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Iron-Catalyzed Cross-Coupling: First Examples

First report by Karasch and Fields

in 1941
MgBr 5 mol% FeCl; O
8 eq.

47 % yield

Reported alongside similar results
for many first-row metal salts

M. S. Kharasch and E. K. Fields Journal of the American Chemical Society 1941 63 (9), 2316-2320



Iron-Catalyzed Cross-Coupling: First Examples

First report by Karasch and Fields

in 1941
MgBr 5 mol% FeCls ‘
8 eq.

47 % yield

Reported alongside similar results
for many first-row metal salts

Reasoned that reduction by
nucleophile must generate active
species

o

M(Xn) > > No Reaction
On-cycle
2 eq. MgBrAr /Ar 4
M(Xn) > (Xn2M T M(Xn-2)
Ar

Ar2

M. S. Kharasch and E. K. Fields Journal of the American Chemical Society 1941 63 (9), 2316-2320



Iron-Catalyzed Cross-Coupling: Alkenyl Halides

First report by Karasch in 1941

MgBr 5 mol% FeCls O
(-

8 eq.

\j

47 % yield

Reported alongside similar results
for many first-row metal salts

Followed by Kochi in 1971

5 mol% FeCly

Moo - MeMgBr Moo -
\/\Br > V\Me
THF
S :
5 mol% FeCl, Trans >15x faster than cis
Br MeMgBr Me

Me\) THF

Y
5
“

M. S. Kharasch and E. K. Fields Journal of the American Chemical Society 1941 63 (9), 2316-2320
Masuhiko Tamura and Jay K. Kochi Journal of the American Chemical Society 1971 93 (6), 1487-1489



Iron-Catalyzed Cross-Coupling: Alkenyl Halides

Followed by Kochi in 1971

5 mol% FeCl;
MeMgBr

M
ev/\Br

Y

5
g\
5

THF

S :
5 mol% FeCl Trans >15x faster than cis

Br MeMgBr Me

Me\) THF

Y
5
L«

Observed poor conversion when alkyl
electrophile and ethyl nucleophile used

5 mol% FeCl;
EtMgBr

- Me Me
Me/\Br — > Z o+ Me” + Me/\/

0.1 % yield

Masuhiko Tamura and Jay K. Kochi Journal of the American Chemical Society 1971 93 (6), 1487-1489



Iron-Catalyzed Cross-Coupling: Use of NMP
Followed by Kochi in 1971

5 mol% FeCl;

Mo - MeMgBr Me\/\
N gy > Me
THF
S ,
5 mol% FeCl Trans >15x faster than cis
Br MeMgBr Me

Me\) THF Me\2

In 1998, Cahiez reports utility of NMP as a cosolvent — first “ligand” innovation in
[Fe]-Kumada coupling

Generalizing Kochi’s coupling

1 mol% Fe(acac); . .
Hex/ﬁ +  BuMgCl > Hex/\| Suppresses side reactions
Cl THF-NMP (9 eq.) Bu

-5°Ct0 0°C, 15 m 80% yield

Masuhiko Tamura and Jay K. Kochi Journal of the American Chemical Society 1971 93 (6), 1487-1489
Gérard Cahiez and Hovsep Avedissian Synthesis 1998 1998(8): 1199-1205



Iron-Catalyzed Cross-Coupling: Aryl Electrophile

First report of aryl cross-coupling by Fiirstner in 2002
0 0

5 mol% F
OMe + HexMgBr molt Fetaeack ome  High vields for X = CI, OTs, OTf
THF-NMP (9 eq.) Lower yields and reduction for X = Br, |
X 0°tort,5m Hex

Alois Furstner and Andreas Leitner Angew. Chem. Int. Ed. 2002, 41, 4, 609-612



Iron-Catalyzed Cross-Coupling: Aryl Electrophile

First report of aryl cross-coupling by Fiirstner in 2002

O 0]

1% F
5 mol% Fe(acac)s High yields for X = Cl, OTs, OTf
OMe + HexMgBr > OMe Lower yields and reduction for X = Br, |
THF-NMP (9 eq.) y ’
X O°tort,5m Hex

ArX

[ArFe(MgX)] + MgXs

[Fe(MgX)2) BHPA

ArR R

[ArF|e(MgX) o]

An Fe? species is proposed as the on-cycle nucleophile

Alois Firstner and Andreas Leitner Angew. Chem. Int. Ed. 2002, 41, 4, 609-612



Iron-Catalyzed Cross-Coupling: Aryl Electrophile

First report of aryl cross-coupling by Fiirstner in 2002

@)

5 mol% Fe(acac);
OMe + EtMgBr

Y

OMe
THF-NMP (9 eq.)

cl O°tort,5m Et

>95% yield

O
5 mol% Fe(acac);
OMe + CoH3zMgBr XK
THF-NMP (9 eq.)
cl O°tort,5m

Y

OMe

CoH3

5 mol% Fe(acac);
OMe + PhMgBr ¢
THF-NMP (9 eq.)
cl 0°Ctort,5m

Y

OMe

Ph

Poor yields with nucleophiles not containing beta-hydrogens suggests beta-
hydrogen elimination is key in catalyst reduction

Alois Firstner and Andreas Leitner Angew. Chem. Int. Ed. 2002, 41, 4, 609-612



Iron-Catalyzed Cross-Coupling: Alkyl Halides

Nakamura, Fiirstner employed now-popular TMEDA ligand in “umpolung” catalysis —
continues to be popular in Kumada couplings

5 mol% FeClj;

MgBr 1.2 eq. TMEDA
X + Ph X=CI,Brl
THF, 0°C, 30 m

\

Fiirstner continues to invoke highly-reduced intermediates — but comparable to Fe(lll)
precatalysts

Y

0 MgBr 5 mol% [Li(TMEDA),*Fe(CyHy4)4] 0
I\/\)j\ * Ph\/\)J\
Ph THF, -20 °C, <10 m Ph

91% yield

Ruben Martin and Alois Firstner Angew. Chem. Int. Ed. 2004, 43, 3955—3957
Masaharu Nakamura, Keiko Matsuo, Shingo Ito, and Eiichi Nakamura Journal of the American Chemical Society 2004 126 (12), 3686-3687



Iron-Catalyzed Cross-Coupling: Deconvoluting [O]-States

Radical-based mechanism is proposed by Fiirstner and Nakamura

MgBr 5 mol% [Li(TMEDA),+Fe(CyH4)4]
Me\/Hex . o [Li( )2eFe(CaHyg)g _
Br THF, -20 °C, <10 m

Me Hex

94% vyield, racemic

0 o\/\r Me MgBr 5 mol% [Li(TMEDA),*Fe(C,Hy)4]
+ >
@l Me ©/ THF, -20 °C, <10 m
Me
77% yield

Ruben Martin and Alois Firstner Angew. Chem. Int. Ed. 2004, 43, 3955—3957
Masaharu Nakamura, Keiko Matsuo, Shingo Ito, and Eiichi Nakamura Journal of the American Chemical Society 2004 126 (12), 3686-3687



Iron-Catalyzed Cross-Coupling: Deconvoluting [O]-States

C(sp?)—X activation may require low-valent species (Fe", n<2)

2 eq. MgBrAr /Ar Ar-Br Ar

FeCl, > Fe ﬁ [Fef] —— > Fe
\Ar Br

Ar2

Low-valent [Fe] reacts quickly with C(sp®)—X, forming on-cycle Fe(ll) species

P
(P\Fe Y AKX ( N X
SOV P” X

Off-cycle Readily engages in
catalysis

Reactivity toward C(sp?)—X more likely from low-valent iron species, C(sp®)—X
activation possible from Fe(ll)



Iron-Catalyzed Cross-Coupling: Mechanisms of C(sp?)—
C(sp3®) Kumada Coupling

For Ar—X electrophile: For Alk—X electrophile: radical chain
ate-complex activation N Br
< NEell” PhMgBr
ArX R-Br NT OBr
1

[ArFe(MgX)] + MgX, Ph PhMgBr

(N\ . (N\Feu’
i Br N
[Fe(MgX)2) AMgX .

iy
[ArFe(MgX),]

ArR

Nikki J. Bakas, Jeffrey D. Sears, William W. Brennessel, and Michael L. Neidig Angew. Chem. Int. Ed. 2022, 61, 202114986
Alois Firstner and Andreas Leitner Angew. Chem. Int. Ed. 2002, 41, 4, 609-612



Iron-Catalyzed Cross-Coupling: Expanding Beyond C(sp?)—
C(sp?®) Kumada Coupling

C(sp®)—C(sp®) Kumada cross-coupling : O N P

3 mol% Fe(OAc),

O\/\/\
MgBr \/\/\/Br 6 mol% xantphos .
+ Et,O, rt ©/O

51% yield, 95:5 cyclized:linear

Cross-electrophile coupling

1.2 eq. TMEDA
1.2 eq. Mg
Br Br 5 mol% FeCl,
. O/ . 75% yield
Me THF, 0°C, 3 h
Me
Milder nucleophiles: Negishi and Suzuki
NT Boc
B(Neo) N7 Boc 10 mol% (F1)Fe(py)(Ns)
+ > 90% yield
1.5 eq. KOEt, PhF
F Br 80 °C, 24 h

K. G. Dongol, H. Koh, M. Sau, C. L. L. Chai Adv. Synth. Catal. 2007, 349: 1015-1018
Waldemar Maximilian Czaplik, Matthias Mayer, Axel Jacobi von Wangelin Angew. Chem. Int. Ed. 2009, 48, 607 —610
Paul O. Peterson, Matthew V. Joannou, Eric M. Simmons, Steven R. Wisniewski, Junho Kim, and Paul J. Chirik ACS Catalysis 2023 13 (4), 2443-2448



Iron-Catalyzed Cross-Coupling: Expanding Beyond C(sp?)—
C(sp?®) Kumada Coupling

C(sp®)—C(sp®) Kumada cross-coupling : O N P

3 mol% Fe(OAc),

OW\
MgBrH \/\/\/Br 6 mol% xantphos .
+ Et,O, rt ©/O

51% yield, 95:5 cyclized:linear

Cross-electrophile coupling

Milder nucleophiles: Negishi and Suzuki

K. G. Dongol, H. Koh, M. Sau, C. L. L. Chai Adv. Synth. Catal. 2007, 349: 1015-1018
Waldemar Maximilian Czaplik, Matthias Mayer, Axel Jacobi von Wangelin Angew. Chem. Int. Ed. 2009, 48, 607 —610
Paul O. Peterson, Matthew V. Joannou, Eric M. Simmons, Steven R. Wisniewski, Junho Kim, and Paul J. Chirik ACS Catalysis 2023 13 (4), 2443-2448



Iron-Catalyzed Cross-Coupling: C(sp®)—C(sp®) Kumada

Coupling
C(sp3)—C(sp®) Kumada cross-coupling by Chai

1 mol % Fe catalyst

+ Br
/V\MgBr /(/\)8\/

1 mol % ligand
diethyl ether, rt., 15 h

/('\)7\/ * /(’\)\ * /(’\)\ + AN + by-products from
8 18 12

the Grignard reagent

A B C D

Ligands A (%) B (%) C (%) D (%)
No ligand 15 58 16 3
Triphenylphosphine, PPh; 74 50 7 15
Tricyclohexylphosphine 18 57 0 2
2-(Di-tert-butylphosphino)biphenyl 11 62 12 4
2-(Dicyclohexylphosphino)-2’,6’-dimethoxybiphenyl 15 51 16 8
1,2-Bis(dipentafluorophenylphosphino)ethane 10 64 6 5
1,2-Bis(diphenylphosphino)ethane 14 58 7 3
2,2-Bis(diphenylphosphino)-1,1-binaphthyl 10 43 11 18
19,9-Dimethyl-4,5-bis(diphenylphosphino)xanthene (1) 2 31 10 51 |
Bis(2-diphenylphosphinophenyl) ether (2) 10 62 13 5
9,9-Dimethyl-4,5-bis(di-tert-butylphosphino)xanthene (3) 9 44 6 11
Tri-n-butyl phosphite 12 38 9 14
Tris(2,2,2-trifluoroethyl) phosphite 11 56 11 -

Wide bite-angle, rigid, xantphos gave highest yield and suppressed side-product formation

K. G. Dongol, H. Koh, M. Sau, C. L. L. Chai Adv. Synth. Catal. 2007, 349: 1015-1018



Iron-Catalyzed Cross-Coupling: C(sp®)—C(sp®) Kumada
Coupling

Radical clocks give evidence for cage-escape radicals

(i) OPh
O ™™= 9 4)
MgBr Fe(OAc), (3 mol%),
Xantphos (6 mol%) +
+ 51% isolated yield
N OPh
wBr
(5)
2
Ratio (4):(5) = 95:5 (from gc analysis)
(ii)
N e
O\/\/\MQBr Fe(OAc), (3 mol%), ©/
Xantphos (6 mol%) + (6)

+ 48% isolated yield \/\/\/A
©8

Ratio (6):(7) = >96:<4

Scheme 3. Probing the mechanism of sp’—sp’ iron-catalysed cross-coupling reactions.

K. G. Dongol, H. Koh, M. Sau, C. L. L. Chai Adv. Synth. Catal. 2007, 349: 1015-1018



Iron-Catalyzed Cross-Coupling: Expanding Beyond C(sp?)—
C(sp®) Kumada Coupling

C(sp®)—C(sp?®) Kumada cross-coupling

Cross-electrophile coupling

1.2 eq. TMEDA
1.2 eq. Mg

Br Br 5 mol% FeCl,
N O/ 75% yield
Me THF, 0°C, 3 h

Me

\

Milder nucleophiles: Negishi and Suzuki

K. G. Dongol, H. Koh, M. Sau, C. L. L. Chai Adv. Synth. Catal. 2007, 349: 1015-1018
Waldemar Maximilian Czaplik, Matthias Mayer, Axel Jacobi von Wangelin Angew. Chem. Int. Ed. 2009, 48, 607 —610
Paul O. Peterson, Matthew V. Joannou, Eric M. Simmons, Steven R. Wisniewski, Junho Kim, and Paul J. Chirik ACS Catalysis 2023 13 (4), 2443-2448



Iron-Catalyzed Cross-Coupling: Cross-Electrophile Coupling

Cross-electrophile coupling

Br Br [Fe]
/©/ O/ conditions
1a 2a

3a
T[°C]  Solvent Additive® FeCl, la/2a  Yield
[mol %] [9%6]"™
20 Et,0 TMEDA 5 1.2 0(0) .. ..
KETRE 0 (0) Optimized conditions very
i ;(‘0(; () similar to classic C(sp?)—C(sp?)
LMy
THE 65 (9) Kumada
2-Me-THF 65 (6)
0 THF TMEDA 5 1.2 70 (9)
45 53 (10)
0 THF TMEDA 7.5 1.2 72(14)
10 75 (14)
15 69 (14)
0 THF = 5 1.3 27 (8)
Py 0(0)
phen 0 (0)
DMA 31 (9)
NEt, 32 (15)
DACH 0 (0)
Me,-DACH 38 (12)
NMP' <5 (0)

Waldemar Maximilian Czaplik, Matthias Mayer, Axel Jacobi von Wangelin Angew. Chem. Int. Ed. 2009, 48, 607 —610



Iron-Catalyzed Cross-Coupling: Cross-Electrophile Coupling

Fe-cat gringard formation

10—t ___ 2a without FeCl3
] i ’ /4
80
T 1 1f
60 4
% 1 2
40 -
7 : o Af
s L .
| with FeCl; .
2a
0 Y - v - - 4
0 20 40 60 80 100 120
t/ min —»

2a/1f are aryl and alkyl electrophiles

Evidence for mixed-gringard species

t/mn —»
2b is alkyl electrophile

Waldemar Maximilian Czaplik, Matthias Mayer, Axel Jacobi von Wangelin Angew. Chem. Int. Ed. 2009, 48, 607 —610



Iron-Catalyzed Cross-Coupling: Expanding Beyond C(sp?)—
C(sp?®) Kumada Coupling

C(sp®)—C(sp®) Kumada cross-coupling

Cross-electrophile coupling

Milder nucleophiles: Negishi and Suzuki

Boc

B(Neo) N/BOC 10 mol% (FI)Fe(py)(Ns)
* 150a KOELPhE o0 vield
. Br .0 €q. ,

80°C, 24 h

K. G. Dongol, H. Koh, M. Sau, C. L. L. Chai Adv. Synth. Catal. 2007, 349: 1015-1018
Waldemar Maximilian Czaplik, Matthias Mayer, Axel Jacobi von Wangelin Angew. Chem. Int. Ed. 2009, 48, 607 —610
Paul O. Peterson, Matthew V. Joannou, Eric M. Simmons, Steven R. Wisniewski, Junho Kim, and Paul J. Chirik ACS Catalysis 2023 13 (4), 2443-2448



Iron-Catalyzed Cross-Coupling: Toward Synthetic Utility

For Negishi, conditions similar to Kumada, but less active nucleophile demands heating
— magnesium salt required for cross-coupling to proceed

M62
[ N 5 mol% FeCl;
ZnAry(MgXs) 1.2 eq. TMEDA
Alk—X + N/ - Ar—Alk
Me; THF, 50 °C, 30 m
2.0 eq.

Entry (FG)Ryyr X Arylzinc® Product Yield (%)°
1 : M| 5 : _Ph 98
2 : Br 5 : Ph 97
34 : Cl 5 : Ph 88
4¢ Me CsHiz 5 Me [sHh7 89

o/B = 14/86
Me Me
o Ph
10 NC | 8 86
v
11f OMe 9 90
““OAc
OAc o OAc

Masaharu Nakamura, Shingo Itob, Keiko Matsuob, and Eiichi Nakamura Synlett 2005, 11, 1794-1798



Iron-Catalyzed Cross-Coupling: Phosphine Precatalysts

Bedford invokes phosphine precatalysts for Negishi coupling — operates on benzyl

halides — similarly requires residual magnesium salt

Br
saell”
[cat] O

ome 1~ _bgand OMe 3
+ toluene
45 °C
Oy
5 2
Ph,
[Cat] = ©:P\ \\\\Cl
Fe
Ph, CI Ph, P’ e
Ph, 7

Robin B. Bedford, Michael Huwea and Mark C. Wilkinson Chem. Commun., 2009, 600-602

l OMe

4

Catalytic activity:12
Complex 3 4 5 (%)

6 94 - 3
ed 71 - 6
7 80 <1 2
7l 86 4 4
8 71 3 3
gl 90 3 3



Iron-Catalyzed Cross-Coupling: Phosphine Precatalysts

Proposes cationic intermediate, two possibilities for C—C bond formation

Ar Z7N © /Ar
X~ Ph
PnFe< i / P“Fexx/_ P o
X & \‘
12 % TN ® Ar 15 ;
Arzn . PoFe(_ 13 @ A
D 4 r\
Z P.Fe. -—Pph| @ Ar
® AL f LSS W P.Fe. . 5—Ph
P.Fe. Zn—Ar X
\Ar @ Ar /
e ®
14 PoFe  Zn—Ar ® U A7 /
X"~ PyF€ P,Fe?™ —Ph
16 Ar3Zn' X
" Ar” " Ph

Robin B. Bedford, Michael Huwea and Mark C. Wilkinson Chem. Commun., 2009, 600-602



Iron-Catalyzed Cross-Coupling: Fe-Ferrates

Follow-up studies countered earlier claim: no evidence of phosphine binding during
catalysis on NMR or time-resolved XAFS

Fast )
Steps include rate-
—< >—Zn-Y N ne
Y
Br B, P P 5 /Y determining step
N \ ; b
(Zn - —~— Zn “up > O O
Br Br Y/ \ ) —_—
p
I stable (c.f. complex 23) Y = Br, 4-tolyl I l2

In the proposed mechanism, the inactive intermediate Iy, closely related to the isolated complex 23, reacts with a chelating diphosphine (P-P) to give active

intermediate I,. The rate-determining step occurs subsequently, after reaction of I with a separate iron-benzyl species.

Main [Fe] species are bromoferrates

Phosphines are chelated to zinc and assist with TM

Antonis M. Messinis, Stephen L. J. Luckham, Peter P. Wells, Diego Gianolio, Emma K. Gibson, Harry M. O’Brien, Hazel A. Sparkes, Sean A. Davis, June Callison,
David Elorriaga, Oscar Hernandez-Fajardo, and Robin B. Bedford Nature Catalysis 2019 2 123-133



Iron-Catalyzed Cross-Coupling: Suzuki—Miyaura

More mild than even Negishi conditions, promises an efficient, modular coupling system for forming
carbon-carbon bonds

B(OR), [M], Base O
+ >
Me Br
Me

After amide coupling, it is the most common reaction in pharma

The iron-catalysed Suzuki reaction... ... represents something of a ‘holy grail’
in coupling chemistry — Bedford, Nakamura

Robin B. Bedford, Masaharu Nakamura, Nicholas J. Gower, Mairi F. Haddow, Mark A. Hall, Michael Huwe, Tohru Hashimoto, Rukeme A. Okopie Tetrahedron
Letters 2009 50(45) 6110-6111

Brown, D. G.; Bostrom, J. J. Med. Chem. 2016, 59, 4443-4458



Iron-Catalyzed Cross-Coupling: Suzuki—Miyaura, the
Importance of Base

Lots of factors go into the usability of a base in pharma!

Ciean PR
. . X ., 0 EHS Clean Greenness GRAS* Comment
Carbonares CAS number  EHS chemistty  Greenness (BH") GRAS" Comment Aniflnes e A chernlatry
144:55-8 YES 108-69-4 3 NO Toxic (R24),
298-14-6 YES 110-01-8 NO
197198 YES 104-76-9 NO
584-08-7 NO 0706 NO
534179 NO 6674222 NO Causes severe burns (R35).
5 768-66-1 NO
Clean PAL ‘Triethylamine 121-44.8 10.77% i Toxi
" i A 2 - 77 NO Highly lammable (R11). Toxic
Phosphates CAS number EHS chemistry  Greenness (BH') GRAS Comment (R23/24), Causes severe burns
" (R3
_ ;?;:;; m i:;:.. ‘V{Eg Diisopropylamine 108-15-9 11405:‘ NO Highly flammable (R11).
. P 110-89-4 122" NO Highly lammable (R11), Toxic
, (24),
Clean PR R : - (R23
Hydroxides CASnumber  EHS chemistty  Greenness  (BH') GRAS" Comment Dimethylethylamine ::g:: :g;":“ :g ::g:g :}::l“\:::g:f %:::}
P -84-7 X able 5
5 57417 o5 . ¢ Causes severe burns [R35).
T g RS e poapiedwibiiunbnd e NMethylmorpholine 109024 7017 NO Highly flammabic (R11),
1305-62:0 7 15740 YES [ % L2 © 109-739 10,61 NO Highly flammable (R11).
X 3 Causes severe burns (R35)
vl o B N Diethylamine 109597 1098%  NO Highly flammable (R11).
Clean PR Ammonia 7664-41-7 9.21"“ NO ‘fb?:xit(sl:g)m v (ot
Hydrides CAS number  EHS chemistry  Greenness  (BH') GRAS® Comment Diisopropylethylamine ;‘_’86746:5 igﬁm :g ﬁﬂg g-ﬂmmrl::t' {::::; e
b4 .64 ammabic . Toxie
Sodivm hydride TH6A6-6%7 5 5 50 5.0°° NO May cause runaway reaction (R25). Causes severe
with certain solvents, such as - bums (R35).
DMF, DMA. Highly flammable ~ DABCO® 280-57-9 8.4 NO Highly flammahle (R11).
gaseous by-product Cyclohexylamine 108-91-8 10.62°  NO
{hydrogen) needs abating, Use  Iributylamine 102-82-9 9.9;1‘. NO Toxic (R23/24/25).
of mineral il dispersions 8- 960 NO Toxic (R25/27}.
o i 4 101-83-7 125" NO Toxic [R24/25].
greatly reduces fire hazard. 5
Potassium hydride 7693267 5 3 5.0 35.0% NO May cause runawsy reaction 288324 6.99 NO Toxic [R61).
with certain solvents, such as 5
DMF, DMA. Highly flammable 3 Clean pi.” c
gaseous by-product Disilazides €AS number EHS chemistry  Greenness [BH") GRAS' Comment
(hydrogen) needs abating, Use <0
of mineral oil dispersions. KHMDS 40949948 5 7 5.9 20,52 NO Highly flammablc (R11).
greatly reduces fire hazard, NaHMDS 1070-89-9 5 7 5.9 NO Highly Nammable (R11).
= LIHMDS 1039321 4 R s NO Highly flammable (R11),
Clean PR
Acctares CAS number EHS chemistry  Greenness (BH") GRAS” Comment Clean &
Amides CAS number  EHS chemistry  Greenness  [BH') GRAS' Comment
127082 1.76" NO
4111-54-0 NO Highly flammable (R11),
Clean pr.® 7782-92-5 NO Forms peroxide. Toxic
Alkoxides CAS number EHS chemistty  Greenness (BH') GRAS" Comment and flammable gascous
by-product [ammonia)
Sodium methogide 124414 B 15.1% NO Highly flammable (R11). Toxic needs abating.
(R23:24/25). 7782-89-0 NO Forms prroxide, Toxic and
Sodium ethoxide 141-52-6 5 15.93% NO Highly flammable (R11). flammable gaseous
Sodium tert-butoxide B65-48-5 5 19.2% NO Highly flammable (R11). by-product [ammonia]
Causes severe burns (R35). needs abating,
Potassium tert-hutoxide 865-47-4 5 19.2% NO Highly fammable (R11).
Causes severe burns (R35), Clean pRS "
Lithium methoxide 865-34-9 4 1845 NO Highly farmable (R11). Toxie Alkyllithiums CAS number EHS chemistty  Greenness [BE") GRAS Comment
(R23/24/25), -
Lithlum ethoxide 2388-07-0 ] 1593  NO Highly fammable (R11). 21369642 0.0 NO Highly flammabie (R11).
Lithium terr-butoxide 1907-33:1 1 19.2" NO Highly (R11]. Causes severe burns (R35).
109-72-8 500" NO Highly flammable (R11).
Clean PK,” Highly flammabic gascous
Phosphazanes CAS number EHS chemistry  Greenness (BH") GRAS" Comment by-product (butane) needs
abating.
Phosphazane BEMP 98015453 7 5 6.0 2758  NO 598301 sroY NO Highly lammabie (R11),
Phosphazane P2-EL 16357 7 5 6.0 32.66% NO Causes severe burns (R35).
Highly lammable gaseous
CAS Clean PR by-product (butane] needs
Amines number EHS chemistry Greenness (BH") GRAS" Comment abating.
T 594-19-1 53.0" NO Highly flammable (R11),
109-06-8 597 NO Highly flammable gaseous
108-48-5 6.75* NO by-product (isobutane) needs
3001727 2 13.5% NO abating.
110-86-1 7 5a7% NO Highly fammable (R11).

Richard K. Henderson, Alan P. Hill, Anik6 M. Redman and Helen F. Sneddon Green Chem., 2015, 17, 945



Iron-Catalyzed Cross-Coupling: Suzuki—Miyaura, the

Importance of Base

Bases in these categories are less dangerous and broadly FG-compatible

Clean pK,“
Carbonates CAS number EHS chemistry  Greenness (BH") GRAS”
144-55-8 5.95" YES
298-14-6 5.95" YES
497-19-8 9.1" YES
584-08-7 9.1" NO
534-17-8 9.1% NO
Clean )
Alkoxides CAS number EHS chemistry  Greenness (BH") GRAS”
Sodium methoxide 124-41-4 5 6.9 15.1% NO
Sodium ethoxide 141-52-6 5 6.9 15.93**  NO
Sodium tert-butoxide 865-48-5 5 6.9 19.2* NO
Potassium tert-butoxide 865-47-4 5 6.9 192  NO
Lithium methoxide 865-34-9 1 5.7 15.1* NO
Lithium ethoxide 2388-07-0 4 5.7 15.93**  NO
Lithium tert-butoxide 1907-33-1 4 5.7 19.2% NO

Richard K. Henderson, Alan P. Hill, Aniké M. Redman and Helen F. Sneddon Green Chem., 2015, 17, 945



Iron-Catalyzed Cross-Coupling: Suzuki—Miyaura, the

Importance of Base

These bases are very difficult to scale and are dangerous, not FG-
compatible, or both

Amides CAS number EHS chemistry  Greenness (BH) GRAS”

LITMP 38227-87-1 4 8 5.5 37.3% NO
4111-54-0 ; ' 35.7% NO
7782-92-5 35.0*° NO
7782-89-0 35.0*° NO

Clean pK.*

Alkyllithiums CAS number EHS chemistry  Greenness (BH') GRAS”
21369-64-2 8 40.0" NO
109-72-8 % 50.0™" NO
598-30-1 7 51.0" NO
594-19-4 7 53.0" NO

Richard K. Henderson, Alan P. Hill, Anikdé M. Redman and Helen F. Sneddon Green Chem., 2015, 17, 945




Iron-Catalyzed Cross-Coupling: Suzuki—Miyaura, the
Importance of Base

A benchmark for Suzuki reaction development is by base-compatbility

Nakamura 2010: Alkyllithium Base
©

‘Bu\ ®
| i
B(Pin) [ - Q 3% [Fe]
+ -
©/ cl 20 mol% MgBr, Al BT
THF, 25°C, 4 h A’ R S
c’ T

2.2eq.

Byers 2018: Amide Base 0% Fel o
% [Fe
B(Pin) 10% Ligand
SARNONE =
1.2 eq. LiNMeEt \>
Br Benzene, rt, 48 h S/N\FQ/N 2
2 eq.
_Boc
CKO
F

Chirik 2023: Alkoxide Base

B(Neo) N,BOC 10% [Fe]
SUNIG =
- Br 1.5 eq. KOEt

Fluorobenzene \
15eq. 80°C,24h Ns




Iron-Catalyzed Cross-Coupling: Suzuki—Miyaura, two

Aryl electrophiles
OMe
o S
(Pin)B
Bu
Alkyl electrophiles

: :B(Neo) /O\l/ Boc
+
F Br

Subfields

10 mol% FeBr;
10 mol% IMes-HCI
20 mol% MgBr,
10 mol% MeMgBr

OMe
‘ 61% yield

2-MeTHF/1,4-dioxane (1:1)
100°C,2h

Boc
10 mol% (FI)Fe(py)(Ns)

> 90% yield
1.5 eq. KOEt, PhF
80 °C, 24 h

Benjamin J. S. Rowsell, Harry M. O’Brien, Gayathri Athavan, Patrick R. Daley-Dee, Johannes Krieger, Emma Richards, Karl Heaton, lan J. S. Fairlamb and Robin

B. Bedford Nature Catalysis 2024 7 1186—1198

Paul O. Peterson, Matthew V. Joannou, Eric M. Simmons, Steven R. Wisniewski, Junho Kim, and Paul J. Chirik ACS Catalysis 2023 13 (4), 2443-2448



Iron-Catalyzed Cross-Coupling: Suzuki—Miyaura, two
Subfields

Aryl electrophiles
10 mol% FeBr;
10 mol% IMes<HCI

OMe 20 mol% MgBr, OMe
Cl C) 10 mol% MeMgBr ,
N Li o - 61% vyield
(F’in)Ef 2-MeTHF/1,4-dioxane (1:1)
By 100°C, 2 h

Alkyl electrophiles

Benjamin J. S. Rowsell, Harry M. O’Brien, Gayathri Athavan, Patrick R. Daley-Dee, Johannes Krieger, Emma Richards, Karl Heaton, lan J. S. Fairlamb and Robin
B. Bedford Nature Catalysis 2024 7 1186—1198
Paul O. Peterson, Matthew V. Joannou, Eric M. Simmons, Steven R. Wisniewski, Junho Kim, and Paul J. Chirik ACS Catalysis 2023 13 (4), 2443-2448



Iron-Catalyzed Cross-Coupling: Aryl Electrophile SMC

First report of [Fe] SMC is at elevated pressures

R metal salt, ligand, KF/KOH 1:1 RQP
@X 15 kbar, 100 °C, 36 or 48 h "
aR=H 1, X=Cl 3
b,R=4-NO, 2 X=Br

¢, R = 4-Me Suzuki-Miyaura cross-coupling at elevated pressure

d, R =4-OMe Entry Aryl halide? Metal salt® Ligand® Pressure (bar) Conv.? (%)
e, R =4-CN

2 1b Pd(OAc), PPh3 15,000 83

3 1b Pd(OAc), dppy 15,000 >99

4 1b NiCl,(10%) PPhs 1 <1

5 1b NiCl, PPh3 15,000 54

7 2a NiCl, dppy 15,000 >99

8 2a Co(Cl, dppy 15,000 >99

9 2a FeCls dppy 15,000 97
10 2c CoCl, dppy 15,000 60
11 2c FeCls dppy 15,000 67
12 2c FeCl; dppy 1 <1
13 2d PdCl, dppy 15,000 84
14 2e PdCl, dppy 15,000 >99

Guo, Y,; Young, D. J.; Hor, T. S. A. Tetrahedron Lett. 2008, 49, 5620.



Iron-Catalyzed Cross-Coupling: Aryl Electrophile SMC

Subsequent reports at ambient pressures demonstrate reproductibility
issues...

Retraction notice

Retraction notice to “trans-
Tetrakis(pyridine)dichloroiron(II) as
catalyst for Suzuki cross-coupling in
ethanol and water” [Tetrahedron Lett. 49
(2008) 6679]

Retraction: Iron-Catalyzed Suzuki—Miyaura Cross-Coupling
Reaction

© Retraction(s) for this article ~



Iron-Catalyzed Cross-Coupling: Aryl Electrophile SMC

Bedford and Nakamura prove that PPB Pd can catalyze the reaction in high-
yields

In our hands, Fe(II) or (III) pyridine complexes show no activity in Suzuki biaryl cross-coupling reactions,
except in one irreproducible instance when complete conversion was observed. A comparison with pal-
ladium acetate under the same conditions showed that complete conversion can be obtained in a S:C
ratio of 1,000,000:1 and therefore extreme caution must be exercised to prevent ‘false-positives’ arising
from trace Pd-contaminants.

Robin B. Bedford, Masaharu Nakamura, Nicholas J. Gower, Mairi F. Haddow, Mark A. Hall, Michael Huwe, Tohru Hashimoto, Rukeme A. Okopie Tetrahedron
Letters 2009 50(45) 6110-6111



Iron-Catalyzed Cross-Coupling: Aryl Electrophile SMC

Early example of [Fe]-cat. SMC with aryl electrophile—requires 'BuLi base

n

N

O B Fe/lMes
- u X
\ + 22U :B N —
> (o) I iy MgBl‘;
=

1

0 0 N

N N

OoM OMe
»
() ¥

5a, 82% (70%) 5h, 89% (64%) 51, 81% (61%) 5], 80% (49%) 5k, 91% (67%) 51, 94% (54%)

O \
z
—

Harry M. O’Brien, Mattia Manzotti, Roman D. Abrams, David Elorriaga, Hazel A. Sparkes, Sean A. Davis and Robin B. Bedford Nature Catalysis 2018 1 429—
437



Iron-Catalyzed Cross-Coupling: Aryl Electrophile SMC

Early example of [Fe]-cat. SMC with aryl electrophile, highly limited scope

a
{/ \§ ~ FeBr, (10 mol%) (/ \5
N NHC-ligand precursor (10 mol%) N 5a 6
4a: X =Cl MgBr, (20 mol%) - Fromda: 82% <5%
o 4b:X=Br * 1a THF. 60 °C. 3 h Aty 4b: 64% 20%
4c: X =1 4c: 35% 65%
X 4d: X =F 6  4d 16% 0%
b
!\ )
N N

P Asina |

a —»
O | \—-CI O></\ Ph
7a:3-Cil___ K/

7b: 4-Cl

D A0 Q.
C

W,

5b, 45% 5¢, 32% 5d, 0% 5e, 0% 5f, trace 59, trace

*IMes(HCI) is ligand precursor

Harry M. O’Brien, Mattia Manzotti, Roman D. Abrams, David Elorriaga, Hazel A. Sparkes, Sean A. Davis and Robin B. Bedford Nature Catalysis 2018 1 429—
437



Iron-Catalyzed Cross-Coupling: Aryl Electrophile SMC

Early example of [Fe]-cat. SMC with aryl electrophile, ferrate proposed to be
on-cylice [pre-Fe]

1a k
l Ph—Ph
1a L,Fe—Ph 4a )
/ ) \\\ o oL

[ [LnFe] [L,FePh(4a)]

p i s
| :‘Br‘ ‘Br-
5a ¢

E c
[L,FeBr] [L,FeBrPh(4a)]”
X D /
5a [L,FeBrPh(4a*)]”

*IMes(HCI) is ligand precursor

Harry M. O’Brien, Mattia Manzotti, Roman D. Abrams, David Elorriaga, Hazel A. Sparkes, Sean A. Davis and Robin B. Bedford Nature Catalysis 2018 1 429—
437



Iron-Catalyzed Cross-Coupling: Aryl Electrophile SMC

Requires tBuLi, but first report with simple aryl chlorides

a Fe salt,
By NHC-HCI,
/i addmves
Cl + MeO “B \O OMe + MeO OMe
O Solvent
X conditions
1a 2a (2 equiv.)
b Pr Pr iPr iPr
—\ — —\ —\
N ~ N N ~ N N o N N v N
iPr iPr Pr Pr
IPr SIPr IMes SIMes
3a: 3% 3a: 2% 3a: 24% 3a: 7%
4a: 14% 4a: 11% 4a: 20% 4a: 12%
Pr Pr
'S 9 e O A )
BN NN N e N N
.o s e \/
IMesMe Pr Pr
3a: 10% SIXyl(3,5) 1Xyl(2,6) IMe INap
4a: 9% 3a: 2% 3a: 10% 3a: 1% 3a: 3%
4a: 12% 4a: 16% 4a: 1% 4a: 4%
C

FeBrs (10 mol%),
IMes-HCI (10 mol%),
MgBr,-OEt; (20 mol%),
MeMgBr (10 mol%)
1a + 2a(2.5equiv.) -~
2-MeTHF/1,4-dioxane (1:1),
100 °C,2h

3a(61%) + 4a(35%)

Benjamin J. S. Rowsell, Harry M. O’Brien, Gayathri Athavan, Patrick R. Daley-Dee, Johannes Krieger, Emma Richards, Karl Heaton, lan J. S. Fairlamb and Robin

B. Bedford Nature Catalysis 2024 7 1186—1198



Iron-Catalyzed Cross-Coupling: Aryl Electrophile SMC

c ¢ i Reduct
Transmetallation eductive
e e er o Oxidative ” J elimination
isition states  4dition el TSon ~ \
= - -Cl ¢l
Intermediates L-Fel™y —Fe
a Ph
Cl Ph
/ = Cl Ph
s e : o _2o(HE) CGRPR I N _ci
A\~ THF — & D Lre<y, —Fe_ B — > Fe<p, g ——  LFeCI(THF),
\ ~LiCI(THF| 2 i -P
THF L s 2 Bh iCI(THF)3 [ ‘BuBpin Ph A . 2 Ia
la Ig Ie In e I (+ products)
LS
(+ starting TSty
mﬁT:als) “TSoa
280
Sy,
e | S
0
—= § = !/, pathway (LS Fe(l) and Fe(lll) intermediates)
——=— S = 3, pathway (HS Fe(l) and IS Fe(lll) intermediates)
AGars ——— S =, y (HS Fe(lll) i iates)
{kcal mol™) --O-- mecp
d ‘, ‘ . .
Oxidative
\7 addition
i) TSoaz
cl )
P )
/ Ph /
Cl = ! Cl
LFe\( o 2b - (THF), . Fe\ _B-Bu L—F4 A _Cl
- i
THF OLI{THF), N / LFe‘\ Ph
Ia N Ph
[ I Ie
{+ starting L = IMes
materials)
HS
Hs|, Iy

S =3, pathway (HS Fe(l) and IS Fe(lll) intermediates)

AGary
(kcal mol™)

DFT studies indicate an Fe(l)/(lll) pathway with transmetalation preceding
O.A.

Benjamin J. S. Rowsell, Harry M. O’Brien, Gayathri Athavan, Patrick R. Daley-Dee, Johannes Krieger, Emma Richards, Karl Heaton, lan J. S. Fairlamb and Robin
B. Bedford Nature Catalysis 2024 7 1186—1198




Iron-Catalyzed Cross-Coupling: Suzuki—Miyaura, two
Subfields

Aryl electrophiles
Alkyl electrophiles
N Boc
B(Neo) N/BOC 10 mol% (FI)Fe(py)(Ns)
C[ + /O - 90% yield
- . 1.5 eq. KOEt, PhF

80°C, 24 h

Paul O. Peterson, Matthew V. Joannou, Eric M. Simmons, Steven R. Wisniewski, Junho Kim, and Paul J. Chirik ACS Catalysis 2023 13 (4), 2443-2448



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Nakamura 2010: Alkyllithium Base

C]
tBu‘ @
. Li
B(Pin) /O 3% [Fel
¥
©/ Cl 20 mol% MgBr, Ar";p\ /P<‘N
THF, 25°C, 4 h a? Fe Sar
Cl Cl

2.2eq.

Byers 2018: Amide Base — N
% [Fe
B(Pin) 10% Ligand
SO
1.2 eq. LINMeEt \)
Br Benzene, rt, 48 h S/N‘FQ/N 4
_Boc
Cfg
F

2 eq.

Chirik 2023: Alkoxide Base

B(Neo) e Boc 10% [Fe] N
SUNG = b
1.5 eq. KOEt O S
F Br Fluorobenzene Fe

\
15eq. 80°C,24 h i




Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Nakamura is credited with the first iron-catalyzed C(sp?)—C(sp®) SMC

Alkyl—X
X =Cl, Br, | RgQﬁR_» Alkyl-A
yi—Ar
L o, B

65-99% yield
17 examples

M+ (1-5 mol%)
MgBr, (20 mol%)

Takuji Hatakeyama, Toru Hashimoto, Yoshiyuki Kondo, Yuichi Fujiwara, Hirofumi Seike, Hikaru Takaya, Yoshinori Tamada, Teruo Ono, and Masaharu Nakamura
Journal of the American Chemical Society 2010 132 (31), 10674-10676



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Fairly diverse functional-group tolerance given conditions

entry? Alkyl-X coupling product yield (%)?

1 99 (R" = H)

2 98 (R" = OMe)

3 94 (R" = NMe,)
4 c-Hept—Br c-Hept R" 17 R =Cl)

sdef 90 (R" = CO,Me)
edef 81 (R" = COzEY)
7d.cf F 74 (R" = CO,i-Pr)

8 c-HethF 83
F

1078 c-Hept—Cl c-Hept 93h

(0]

o)
" Eto)k(v)s/\ Br Eto)k&?s/\ Ph "

NC
NC ° N
12¢ 5 Br N 96
(0] (9]
- )j\MJ\ /\H\,)J\ s
Ph 4 "Br Ph 4 "Ph
144 Aco—<:>‘-"'Br AcO»OM@fOPiV 83!
COgi—Pr
15“ S 86
F
Z

174 c-Hept—Br c-Hept /N 73

Takuji Hatakeyama, Toru Hashimoto, Yoshiyuki Kondo, Yuichi Fujiwara, Hirofumi Seike, Hikaru Takaya, Yoshinori Tamada, Teruo Ono, and Masaharu Nakamura
Journal of the American Chemical Society 2010 132 (31), 10674-10676



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Proposed mechanism is similar to other alkyl-electrophile systems, but with
no cage escape

(oren
X—(-F\l P’ \Ar
(- B
PR ClI borate
C ,Fe”\ ( Fe\ Ar-R

iron complex 1 or 2

( Fe”
+ LiX MgB

BUPIn BU,
determined by - ’ Li+
NMR & GC-MS o

Takuji Hatakeyama, Toru Hashimoto, Yoshiyuki Kondo, Yuichi Fujiwara, Hirofumi Seike, Hikaru Takaya, Yoshinori Tamada, Teruo Ono, and Masaharu Nakamura
Journal of the American Chemical Society 2010 132 (31), 10674-10676



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Next major advance is with amide base, Byers also uses L,X ligand

[ CN 1
this work 5 7)\(()
s
Ph N, _N—/
I Fe %
/B\ Ph I Ph
O—Br *o o c _ OPh
% LiNMeEt
| unactivated )
Fe source (10 mol %)
Br ligand (10 mo 1%)
LiINMeEt (120 mol %
+ PhB(pin)
CgHgrt, 24 h
(1.0 equiv) (2.0 equiv)
Ph Ph Ph Ph Ph Ph |
7 8 9 10

Michael P. Crockett, Chet C. Tyrol, Alexander S. Wong, Bo Li, and Jeffery A. Byers Organic Letters 2018 20 (17), 5233-5237



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Next major advance is with amide base, Byers also uses L,X ligand

Scheme 1. Substrate Scope [Isolated Yield (brsm)]

e 10 (10 mol %)
Y N, 9 (10 mol %)

& ,—B(pin) + alkyl -X - ?il_a'k)"
R/ LiNMeEt (120 mol %) X ¥
2.0equiv 1.0 equiv CgHg, 11,48 h
a=Clb=Brc=|
Alkyl Halides

O n O O O

11a 28%(72)’ 122 32%(86) 4o 200/ )

11b 77%(91)* 12b 73%(85)
0%(85) 1c 45%°f91)) 12¢ 45%(06) 130 28%(37) 0%(73)

Cbz py
Ph
Ph
O e 5 )
17b 18b 19a 20a
50% (50)b 0%(61)° 60%(81)® 56%(96)* 23%(76) 21%
80%(83)°
Boronic Esters
7 e} CF,
/ A\ / {
% 7 /, W
‘.: \F =/ { ) ; \\ \ )
> ) D o =
c-hept c-hept c-hept c-hept
21b 22b 23b 24b
76%(84) 51%(56)% 68%(100)° 47%(87)°
o CF3
" Bi| Boc
Z & H c-hept (-~ __N
, o // ~ ""‘ 7 Y
c-hept c-hept . w
25b 26b 27b
67%(76)2 25%(25) 0%:2
Radical Clocks
po N X Ph
=
¥ Ph - b \_O
28b 28b' ,
0, 0,
g Ton 41% 32%

Michael P. Crockett, Chet C. Tyrol, Alexander S. Wong, Bo Li, and Jeffery A. Byers Organic Letters 2018 20 (17), 5233-5237



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Proposed mechanism is similar to Nakamura’s

(a) CN
D
o 2 Ph-B(pin)
LiNMeEt Ph Fle Ph
30
CN CN
B Py o
) J
S/N\ N/ S/N\Fe,N
P e Pn PR P
X
Ph
X = CI (10), Br
CN )B\r
OO
ROR T : RR
e BB 55 Ph
Br Ph

Michael P. Crockett, Chet C. Tyrol, Alexander S. Wong, Bo Li, and Jeffery A. Byers Organic Letters 2018 20 (17), 5233-5237



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Proposed mechanism is similar to Nakamura’s

(a) CN

_ X 2 Ph-B(pin)
LiNMeEt Ph I Ph

N i3
A 8 Pn PA "¢ Ph
X "
X = Cl (10), B
CN )B\r
0O
R R \Fe/ - R/\R
N Ph
Br Ph

Michael P Crockett Chet CC Tvrol Alexander S Wona Ro li and .leffarv A Rvers Oraanic | etters 2018 20 (17) 5233-5237
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Iron-Ca talyzed Cross-Couleng Alkyl Electrophlle SMC
Byer’s group also developed an extremely rare example of an air-stable [Fe]

cross-coupling precatalyst
a) Prior work:

O & o

(1 equiv.) ~
(10mol %)  (thf), inside glovebox:
Qg(pin) >~  96+3%
LiNMeEt (1.2 equiv.) outside glovebox:
(2 equiv.) CeHg, 25 °C, 24 h 15 + 6%

b) This work:

() d\mﬁ e

(1 equiv.) inside glovebox:

+ 1 s O 80 + 6%
' ! (10 mol %) | outside glovebox:
B(pin) - 90%
LiINMeEt (2.0 equiv.)
(2 equiv.) CgHg, 25°C, 24 h

Alexander S. Wong, Bufan Zhang, Bo Li, Michael L. Neidig, and Jeffery A. Byers Organic Process Research & Development 2021 25 (11), 2461-2472



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

C(sp®)—C(sp®) reported this year

C(sp®)—C(sp?)
(het)Ar—Bpin R F _
+ LiNR; (56 examples)
F N Cl (120 mol%)
~
C(sp’)—X  + or T /Fe< >Li(THF)2 or
F =N Cl
1 2°, 3° Alkyl—9- C(sp3)_c(sp3)
g TR 2 g
X = Brf)C/, ) neutral boron (2-10 mol%)

nucleophiles
AA scaffold-based Fe catalyst

2b (10 mol%)
O—x + Bpin —— LiNEtMe (1.2 equiv.) —= .—' Fe\ /LI(THF)z

solvent
(X=8Br, Cl 1) 25°C,24h

3 4 2b

scope in secondary, primary and tertiary alkyl halides

>99%1M (95%) >99% (70%) >99% (92%) 45% >99% (95%) >99% (83°/ el 9% (58%)
>99%I°, 77%!

&?3*@@»@5@@@#@

5] n=6 >99% (91%) 5m R=H 11%, 30%l7 5q R =H 80% (70%)"™
93% (84%) 99% Sk n =4 >99% (90%) >99% (78%) 73%M), 92% (83%)1 99% (98%)“’“1 5r R = Me 72% (61%)®!
97%ll o0% (91%0) 5n R = p-F 88% (79%)"" 5s R = CO,tBu 81% (68%)"!
50 R =0-Me 76% (72%)P1 5t R =OMe 50%"

5u R =F 42%"

Donghuang Chen, Clément Lepori, Régis Guillot, Richard Gil, Sophie Bezzenine, and Jérdbme Hannedouche Angew. Chem. Int. Ed. 2024, 63, 202408419



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Mechanistic studies had near-identical findings to Byers

A. Radical clocks

vﬁBr\y

2b (10 mol%)
Ph—Bpin — LiNEtMe (1.2 equiv.) — A"ph
benzene
3bf 4a 25°C,24h Sbf'
82% (67%)
2b (10 mol%) Ph
"B — LINEtMe (1.2 equiv.) —= + ANN"pn
benzene (0.08 M)
3bg 25°C,24h 5bg’ 5bg
+ 4a 65% 35%
B. Experiments with activated boronic ester
®
O on © " 2b (10 mol%)
Br + “Bpin + Ph—Bpin —LiNEtMe (x equiv.) — Ph
| . benzene
~ N (0.8 equiv.) 25 °C s
a
3a (1.2 equiv.) 4a it
4bh

58%I2, >ggl®]

x=1.2 37%@d
C. Competition experiments with neutral and activated boronic esters

2b (10 mol%) 5
A B+ ROBpin — LiNEtMe (1.2 equiv.) —
6 benzene 6
25°C, 24 h
3j 4af R = NMe, (1.5 equiv.)

5afR=NMe, 19%
4s R = CO,tBu (1.5 equiv) 85% conv.

5al R = CO,tBu 62%
N—

! 2b (10 mol%) "
A hBr o+ ROBpin — benzene —
6 S Li® 25°C,24h A
3j 4bi R = NMe; (1.5 equiv.)

81% conv.
4bj R = CO,tBu (1.5 equiv)

5af R=NMe, 35%

5al R = CO,tBu 40%

Broad alkyl-alkyl scope

@x3
(X =Br, CI)
2b (20 mol%)
/\O + [H-9-BBN], g{ 9-BBN\/0F LiNMe; (1.2 equiv.)
6 n=12

benzene
25°C,24h

7
\/k/(\‘ /@ i
) ‘\/k/\/ M
r i NERYe T s
N | 2 Ph
7a 63%®!

7b
88%'° (60%) {56%)

o Z / 2N ./’\\ MeO_ ~
= N HMK/\Q \:l/\/‘\\J \'\-\/’\A/\I/J
Ph ;
7d

Tc
60% (36%)

7e 74% (65%) 71 76% (64%)
78% (39%)
7\

- = 7 N N

( “\ X I ( — L L\\/\/O
g \/’\/‘.")g X
79
7h 7i
% %
0% (53%) 37% (30%) 30% (18%.)

CBz. .~ Boc.. . Z . Z
r‘l‘ ]\/\/© - N \\A/Q & /@
R - S

7

7k 7
72% (13%) (55%!€))
N
- ( I
\"\//‘\//“ X W@ A /\/\/\/@
A X T
T
® BSO [ >, .
75% (59%)
7m >99% (96%)
78% (44%) >99%0l
(e]
Ph. N N % AJ/ ‘v‘ﬁ /l/\\\]/\,/’\\-/’&]
v | [ )
Ph o ° NFH N &
70 P
80% (68%)"

79 n=1 59% (43%)!"
80% (73%)11 7r n=2 0%

Donghuang Chen, Clément Lepori, Régis Guillot, Richard Gil, Sophie Bezzenine, and Jérdbme Hannedouche Angew. Chem. Int. Ed. 2024, 63, €202408419



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Paul Peterson first to report with alkoxide base

A. Iron-Catalyzed Cross-Coupling using an Amide Base (Byers 2020)

|
Me '
Me !
; Y
R 1
B] Me ! /N _N
=0 Me + R—X : |
LiNMeEt ! c| 'Bu
benzene i
|
|

B. This Work: Iron-Catalyzed Cross-Coupling using an Alkoxide Base

t
E Bu H
B(OR), R? X\ —DIPP
R‘l_l \ + RZ—X o R1 E N\ /Py
b o2 KOEt : O—rFe
|
i
}
I

t
fluorobenzene Bu K
@ SiMe3
Me Me via: ®K OO0Et
|

M
o Me © ] Mild Alkoxide Base
O g
B(OR), = ||3\ B’ Me il R \ogR Aryl BNeo and BPin
O ~ 0
\{ Y O Me G Mechanistic Insights
BNeo BPin )

Paul O. Peterson, Matthew V. Joannou, Eric M. Simmons, Steven R. Wisniewski, Junho Kim, and Paul J. Chirik ACS Catalysis 2023 13 (4), 2443-2448



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Well-defined precatalyst, helps solidify L,X ligands for C(sp?)—C(sp®) SMC
R

OH N~ Bu H
+ 1.05 (py),Fe(CH,SiMejs), > o \F Py
Pentane, 23 °C, 1 h Bu ©
- SiMey
t SiMe
By - py 3

>90% vyields

Compound R
1a DIPP
1b Mes
1c 4-MeO-Ph
1d Cy
1e iPr
1f tBu

Paul O. Peterson, Matthew V. Joannou, Eric M. Simmons, Steven R. Wisniewski, Junho Kim, and Paul J. Chirik ACS Catalysis 2023 13 (4), 2443-2448



Iron-Catalyzed Cross-Coupling: Alkyl Electrophile SMC

Scope is highly limited to electronically-activated nucleophiles

A. Scope Nucleophiles Electrophiles
F3C F, F ' Me
; F E q
: NBoc NBoc N
NBoc NBoc FsC NBoc | o
: /
FsC FsC :
E 4m 4n 40
4a 4b 4c ' s . :
: BNeo: 88% BNeo: 73% BNeo: 82%
BNgo. 86% BNeo: 53% BNeo: 83% ! BPin: 92% BPin: 68%
BPin: 64% !
E Me Me F
3 NBoc / ' / 1
o, N : N o N
: 0 ]
/ Y NBoc Y / n-hex
H 4p 4q 4r
4d 4e 4f ! . 780 . 680 . 819
BNeo: 90% BNeo: 90% BNeo: 93% : Bleg: 703 Bhes:26% BNeo:01%
BPin: 78% BPin: 31% \
H . IMe
NBoc E CF3 N
s : oTBs /
/ X H Me
A Me . R ! Me
Me0” "N : CFs
) : 4s
49 4h 4i, BNeo, R=H, 27% i BNeo: 71% 4t 4u
BNeo: 73% BNeo: 28% 4j, BNeo, R = Me, 18% 1 BPin: 88% BNeo: 81% BNeo: 75%
4k, BNeo, R = OMe, 26%
41, BNeo, R=F, 38%
B. Base-Sensitive Functional Groups C. Scaled-Up Synthesis of 40 ‘ i ! "
F CN F F Me conditions Me N
/
CN CO,Et as
2 N above N
EtO,C 4 3 BNeo + Br Q) i—— O
/ /
4v 4w 4x 4y 4o =
BNeo: 93% BPin: 99% BNeo: 90% BNeo: 98% 12941 2mol 65,9, 4f5mmol B.5Tg, 168

“Reactions performed on 0.2—0.5 mmol scale; yields are isolated. For unsuccessful substrates, see Supporting Information.

Paul O. Peterson, Matthew V. Joannou, Eric M. Simmons, Steven R. Wisniewski, Junho Kim, and Paul J. Chirik ACS Catalysis 2023 13 (4), 2443-2448



