 96% e.e.

Entry 10
86% yield; 96% e.e.

Scope of nucleophiles

Phenols: Aliphatic alcohols®:
Ph._OH
OH o Entry 22
M W)k 46% yield; 95% e.e.
e
Entry 15, R = NMe; NHPh
Mes 81% yield; 97% e.e. B 2
Entry 12 Entry 13 Entry 14 Entry 16, R=F Entry 17 o Entry 23
88% vyield; 98% e.e 94% yield; 97% e.e. 81% yield; 96% e.e. 61% yield; 95% e.e. 72% yield; 93% e.e. 42% yield; 95% e.e
Mo 7 OH
OH Entry 21 AN
OH Me Me 97% yield; 98% e.e. Entry 24
i-Pr. Naproanilide 56% yield; 97% e.e.
Me o (herbicide)
PinB OMe 8-Tocopherol Me HO FeC_-CH
Entry 19 Entry 20
Entry 18 (R,R)-LL*: 95% yield; 97:3 d.r. (R,R)-LL*: 93% yield; 99:1 d.r. Entry 25

73% yield; 87% e.e.

(S.S)-LL*: 94% yield; 1:99 d.r.

=

NHPh
Br

Entry 6
95% vield; 35% e.e

Cl
o]
Me
N
H
OPh
Entry
99% vyield; 95% e.e.
Inhibitor of IMPDH in C. parvum

(A as the electrophile)

(S,5)-LL*: 90% yield; 1:99 di.r.

44% yield; 92% e.e.




Copper-catalyzed enantioconvergent alkylation of oxygen nucleophiles

[e]

Ar
ﬁ)l\umu H—0R

(o]
1.5 equiv. (racemic)

[CuiMeCN) JPF (10 moi%) 0
(R.R)-LL* (20 mol%) A

TBAG! (10 mol%), KsPO, (3.0 equiv.) \l)l\NHN
2-Me-THF, 25-35°C OR

Scope of electrophiles

Entry 26, R= H(B)
99% yield; 91% e.e.

R [Br electrophile:
2 98% yleld; 30% e.e]

Ph Entry 27, R = Br
N 98% yield:91% e.e.
[e]

H Entry 28, R = CO,Et
96% yleld, 87% e.e

Qﬁ%wﬂdﬂ 7% e.e.

{PhOH as the nucleophile)

Al don O G UL

1.5 equiv. (racemic)

[CulMeCN) JPF g (10 moi%)

(RA-LL 20 ma%) i
TBACI (20 mol%), K,PO, (3.0 equiv.)
THF, 30°C s

NHPh

D e &

Entry 36, R = SMe Entry 37 Entry 38
7% yield; 90% e.e.  99% yield;90% e.0. 96% yleld;91% e.e.
Aliphatic alcohols primary®:
R=0H P
Entry 42, R = Me Entry44,R=allyl Nz OH
93% yield:91% e.e. 88% yield; 93% .0

Entry 43, R=CHzPh  Entry 45, R = CH:CFy

Entry 46
90% yield; 92% e.0.  98% yield; 96% e.e.

51% yield; 93% e.0.

u-yan Emry 32 try 33
98% yleld; 90% e.e smmdawee 98% yield; 90% e.e. 9596y|0ld87%ee
Scope of
(B as the electrophile)
Me O
OH OH
i-Pr.
OMe
8-Tocopherol HO' Estrone
Entry 40 Entry 41
Entry 39 (R.R)-LL*: 93% yield; 95:5 d.r. (R.A)LL: se%yw;susm

97% yield; 91% e.e (5.5)-LL*: 90% yield; 5:95 d.r

OH
T™S.
\/ O/\,
OH Nc/\/OH BocN,

Entry 47, R = SMe Entry 48
91% yield; 96% e.e. 95% yield:97% e.0

]/\0/\/0'1

o Me.
W%ymld QE%eu

(5.5)-LL*: 97% yleld; 7:93 dr.

Me Me Me
° )\ i NZ H Pleuromutilin
Me N Entry 55
7 N\;J\ (RLA)-LL™: 92% yield; 98:2 d.r
N~ -OH /'\,DH » (S.9)-LL™: Bt%yisldz?eur
MeO,C Myrtenol OH 02 seloctivity
o Entry 51 Entry 52 Matronidazole Quetiapine for e primiry alcohol
Entry 50 (R.R)-LL*: 99% yield; 99:1 d.r (RR)-L*: 88% yield; 955 dr Entry 53 Entry 54 0Bn
94% yield; 96% e.e (S.5)-LL*: 99% yield; 1:99 d.r (5.5)-L*: 99% yileld; 4:96 d.r B1% yleld; 95% e.0. 98% yidd;s?% e.e
Aliphatic alcohols secondary™ Ezetimibe derivative
OH
-Hex OH Me WOH v
OH o R 5
on i 7
a . . ~
F
Clds Entry 58 Entry 60 Entry61 O
Entry 56 Enf Entry 58 (RRA)LL*: 92% yield;98:2 dr.  (R.A)-LL*: B5% yleld; 99:1 d.r (R A)-LL*: 87% yield: 98:2 d.r. F
92% yield: 98% e.0.  77% yiekd: 96% e.e.  79%yleld:96% se.  (S.SFLL": 70% yield:2:98 d.r.  (S.S)-LL": 75% yield: 2:98 dr. (S.5)-LL*: 78% yield; 4:96 d.r.

Nature 2023, 618, 301-307.

: NH

S O S8

Scape of

o O o

Me
NH;

Me

Entry 62 Entry 67 Entry 68
98% yield; 92% e.e. rsaem Ba%ee 96% yiald 95% ee. QT%yleld 92%“ Qs%ymld 90% ee.  99% yield:94% ee.  92%yield: 91% e.e.
o [CulMeCN) (JPF & (10 moi%) o
& ﬁ)L (BA-LL® (15 moi%)
NHPh H=NHR Et
TBABr (20 mol%), KsPOs (3.0 equiv.) NHPh
Br 2-Me-THF/toluene (1:1), 30-35 °C |
1.5 equiv. (racemic)
Arylamines: Br | Alkylamines®
o
Ph N2 Ph e
20, NH, Me,
_ N Entry 73 Entry 74 NH,
C[NN: N NH, o 54% yield:91% e.e.  57% yield:91% e.e.
OMe Me @ \©: j i = . Entry 77
& )\/\,NH? \ 4
Entry 69 Entry 70 Entry 72 ElO 49% yield; 94% ..
B1% yield; 98% o.e. 57% yield:99% e.0. 85% yield:97% e.0. 97% yield; 90% e.e. Entry 75 Entry 76
DprE1 inhibitor 49% yield; 92% e.e.  56% yield; 90% e.e




