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Transition Metal Catalyzed Cross Couplings

Kumada (1972) Stille (1978)
3 3 :
1 R R*-MgX  NiCl,L, or Pd(0) 1 R ' cat. Pd(0)
R%X + or —_— R\)\R“ : R1-X + R2-Sn(alkyl); — R1-R2
4y ligand - ligand
R2 R*—Li R2 ]
Sonogashira (1975) i Suzuki (1979)
Pd(0) or Pd(ll) ]
Cu(l) ! cat. Pd(0)
R'-X t+ H——R? — R——R? . R'X +  R%*B(R); — R'-R2
base, ligand X base, ligand
Negishi (1976) E Hiyama (1988)
NiL, or PdL, E cat. Pd(0)
R'-X + R2-ZnX — R-R2 '+ R™X +  R®-SiMes — R'-R2
ligand : base, ligand

Transition metal catalyzed cross couplings have seen incredible advances and applications, have wide
scope and compatibility but...

typically use palladium and nickel which are generally toxic and expensive. Expensive and/or sensitive
ancillary ligands are required. Alkyl iodides, bromides and triflates are best. With special ligands
alkyl chlorides may be used.

Review: Metal Catalyzed Cross Coupling Reactions; Diederich, F., Stant, P.J.; Eds.; Wiley-VCH: Weinheim, Germany, 1998.

(a) Kumada, M. Pure. Appl. Chem. 1980, 52, 669. (b) Sonogashira K. Tetrahedron Lett. 1975, 16, 4467-4470. (c) Sonogashira K.
Comp. Org. Synth. (eds Trost, B.M. and Flemming, |.) 3, 521-549 (Pergamon, Oxford, 1991). (d) Negishi, E. J. Am. Chem. Soc.
1976, 98, 6729. (e) Negishi, E. Acc. Chem. Res. 1982, 15, 340. (f) Stille, J. K. J. Am. Chem. Soc. 1978, 100, 3636. (g) Suzuki, A. J.
Chem. Soc., Chem. Commun. 1979, 866. (h) Hiyama, T. J. Org. Chem. 1988. 53. 918-920.



Iron: A More Practical Alternative

« Abundant

«[ron and nickel are the final elements in stellar nucleosynthesis. 6" most abundant ordinary element in
the universe after hydrogen, helium, oxygen, carbon, and neon.

*5.6% of Earth’s crust. 4" most abundant element after oxygen, silicon, and aluminum. Nickel is
0.0084%, palladium is 0.0000015%, gold is 0.0000004% of Earth’s continental crust.
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(a) http://en.wikipedia.org/wiki/lron (b) http://en.wikipedia.org/wiki/Earth (c) http://pubs.usgs.gov/fs/2002/fs087-02 (d)“Abundance of
Elements in the Earth’s Crust and in the Sea” in CRC Handbook of Chemistry and Physics, Internet Version 2008, (88th Edition),
<http:/www.hbcpnetbase.com>, David R. Lide, ed., Taylor and Francis, Boca Raton, FL, 2007. Accessed: 14 April 2008 (e) Aldrich
prices were accessed on 14 April 2008.



Fe-Catalyzed Cross Couplings of Alkenyl Halides
with Alkyl Grignards

Mixing time:

Me/ﬁ y /ﬁ Catalyst 5 min 15 min
e

Br . Me FeCl; 25% conv. 2% conv.

FeCls Fe(Pv); 73% conv. 9% conv.

Me—MgBr Fe(acac)s 90% conv. 40% conv.
> Fe(facac); 25% conv. 10% conv.

Me/\/Br Me/\/Me Fe(DPM)3 >99% conv. 4% conv.

Fe(DBM)3 >99% conv. >99% conv.

DPM = dipivoylmethide
DBM = dibenzoylmethide

Cross Coupling is stereospecific with primary alkyl Grignards.
Competition studies showed that trans-bromopropene is about eight times more reactive than the cis isomer.

Longer mixing time (>5 min) gives poor conversion.
Fe irreversibly deactivates quickly; this may be attributed to aggregation of reduced iron species.

(a)Kochi, J.K. J. Am. Chem. Soc. 1971, 93, 1487. (b)Kochi, J.K. J. Org. Chem. 1975, 40, 599. (c)Kochi, J.K. J. Org. Chem. 1976,
41, 599.



Stereospecificity

Kochi (1971)
Me Fe(DBM); Me
Me/\"’ Br Bng)\Me > Me/\"'J\Me Me/\r-‘"\/Me
60% <0.5%

Secondary alkyl Grignard reagents couple without rearrangement

Walborsky (1981)
‘HB ‘HM
r Fe(dbm)s (1.5 mol%) e
Me THF, rt Me
H H

No racemization with Fe or Ni. Partial racemization observed with Co and Ag catalysts.

Kochi (1976) Molander (1983)

Fe(DBM), t-Bu
md  Br tBu—MgBr  ———— /N Vo
DME, 20°C M
Z:E 95:5 60% Z:E 2.5:1

Extensive isomerization observed with Z-alkenes and Bulky Grignard reagents

(a) Kochi, J.K. J. Am. Chem. Soc. 1971, 93, 1487. (b) Kochi, J.K. J. Org. Chem. 1975, 40, 599. (c) Kochi, J.K. J. Org. Chem. 1976,
41, 599. (d) Molander, G.A Tetrahedron. Lett. 1983, 24, 5449. (e) Walborsky, H.M. J. Org. Chem. 1981, 46, 5074.



Expansion of scope: Functionalized Grignard
Reagents and Vinyl Halides

n-Bu 1 mol% Fe (acac); n-Bu
>=\ n-Bu—MgCl > >=\
n-Bu Cl -51t0 0°C, 15 min n-Bu n-Bu
THF: 5%

THF-NMP(9 equiv): 85%
Use of NMP as an additive circumvented the need to use a large excess halide.

Nature of iron precatalyst was not essential. NMP likely used to stabilize the active iron species.
No difference in reactivity between E/Z isomers.

A O\/\/\/\/\
¢ 2 “n-Bu

X=cl 80% \_/_>= ij 7@ i

ACO NN
Z Si-Pr

X =Cl 72% X=Br 79% X=168% X=Cl 79% X=Cl 80%
- (1)

Aryl Grignard reagents are viable substrates

EtOZC\©\/\ _ NC\©\/\ ONf OTIPS
Z n-Bu 7 n-Bu ©\/\ ©\/\

/Ph /Ph

AN
X=1 60% Bn” “SO,CFj X=160% X = Br 62% X = Br 62%
X=1 65%
(a) Cahiez, G. Synlett. 2001, 1901. (b) Cahiez, G. Synthesis. 1998, 1199.



Cross Coupling of Alkyl Grignards with
Aryl Chlorides, Triflates and Tosylates

Electron deficient aryl chlorides, triflates and tosylates are viable substrates

0 @)

Fe(acac); (5 mol%) _ o
OMe + n-CgHq4—MgBr OMe XX=_()C-|I-f 9817/02
THF/NMP X =0Ts 83%
X n-CgHq3
Me
MeO N Cl Me Fe(acac); (5 mol%) MeO N
| > | ] M se%
= BrMg Me THF/NMP =

Cross coupling is functional group tolerant including esters, alkenes, alkynes, ethers, sulfonates,
sulfonamides, nitriles, CF, groups.

/©/CF3 SOsi-Pr /©/302Ni'Pr2 CN
n-CgHq3 ~ : n-CgHq3 n-Cq4H>g

n-CGH13

X=Cl 94% X=Cl 85% X=Cl 94% X=Cl 91%
X=0Tf 72% X =0Tf 80%
X=0Ts 75% X =0Ts 74%
0] O (@) OMe

OMe OMe OMe
MOMO X
=z 4 [ 7 n-C14H29 OMe

X=Cl 91% X =Cl 88% X=Cl 85% X=Cl 0%

X =0Tf 90%

Farstner, A. et al. J. Am. Chem. Soc. 2002, 124, 13856.



Cross Coupling of Alkyl Grignards with
Heteroaryl Halides

Fe(acac)sz (5 mol%)
Ar—Cl n—C14H29—MgBr Ar—n-C14H29
THF/NMP

Hetero aromatics: pyridine, pyrimidine, triazine, quinoline, isoquinoline, carbazole, purine, pyradazine,
pyrazine, quinoxaline, quinazoline, uracile, thiophene, benzothiazole

nCaiH n-Cq4H2g
Ph n-C1aHag yZ n-Ci4Ha9 Ne_-N-C1aH2g 1
AN >N
| / \ N )
N S N N
X=Cl 81% X=Cl 92% X=Cl 81% X=Cl 41% X=Cl 85%
X=0Tf 74%
X =0Ts 82%
n-C4H29 AN =N
N | O N/_ n-Cq4H2g
| \)N\ \>_”'C14H29 N SN AcO 73
P S H S Na N
N~ “SMe n-Cq4Hz9 AcO OAc Y
X=Cl 89% X=Cl 68% X=Cl 67% X=Cl 72%

Farstner, A. et al. J. Am. Chem. Soc. 2002, 124, 13856.



Applications of Cross Coupling of Alkyl Grignards i
with Heteroaryl Halides

Me
MesAl, Pd(PPh3),
THF, 75°C

NN
I Q
Cl Me)\N/ g>

46%

y

MeMgCl, Fe(acac)s
THF, rt

PhB(OH),, K,CO;
Pd(PPhj),

Used to derivatize nucleosides PhiMe, 90°C
Fe(acac), catalyzed system is completely Me
regioselective for coupling at the 6 position N
VTS
Ph)\N/ N
R

Hoeck, M. J. Org. Chem. 2003, 68, 5773.



Polysubstitution Reactions

n-BuMgBr
(dppp)NICI cat.
Et,O
Reflux, 6h, 63% |
=
> n-Bu” N~ “n-Bu
| A
Cl N/ Cl N
A
- I
Z
n-HexMgBr n-Hex N n-Hex
Fe(acac);
THF/NMP

0°C, 5 min, 73%

Extensive reaction times are seen with nickel-catalyzed process.
In contrast, iron-catalyzed cross couplings are complete within 5 minutes.

A i. Fe(acac); cat.
| THF/NMP, 0°C

ClI” "N” "OTf ; —>
ii.Me,CHCH,MgBr, 3 min

iii. N-Cq14H>9MgBr, 3 min

1%

Different coupling partners may be used consecutively.

(a) Kumada, M. et al. Tetrahedron 1982, 38, 3347. (b) Furstner, A. J. Am. Chem. Soc. 2002, 124, 13856.
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Consecutive Cross Couplings in Synthesis

HO 1. H,C=CHMgBr, Br :
J\ Cul (5 mol%), THF, 0°C : /(l

> :

Me 2. TsCl, py, DCM, Me :

Br 65% over two steps S

3. LiBr, Acetone, reflux, 81%

BrMg

1. Complex X, THF, NMP, 0°C
-
Me /Ej\ 2. 6-heptenylmagnesium

bromide, Complex X

X =
HQ-H

_N N= ‘

/ ‘Me
)l
t-Bu O ¢©O t-Bu
t-Bu t-Bu (R)-Muscopyridine

Furstner, A. ACIEE. 2003, 42, 308

szo py

97%

Z
Cl N OoTf

80% 4:1 mixtore of B:A




Fe-catalyzed Cross Coupling in Synthesis:
Latrunculin B

=z
| Il

"Il o) ‘\\\\ \\
— o I

O o)

HeJ TOH O

HN Had TOH OH

)—s RN

9) Latrunculin A )—s

Fe-catalyzed cross coupling is nearly quantitative, stereoselective and done very rapidly under mild
conditions. Earliest examples of Fe-catalyzed cross coupling with enol triflate.

0 TO __/ MdBr
KHMDS, PhN(Tf),, | — AN
O > ) >
THF, -78°C, 61% 15 mol % Fe(acac)s o |
OEt OEt THF, -30°C

97%

Farstner, A. ACIEE. 2005. 44, 3462.



Fe-catalyzed Cross Coupling in Synthesis:
Latrunculin A

z N\ |
\\\‘\ ©) | |
u,, O Ring Closing Enyne- o N
Yne Metathesis R
O N “n oH Z |
7 (@)

H OH o

HN H YOH OH
) S Latrunculin A

d HN
O)_S

Cross coupling done on multi gram scale. Direct coupling of enyne and enol triflate was unsucessful.

TfO (0] H S
@) 15 mol % Fe(acac); 1. HCO,H, reflux S
O * > O >
(@) MgBr
OMe

THF, -30°C, 9) 2. Ohira-Bestmann Reagent, o)
67-83% KzCOs, MeOH
OMe OMe
80% over two steps

[CpZr(H)CI],
DCM then I,

. Ohira-Bestmann Reagent ! 3 ,OMe

' ' B

" ' - 56%
I g : \\ z \ ’
! Me)l\n/ (OMe), ! o I " Na

. : -

N
2 : S Pd(PPhs)s, THF, reflux |
Synlett 1996, 521 | e 77% O

Farstner, A. ACIEE. 2005. 44, 3462.
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Cross Coupling of Aryl Grignards with
Aryl Chlorides

N C! Fe(acac)s (5 mol%) Ny -Ph
oLy - LY -
N THF N

Cross coupling with aryl Grignard reagents is sensitive to the electronics of electrophile.

Electron-rich aryl halides only gives homo coupled product.

Z S\ Ph
\ \I N ~ Ny -Ph
oY oo, QU
=
P ~
N7 N N sMe

82% 69% 53% 57%
4 j\h Me_ _N._ _Ph
N AN
xS ol X
P — N M
N" Ne MeO” “N° “OMe ©
63% 53%

(d) Molander, G.A Tetrahedron. Lett. 1983, 24, 5449. Furstner, A. et al. J. Am. Chem. Soc. 2002, 124, 13856.



Suppression of Homocoupling

Knochel (2005)

Homocoupling possibly arises from the
formation of ferrate complexes with
highly reactive magnesium compounds.

Q PhCu(CN)MgClI O gnly 9 P

'
Ph 10 mol% [Fe(acac)j] Ph
| DME/THF (3:2), rt Ph Less reactive Ar,Zn gave no product.
>99% Cuprates derived from
[o)

oganomagnesium reagents
minimized homocoupling.

Nakamura (2007)

3 mol% FeFs:2H,0 18 mol% Et'V'gBL p-Tol-MgBr . 98%
9 mOI% SIPr'HCI THF, OoC tO rt 4h THF, 60°C, 24 h

Ph—Ph p-Tol—p-Tol
Trace 3%

Reaction is sluggish with out NHC precursors. Addition of fluoride possibly suppresses the
formation of a ferrate complex with excess aryl groups and the subsequent non selective
reductive elimination.

(a) Knochel, P. ACIEE, 2005, 44, 1645. (b) Nakamura, M. et al. J. Am. Chem. Soc. 2007, 129, 9844.
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Cross Coupling of Alkyl Derivatives with Grignard *

Reagents
Brinker (1983)
0 o
/? /\MgBr %C:%» © 61%
Br /

TMEDA additive allowed for coupling of secondary alkyl derivatives with aryl Grignard reagents

Nakamura (2004)

Br 5 mol% FeC|3 Ph Br
Additive (1.2 equiv)
Ph—MgBr >
THF -78°C to 0°C, 30 min

Additive
none 5 79 0 4
NMP 15 3 trace 79

TMEDA 71 19 3 trace

(a) Brinker, U.H. Chem. Ber. 1983, 116, 882. (b) Nakamura, M.; Nakamura, E. J. Am. Chem. Soc. 2004, 126, 3686.



Cross Coupling of Alkyl Derivatives with Grignard "’
Reagents

Bedford (2004)

O\ Bng\©\ 2.5 mol% catalyst X,
> / N
Br OMe Et,0, reflux, 30 min t-Bu O ¢c©O t-Bu
OMe

77% t-Bu t-B

Fe'-salen catalyst also competent for cross coupling with primary and secondary alkyl halides

Hayashi (2004)
Fe(acac)s,
/©/\/\Br /©/MgBr Et,0, reflux, 30min
TfO Me 69% TfO Me
Hayashi conditions selectively couple alkyl Fe(acac)s,

: : g By— THF/NMP, 20°C, 30 min
bromides with aryl Grignard reagents. n-Bu—MgBr

90%
Fiirstner conditions can couple aryl triflates
with alkyl Grignard reagents.

By varying the solvent one can selectively
i i n-Bu Me

alkyl halides or aryl triflates.

(a) Bedford, R.B. Chem. Commun. 2004, 2822. (b) Hayashi, T. Org. Lett. 2004, 6, 1297. (c) Bedford, R.B. JOC. 2006, 771, 1104.



Improvements to Cross Coupling of Alkyl *

Derivatives with Aryl Grignard Reagents

Cahiez (2007)

Br 5 mol% Fe(acac) Ph

50 mol % TMEDA
Ph—MgBr > 83% with FeCls: 71% °
THF, 0°C, 45 min

Fe(acac), lowered number of equivalence of TMEDA with respect to the catalyst from 26 to 10.

5mol% Fe(acac) e eeeeeeeeeeea

10 mol % TMEDA HMTA = hexamethylenetetramine
Br 5 mol% HMTA Ph X rN\I :
Ph—MgBr o X
)\/ THF, 0°C, 45 min )\/ ' NJd——N
' LN~/ '
0.25 mol scale 88%

Combination of TMEDA and HMTA allows for the small amount of additive

Br 1.5 mol% [(FeCl3),-(TMEDA);] Ph
)\/ Ph—MgBr >
THF, 20°C, 90 min

0.10 mol scale 78%

[(FeCl,) ~(TMEDA),] is non-hygroscopic and storable at room temperature

Cahiez, G. ACIEE. 2007, 46, 4364.
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Crossover Studies
Me” X B Fe(DBM);
Me—MgBr  + —_— e Me Me” X
Et=Br not observed

Alkyl halides have been shown to react with Grignards in the presence of Fe(lll).
No crossover product was observed.

P X B Fe(DBM)s
Ph—MgBr  + S S Ph—Ph
Ph—Br DME, -20°C
74% 13%

Alkenyl halides react in preference to aryl halides.
Nearly all bromobenzene was recovered. Only small amounts of biphenyl was observed.

(a) Kochi, J.K. J. Org. Chem. 1975, 40, 599. (b) Kochi, J.K. J. Org. Chem. 1976, 41, 599. (c)Molander, G.A Tetrahedron. Lett. 1983,
24, 5449. (d) Kochi, J.K. J. Organomet. Chem. 1971, 31, 289.



Initial Mechanistic Studies

» Fe(Il) and Fe(lll) rapidly oxidizes Grignard reagents to give a reduced soluble form of Fe.

* Cross coupling is independent of concentration of alkylmagnesium halide. 1st order in alkenyl halide and
iron catalyst.

Initiation
Fe(lll) + 2 R—MgX —  Fe(l) + Ry
Propagation - Oxidative Addition/Reduction Elimination

Fe(l) + R—MgX —» R—Fe(l) + MgX

+

R—Fe(ly +  R—Br — R—Fe(ll) Br-
Rl

Propagation (ll) - Substitution

+

Fe(l) + R—Br —» R—Fe(l)Br
R—Fe(l)Br+ R—MgX —>» R—Ilze(lll) + Br-
R’
Termination
R—II:e(III) —>» R—R' + Fe(l)
R’

 The lack of rearrangement of secondary alkyl Grignards retention of configuration seen in coupling
reaction supports substitution mechanism.

(a)Kochi, J.K. J. Am. Chem. Soc. 1971, 93, 1487. (b)Kochi, J.K. J. Org. Chem. 1975, 40, 599. (c)Kochi, J.K. J. Org. Chem. 1976,
41, 599.
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Low-Valent Ferrate Complexes

In situ formation of iron catalyst Known Fe (-ll) Complex

2 RH2CH20_CH2CH2R

2RCH,CH; 2 RCH=CH, L-LiE—Fe ' SLiL

\ _t
FeCl, + 4 RCH,CH,MgX 4 [Fe(MgX),] + 2 MgX, L = TMEDA

Jonas ACIEE, 1979, 18, 550.
Iron Pre-Catalyst Active Catalyst

Reduction does not stop at (0). A low valent species is formed. Iron has at a formal (-1l) oxidation state.
May exist as small clusters or aggregates.

3K
FeClj —_— Fe(0)* %» No insertion with substrate observed

n-C14H29MgBr

(excess) n-C14H29MgBr

l (excess)

[Fe(MgX),] cat.
OMe > OMe OMe

Cl n-Cq4Hog H

Farstner, A. J. Am. Chem. Soc. 2002, 124, 13856.



Fe(-ll) Catalytic Cycle

2 RH2CH2C_CH2CH2R

2 RCH,CH; 2 RCH=CH,

FeCl, + 4 RCH,CH,MgX [Fe(MgX),] +  2MgX,

Iron Pre-Catalyst Active Catalyst

[Fe(MgX),]

* Fe-catalyzed cross coupling is faster Ar—R Ar—X
than uncatalyzed Grignard additions
to carbonyis.
» The highly nucleophilic Fe(-Il)
R

species is able to oxidatively add in

Ar—Fe(MgX)] + MgX
to aryl halides [Ar—|'=e(ng)2] [Ar—Fe(MgX)] + MgX

R—MgX

Farstner, A. J. Am. Chem. Soc. 2002, 124, 13856.
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Cross Coupling of Alkyl Derivatives with Grignard”
Reagents

A = —
- . ~T
’ . -

~
¢ 7 S o
_£¢ ~ _" &,
O O LeLim——Fe'—Li-L
. Py W
[ % el

catalyst A R AR
Br OEt  Ph—MgBr » N OEt 87% A
THF, -20°C
L = TMEDA

Jonas ACIEE, 1979, 18, 550.

Fe(-ll) also catalyzes cross coupling of functionalized secondary and primary alkyl halides. Iron
catalyzed activation of halides are faster than uncatalyzed addition of Grignard reagents.

O O\/\ 5 mol% catalyst A O
Ph—MgBr
| THF, 0°C 85%
Ph

Ring closure suggest radical mechanism.?

OO 5 mol% catalyst A 00
KJ: Ph—MgBr >
I

THF, 0°C 77%

Phenyl incorporation not observed. Tertiary halides remained unchanged although tertiary
radicals are stable.

(a) Furstner, A. ACIEE. 2004, 43, 3955. (b) For related cyclizations see: Oshima, K. TL, 1998, 39, 63 and Oshima JACS, 2001, 123,
5374.
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Mechanistic Insights

alkyl halide product result : alkyl halide product result
_ 1 L Br Ph
X Ph X_— I 95% ) : )\/W )\/W 93%?2
)\/ )\/ X =Br 94% ! 0% ee
X = Cl 84%' : 98% ee
c c X=1 95%" : Br
n-CgH47—X n-CgH47—Ph - 1 "
gH17 gH17 X = Br 94% ! FBU\W\Q\ 96%’
X =Cl 84% y tBu OMe  trans:cis = 96:4
OMe H H
Br 91%’ : t-Bu\N\Br t—Bu\'m\Q\ 98%
endo:exo = 95:5 | OMe  trans:cis = 96:4
H H : H H

' FeCl; Ar-MgBr, TMEDA, THF, -78 to 0°C.ref 2 Catalyst A, THF, -20°C

» Acyclic secondary halides perform in the same manner as cyclic halides.

» Primary halides are less reactive. Requires the use of alkyl iodides or bromides.

« Tertiary are as reactive as secondary halides but also give elimination products.

» Erosion of optical purity suggest a radical mechanism

* Preference for substitution at the least hindered face suggest a bulky iron-bound radical
intermediate

(a) Nakamura, M.; Nakamura, E. J. Am. Chem. Soc. 2004, 126, 3686 (b) Furstner, A. ACIEE. 2004, 43, 3955.



Two Step Single Electron Transfer Mechanism

MgX,

FeX3 Ar—MgX J» ArsFeMgX

Iron Precatalyst
Ar—Ar

Ar[Fe’(MgX)]

Ar— Ar—MgX
Active Catalyst

[Ar—Fe"(MgX)z] [Ar—Fe°(MgX)2]
Ar %\
MgX ’\
9% [R—X] Ar—Fe! (MgX)2

Cahiez, G. ACIEE. 2007, 46, 4364.
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Evidence for Single Electron Transfer Mechanism

Cl
> A
Ph

3 THF, -78°C to -30°C

o 91%ee

Retention of optical purity points toward a transmetallation mechanism (Pd and Ni).
Racemization points toward a SET process

MgCl catalyst z
Ph A BN 54, -78°C, THF Ph\/(/
91%ee

Catalyst Yield % ee
NiClodppf 60 88

NiCl,(-)diop 80 89
PdCl,dppf 58 88

PdCl,(-)diop 55 89
Fe(acac); 35 53
Co(acac), 30 55

Hoffman, R. W. Chem. Commun. 2003, 732.
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“Super-ate” Fe Complexes

Li——Li
Etzo/ o \OEt2

Figure 1. Structure of the iron “super-ate” complex 1 in the solid state.
Li1 is the unlabeled ellipsoid in the back of the tetrahedral metallic

Alternate representations of Fe!' complex
Anionic charges on iron are counter balanced by the
“lithium cap”

Methyl Grignards are poor substrates in cross coupling reactions with aryl Grignards because reduction
process of ferrate species involves a b-H elimination.

Above is the first alkyl-ate complex iron without any stabilizing ligands.

Farstner,A. ACIEE. 2006. 45, 440.
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“Super-ate” Fe Complexes

/©/C02Me
X

=
T X -Br
Fe
I Q
P N >
Et,0 e OEt,
Complex 1 TfOZ_\A\
o~ O
>
OTf
-
R Complex 1
o

Cl

Cl

Complex 1

0.25 equiv of complex 1

1.1 equiv of complex 1

Farstner,A. ACIEE. 2006. 45, 440.

<20%

/©/002Me
Me
©/\/Me
Mell
0 O
Me
0O
o
Cl

OH HO OH

Ar)vMe Ar % & Ar

Me Me Me

80% by GC
<20% isolated

70%

80%

60%

72% 2:1

In conjunction with previous
work, complex transfer methyl to
more active electronphiles such
as enol triflates and acid
chlorides but not aryl or alkenyl
halides.

When used in excess will give
the carbonyl addition product
and the pinacol derivative.
Pinacol formation supports a
that “super-ate” complex 1 is
also a SET agent.



29

Cross Coupling with Alkyl Halides with Alkenyl
Grignard Reagents

5 mol% FeCl3
1%)\ 1.9 equiv TMEDA
F I\)\/OTBDPS - H)\J\/OTBDPS
MgBr THF 0°C to rt

70%

Cahiez's conditions: 5 mol% Fe(acac)s;, THF/NMP, 0°C to rt
No Conversion

Slow addition of alkenyl magnesium bromide improves yield.

10 mol% FeCl;

Br 1.9 equiv TMEDA
D_/ >=\ > _
MgBr THF 0°C Y\/\/

L ]

—~———

Suggests Fe-catalyze cross coupling proceeds via a radical pathway. However, mechansim is still
unknown

10 mol% FeClj

| 1.9 equiv TMEDA X _
o
— THF 0°C to rt y

35% not observed

COSSY, J ACIEE 2007, 46, 6521 . As of today the nature of the Fe-radical intermediate is not known. Mechansim depiction only used to illustrate formation of product
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Formation of sp3-sp3? Bonds: Alkyl Halides with
Alkyl Grignard Reagents

PRO " Mepr 3 MOI% Fe(OAc), OPh
9 6 mol% Xantphos PhO
+ - \
\/\/\/Br 51%
95:5

Suggests Fe-catalyze cross coupling proceeds via a radical pathway. Secondary systems prove to be
problematic

PhOV\/\MgBr 3 mol% Fe(OAc),

OPh
+ 6 mol% Xantphos PhO
Br >
[>_/ 51% =

>96:4

e —

As of today the nature of the Fe-radical intermediate is not known. Mechansim depiction only used to illustrate formation of product

Chai, C.L.L. Adv. Synth. Catal. 2007, 349, 1015.



Acyl Chlorides as Electrophiles

Marchese (1984)
9] 3 mol% Fe(acac); 0]

)J\ + R'—MgBr S )]\ 63-92%

R Cl THF R R

R = n-decyl, n-penty, n-butyl, methyl, phenyl, i-propyl, t-butyl
R' = n-butyl, methyl, phenyl, t-butyl, i-propyl

Knochel (1996)
: 0 ?
9] cat. FeCl3 0 . Hept
)j\ R',Znl - L E ~Ph °P
cl” "R THF/NMP R R i OPiv OPiv
i 82% 74%
Knochel (2004)
i o) 0
o) cat. FeCl3 o) X
)J\ Ar—MgBr > )]\ ' |
Ar” “CN THF/NMP Ar” “Ar cl NG
: 84% 79%

(a) Marchese, G. TL. 1984, 25, 4805. (b) Knochel, P. ACIEE. 1996, 35, 1700. (c) Knochel, P. ACIEE, 2004, 43, 2968.
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Other Coupling Partners of Grignard Reagents

Enol Phosphates

Cahiez (1998)

Dec O

11
)\o’ PSoEt),

n-Bu—MgBr

Vinyl Sulfones

Julia (1982)

+ Ph—MgBr
t—BUOzS

Vogel (2008)

n-Oct—S0,Cl Ph—MgBr

6 mol% Fe(acac)s Dec
' o
THF-NMP(9 equiv) 2\n-Bu 78%

-5t0 0°C, 10 min

1 mol% Fe(acac);

- >=/ 60%

THF PH

5 mol% Fe(acac);

> n-Oct—Ph  72%
THF/NMP, 80°C

Cross coupling of alkyl halides are more sluggish under Nakamura conditions. With Pd or Ni only Aryl-
Aryl coupling was observed.

(a) Julia, M. TL. 1982, 23, 2469 (b) Julia, M. Tet. 1988, 44, 111 (c) Julia, M. Tet. 1988, 44, 119 (d) Vogel, P. ACIEE, 2008, 47, 1305.



r

Br
RMgBr Ph
AN - AN
Ph Fe(acac); cat R Ph
PhMe, -5°C
78% ee

50%, 55%ee
Propargyl halides give allenes in low yields. A screen of other derivatives showed that
propargyl epoxides under go allene formation in good yields

i-Pr—MgCl }&-
> HO
10 mol % Fe(acac)s CsH 14
PhMe, -5°C

93% ee
94%, syn/anti = 10:1

Formation of Chiral Allenes with Iron Catalysis

1110

Me

Me Me
| R = n-Hex 93% 86:14 syn/anti |
“R “n-He
R =i-Pr 70% 90:10 syn/anti X
"10H R =Ph 98% 66:34 syn/anti

73% 80:20 syn/anti 80% 88:12 syn/anti
Furstner, A. ACIEE. 2003. 42, 5355.
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Total Synthesis of Amphidinolide X and Y

Amphidinolide X Amphidinolide Y

Common dihydrofuran subunit synthesized using iron-catalyzed ring opening of propargyl epoxides

Iron-catalyzed
TBDPSO WwOH cross coupling X

M/\HHST ﬁ ':(O
—) Q

NG N

Farstner,A. J. Am. Chem. Soc. 2006. 128, 9194.

34
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Synthesis of Amphidinolide Subunit

1. (COCI),, DMSO, Et;N,

DCM TBDPSO 1. DIBAL-H TBDPSO
TBDPSO.__~_OH - | > \/\ko/
2. MeO,CCH,P(O)(OEt),, 2. Ti(Oi-Pr),, -CH

CO,Me
NaH, THF L-(+)-DET, t-BuOOH,
MS 4A

85% over two steps

1. Swern
2. Ohira-Bestmann Reagent,
K2CO3, MeOH, 67%
3. LIHMDS, MeOTf, THF, 95%

\
TBDPSO wOH TBDPSO ~OH n-PrMgCl, Fe(acac); TBDPSO
< 0
PhMe \
\\\‘\/ \\
62% (syn:anti = 8:1) Me
anti

Ohira-Bestmann Reagent

O

.o ¢ 5
: P !
; Me)J\n/ (OMe), !

Amphidinolide X
Amphidinolide Y
N>

Synlett 1996, 521
Furstner,A. J. Am. Chem. Soc. 2006. 128,91%94.  TTmomooommmossomooocoooees '
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Conjugate Addition of 2,3-Allenoates with

Grignard Reagents

R? R' = Alkyl, Aryl
R! R? 4 0.5 to 5 mol % Fe(acac) R? = H or Alkyl
Rf-MgBr > i 3 R1\_2700 R?
\='=< + . > — 2 R3 = Me or Et
CO,R® in THF PhMe, -78°C o R* = Me, n-Bu, c-Hex,
s-Bu, Ph, vinyl

63-94%

Conjugate addition with primary/secondary alkyl, phenyl or vinyl Grignard reagents into allenoates is regio-

and stereospecific.

Fe(acac);
Iron Pre-Catalyst

l R*-MgX

(R*)[Fe(MgX) 5]

Active Catalyst

R4-MgX \=-=<

CO,R3

1 R, i
R = \=‘=|—. —CO,R?

= OFe(R“)n 1(MgX) R4-Fe(R%),.1(MgX),

TN

Ma, S. JACS, 2007, 129, 14546.

Alternate addition intermediate

R2
,=9=!—002R3

1 1 1
R\ R*Fe(R%),.{(MgX),




Enantioselective Carbometalation

R-MgX or R-Zn
cat. FeC|3 © © R +
- ]A‘
H** '"H
THF R llMgll %
| or"Zn"_| O 0]
o O — —
K R-Zn, cat. FeCl; H "y
cat. (R)-p-Tol-BINAP aq NH,CI R R
>
TMEDA/THP/PhMe

Poorer reactivity found for various Ni, Pd, Rh, Ru, Cr, and Co complexes

O O o) 0O 1:1 mixture of

0O 96% 0O 75% 85_% 0 _© 9‘?% diasteroemers
. , >97:3 dr >97:3 dr at benzylic
H H H\\ I:H HPh H H\\ l:H HF‘>h ‘H chiral center
Ph  H = H \ Ph Me o/ OH

TMEDA essential for enantioselective carbonmetalation but gives lowered reactivity. Of chiral
ligands screen, Tol-BINAP gave the best enantioselectivity

Pro-Zn, cat. FeCls OH
0 o cat. (R)-p-Tol-BINAP Ph o
> 62%, 92% ee
/ O TMEDA/THP/PhMe 5

Nakamura JACS, 2000, 7122, 978.
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Selected Recent Advancements in Iron Catalysis

Homocoupling of Grignard Reagents - Cahiez JACS, 2007, 129, 13788.

5 mol% FeCl3

Dry Air
MeO MgBr » MeO OMe 88%

THF, rt, 45 min

Cycloisomerization of Enynes with Fe(0)-ate Complex — Furstner JACS, 2005, 127, 12236.

Et0,C CO,Et CO,Et @
EtO,C o Me,

5 mol% catayst
I

> 83% | o -
PhMe, 80-90°C e L"I\NAJ
€

_/

Cycloisomerization and Cycloadditions with Fe(0)-ate Complex — Furstner JACS, 2008, 130, 1992.
Highly Recommended

SE

Me
Alder-Ene Annulation [4+2] Cycloaddition [5+2] Cycloaddition
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Other Recent Advancements in Iron Catalysis

Alkylation of Indoles with 1,3-dicarbonyls - Yadav TL, 2008, 199.
Me

- o}

@ o o 20 mol% FeCl,
N Me)j\/U\Me DCE, rt, 2h ) Me
N
H

Mechanistc studies of Fe-catalyzed Allylic Substitution- Plietker ACIEE, 2008, 47, 198

2.5 mol % [BusN][Fe(CO)s(NO)] .
OBoc ligand RGUR Ry R
P
™ + RTOR >
\)V MTBE, 80°C, 5 h T\)\ \J;

pKa of nucleophile and ligand heavily influences regioselectivity of alkylation

Fe-catalyzed Allylic Substitution- Plietker ACIEE, 2006, 45, 1469. Plietker ACIEE, 2006, 45, 6053.

R™ R’ R. _R
»
RZ/\I R3

OBoc
‘ 2.5 mol % [BuyN][Fe(CO)3(NO)]

R3 PPhs [cat], DMF, 80°C
Ar<.

'
Ar-N H2 RZ/\)\R(S

Pip-HCI [cat]
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The Many Armors of Iron Catalysis

SN Cheap and Abundant HQ H
LeLis—Fe'—LieL N
. 2',:, - \ / —
] RS
t-Bu 0" ¢l 0 t-Bu
L = TMEDA
t-Bu t-Bu

JEAS

-2 Mey 5 mol% Fe(acac)
10 mol % TMEDA

5 mol% HMTA

Fe(acac)s
[(FeCl3),-(TMEDA);]
[Fe(MgX),]
—\ Fe(acac); (5 mol%) ,]e
=N, M= THF/NMP -// \'N
(S}
tBu o’ &o tBu Y !
Fe(DBM); e,0” e og,

t-Bu t-Bu



