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INTRODUCTION

A cross-coupling reaction’>? is a fundamental method to create a

carbon—carbon bond that has found widespread applications in the synthesis of
pharmaceuticals, natural products, optoelectronic materials, polymers, etc. The
tremendous impact of this reaction on the scientific community and on society
in general is reflected by the Nobel Prize for chemistry being awarded in 2010
to Richard F. Heck, Ei-ichi Negishi, and Akira Suzuki for “palladium-catalyzed
cross couplings in organic synthesis.”* Cross-coupling can be defined as the
transition-metal-catalyzed reaction between an organic halide or pseudohalide
and an organometallic reagent (Eq. 1).

transition-metal catalyst

R-X + R>-M - RI-R? + M-X
) . . cross-coupling (Eq, 1)
organic halide organometallic
(or congener) reagent

Although palladium and nickel catalysts are widely used, the earliest report of
a catalytic cross-coupling, which appeared in 1971, used FeCl; as the catalyst.
However, iron was initially largely neglected as a catalyst for cross-coupling,
presumably because of the success of other transition metals, especially palla-
dium and nickel, and the difficulties associated with controlling the reactivity of
organoiron species. A renaissance of iron catalysis has occurred in recent years,
motivated by the perception of the impending scarcity of rare metal elements,®
as well as by more immediate interests in catalyst cost, availability, toxicity,
and environmental friendliness. Moreover, if suitably controlled, iron-catalyzed
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reactions can take place much faster than the corresponding reactions catalyzed
by heavier metals.”~?

Iron is the most common heavy element in the Universe, the main component
of the Earth’s core, the fourth most common element in the Earth’s crust, and
is found in all domains of life as an essential component of hemoproteins.'?
The most abundant iron isotope, 56Fe, is one of the most tightly bound nuclei
with 8.7903 MeV binding energy per nucleon, being the last nuclide that can
be produced exothermically, and therefore gradually building up as the most
abundant heavy metal in the Universe.

Having 26 protons and hence 26 electrons, the iron atom exhibits a rich chem-
istry. The organoiron catalyst may, therefore, often be overly reactive and unse-
lective, and the outcome of a catalyzed reaction may be erratic and unpredictable.
To make iron catalysis synthetically useful, one must control the oxidation and
the spin states of the iron atom as well as the reactivity of the organic compo-
nent of the system. These challenges are compounded by a lack of mechanistic
understanding, mainly because of the difficulties in isolating and characterizing
organoiron complexes. Nevertheless, the field of synthetic organic chemistry has
witnessed an explosive revival of interest in iron catalysis, and in particular,
iron-catalyzed cross-coupling reactions have received much attention recently.

The present review covers the literature on iron-catalyzed cross-coupling reac-
tions from the pioneering work of Kochi in 1971 through 2010. The reactions are
grouped according to the type of carbon electrophile and the nature of the carbon
nucleophile counterpart. Applications of the method for the synthesis of target
compounds are also highlighted. Many reviews on iron catalysis that partially
cover this topic have been published.!*~?* The reaction of two organometallic
reagents under oxidative conditions’* and the reaction of two organic halides
under reductive conditions are covered in this chapter, but reactions that proceed
through carbon—hydrogen bond functionalization,?>?® reactions with heteroatom
nucleophiles,?” or reactions that involve a carbometalation step?®~3* are not
included.

MECHANISM AND STEREOCHEMISTRY

Unlike the mechanisms of palladium- and nickel-catalyzed cross-coupling
reactions that have been thoroughly investigated and hence are now well estab-
lished, the mechanisms of iron-catalyzed cross-coupling reactions are still largely
obscure. No consensus has been reached on the nature and the oxidation state of
the active species, the catalytic cycle, and the involvement of electron-transfer
processes. These problems in part originate from the fact that iron can readily
adopt various oxidation and spin states, and that small variations of the reaction
conditions may lead to different reactive species and reaction pathways. More-
over, organoiron intermediates are unstable and notoriously difficult to isolate
and characterize, further hampering the attempts to obtain mechanistic clues.
This section briefly summarizes a few representative mechanistic possibilities,
and discusses the mechanisms that have been substantiated with experimental
evidence.
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Kochi was the first to investigate in detail the iron-catalyzed reaction of alkenyl
and alkyl bromides with alkylmagnesium reagents.>>*® Upon reduction of an
Fe(+3) salt with an excess of ethylmagnesium bromide, an intense ESR spec-
trum was obtained. By comparison with the ESR spectrum of HFe(dppe),, the
authors concluded that the active species is in the Fe(+41) oxidation state. By
analogy with the mechanism of palladium- and nickel-catalyzed cross-couplings,
an Fe(+1)/Fe(+3) mechanism was proposed, consisting of oxidative addition of
the alkenyl bromide to an Fe(+1) species that forms through reduction of the
precatalyst with the Grignard reagent, followed by transmetalation and reductive
elimination to give the product stereospecifically and to regenerate the iron cat-
alyst (Scheme 1).>3 The oxidative addition of the alkenyl bromide to Fe(+1) is
considered to proceed stereospecifically based on analogy with Pd(0) and Ni(0),
and is in agreement with the stereospecific cross-coupling of alkenyl bromides.
The observed side products, such as diene, alkenylmagnesium bromide, alkene
from the alkenyl bromide, and alkene from the alkylmagnesium bromide, are
rationalized to arise by the disproportionation of an Fe(+3) species. The reaction
rate of the iron-catalyzed cross-coupling of ethylmagnesium bromide with bro-
moethane was found to be independent of the concentration of organometallic
reagent, and approximately first-order dependent on the concentrations of the iron
catalyst and the alkyl bromide.*® This kinetic study suggests that the oxidative
addition of an alkyl halide to Fe(+1) is the rate-determining step.

R Y Fe+l\<Br\/\
R Br
Fe*3 Fe*3
e\/\ e\/\

MgBr, RMgBr

Scheme 1. Iron(41)/iron(+3) catalytic cycle for the reaction of alkenyl bromides with
Grignard reagents.

The Fe(+1)/Fe(+3) mechanism has been revisited recently,” and computa-
tional analysis has suggested that the reductive elimination step is energetically
more favorable for an Fe(+3) species than other lower-valent species. However,
species other than Fe(4-1) may also be active in the oxidative addition step.
Titration experiments to determine the stoichiometry of the initial reduction of
iron precatalyst with the organomagnesium reagent were inconclusive, possibly
because only part of the iron is reduced to the active form.

On the basis of competition experiments for various substrates in the presence
of FeCl3/MeLi at various molar ratios, it is claimed that Fe(42) “super-ate com-
plexes” are the active species in the reaction of MeLi with alkenyl bromides.3%3°
An Fe(+2)/Fe(+4) catalytic cycle is assumed (Scheme 2),*® without substantia-
tion of the intermediacy of an Fe(+44) species. The presence of such species is
questioned by other authors.*® Other investigations (discussed below) suggest that
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a single-electron-transfer mechanism that involves an Fe(+42)/Fe(43) catalytic
cycle is more reasonable.*!

[MegFe*2Liy(MeLi),]

MeLi /( \$ LiBr

[MesFe*?Liy(MeLi),_ | [Me,Fe™Li(MeLi),]

Y

R-Me R = alkenyl

Scheme 2. Iron(4-2)/iron(+4) catalytic cycle for the reaction of alkenyl bromides with
Meli.

The difference in reactivity between methyl- or arylmagnesium reagents and
reagents possessing a pB-hydrogen prompted a mechanistic investigation of the
iron-catalyzed reaction of Grignard reagents with alkyl halides. Although Grig-
nard reagents that do not possess a -hydrogen (methyl, phenyl, etc.) may form
ferrate complexes,*®3? use of four equivalents of a Grignard reagent possessing
B-hydrogens reduces the precatalyst to produce an Fe(—2) species with the formal
composition [Fe(MgX),], the so-called “inorganic Grignard reagent” (Eq. 2).%?
These nonstabilized, highly reactive, inorganic iron intermediates would then
undergo oxidative addition with an alkyl halide to give a formal Fe(0) species,
and transmetalation with the organomagnesium reagent and reductive elimina-
tion would afford the coupled product and regenerate the active Fe(—2) species
(Scheme 3).%

FeClz + 4n—C7H|5MgBr — [Fe(MgX)z] + ZMgXZ + 2(1-C7H]4 + C7H1(,)

(Eq. 2)
X =Cl, Br
R'MgX R'MgX
= Me, Ph, etc. R! = Et or higher
l— FeX, —l
HRI FC+2 MeX)," o
aFe™(MgX), RIR2 [Fem“(MgX)a] RLX
VoY
MgX,
2140
R'-R? [RzFeo(M eX0s] [R?Fe’(MgX)]
organoferrate
manifold

R'MgX

low-valent redox manifold

Scheme 3. Organoferrate and low-valent redox manifold for the reaction of alkyl halides
with Grignard reagents.
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To probe this hypothesis, the isolation of various iron complexes of relevance
for the presumed catalytic cycle was carried out.*! As to the “organoferrate
manifold,” it was possible to isolate [(Me;Fe™?)(MeLi)][Li(OEty)],, as well as
[PhyFe’][Li(OEt),] and its Fe(+2) precursor. These compounds exhibit reactivity
similar to that of a catalyst prepared in situ from an iron salt and the correspond-
ing Grignard reagent. As to the “low-valent redox manifold,” a structural mimic
of [Fe(MgX),] has been prepared that matches the reactivity profile of the in situ
generated iron species.

Each step of the catalytic cycle was probed using the relevant iron complexes.
The low-valent complexes undergo an insertion reaction smoothly with allylic
halides and chlorobenzene. As to the high-valent redox manifold, an allyliron(+2)
complex react with allyl chloride to give the corresponding allyliron(+3) chlo-
ride, suggesting the involvement of a single-electron-transfer process. Finally, an
allylphenyliron(+3) complex gives allylbenzene and an Fe(+1) complex at room
temperature, demonstrating the feasibility of all of the elementary steps of the
proposed iron-catalyzed cross-coupling of an allylic halide with a phenyl anion.

On the basis of these findings, it was concluded that Fe(—2) complexes are
the most reactive species to effect the cross-coupling. Besides the Fe(—2)/Fe(0)
“low-valent redox manifold,” an Fe(0)/Fe(+2) and an Fe(+1)/Fe(+3) competing
mechanism may be involved (Scheme 4).*! Several questions were left open
regarding the role of magnesium ions, and the effect of ligands and stabilizing
polar solvents, such as N,N,N’,N’'-tetramethylethylenediamine (TMEDA) or N-
methylpyrrolidone (NMP).

41

MgX

|
Ar-Fe MgX
R
RMgX
Ar-R
Ve
[Fe2(MgX),] ArfF‘é)fL
FeX, \/ L
Ar 2RM®\ 2 RMgX ArX
Ar-Fe R e .y
RM;{(/ L \< a Ar-R (Fel \<Arx
R
Ar R X
| 43 o+1 ] 2
Ar—FIe+—X Ar—F‘e+—L A ArfFIeJr—L Ar—Fle+—L
L \{ L L \_{ L
ArX RMgX

Scheme 4. Interconnecting catalytic cycles for the iron-catalyzed cross-coupling
reaction.

Insights into the role of the TMEDA ligand have been reported.** A diaryl-
iron(+2) complex prepared from a bulky Grignard reagent and TMEDA can be
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isolated, and is capable of cross-coupling with alkyl halides (Scheme 5).** The
reaction of this complex with an alkyl chloride is presumed to take place through
a single-electron transfer, and a “radical clock experiment” suggests the presence
of pathways involving long- and short-lived radicals, controlled by the addition
rate of the Grignard reagent and of the diamine ligand.

R-Br

VR VR
n L,MgArX N #2 N N +3 N
FeCls /Fe\ P “B ‘R
Ar Ar Ar Ar T
L,MgX, /_%\ YN
N +2 N
L,MgArX “Re’ Ar-R
\

L,=TMEDA Ar/ Br

Scheme 5. Iron(4-2)/iron(4-3) catalytic cycle for the reaction of alkyl halides with Grig-
nard reagents in the presence of TMEDA.

The involvement of radical pathways in iron-catalyzed cross-coupling reac-
tions has been known for some time. An early investigation showed that a
dibenzyliron(+2)/TMEDA complex reacts with a benzyl halide (Eq. 3) or allyl
bromide (Eq. 4) at room temperature to give the cross-coupling product.*’ It was
argued that radical pathways are involved in these reactions in view of the follow-
ing observations: (1) scrambling of the deuterium label when the iron complex
reacts with 1,1-d,-allyl bromide, (2) suppression of the coupling reaction when
1,4-cyclohexadiene is used as the reaction solvent, and (3) increased yield of 1,5-
hexadiene and an increased amount of benzyl bromide formed when the ratio of
allyl bromide/(TMEDA)Fe(CH,Ph), is increased.

benzene
PHCHX + (TMEDA)Fe(CH;Ph), ————>  PhCH,CH;Ph (Eq. 3)
_ benzene
2 B ™ + (TMEDAFe(CHPh), — —= Pho 2 + PhCHCHPh +
(44%) (11%)
N7+  PhCH,Br A
(26%) aw (Ed-4)

The reaction of an enantiomerically enriched Grignard reagent with vinyl
bromide results in significant loss of enantiopurity.*> This secondary Grignard
reagent is known to be configurationally stable under the reaction conditions,*?
suggesting the loss of enantiopurity is due to a single-electron transfer in the
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transmetalation step (Scheme 6),* although an alternative mechanism in which
transmetalation occurs with retention of configuration is still feasible.

- . -

Br. ’ U]
S,
vl\'/[gva Fe(acac); Phdv =

Ph o
THF, -78 “ Ph

er ca. 95.0:5.0 5d L, P (35%) er 76.5:23.5

Ph._~_~ + '[Fe]\

Scheme 6. Single-electron transfer during iron-catalyzed cross-coupling.

Investigation of the electron transfer in the iron/phosphine- or phosphite-
catalyzed cross-coupling of an arylmagnesium reagent with an alkyl halide has
been reported.*® Radical-probe experiments suggest that a radical pathway is
operative, although the oxidation state of the iron atom remains unclear (Egs. 5
and 6).%¢

Br Fe catalyst (5 mol %) Ph Ph y
+ PhMgBr +
£ Et,O/THF (3:2) N\
45°, 30 min (Eq. 5)
FeCl; + PCys not detected (54%)
FeCl; + P(O-2,4-(t-Bu),CgH3);  not detected (61%)
Ph
A Fe catalyst (5 mol %) X
* PhMgBr E,O/THF (3:2) -
Br 2 : Ph
45°, 30 min (Eq. 6)
FeCl; + PCy; (23%) (40%)
FeCl; + P(0-2.4-(t-Bu),CgHz)s (25%) (42%)

A radical clock probe has also been employed to explore the involvement of
radical pathways in the iron-catalyzed cross-coupling of an alkyl halide with an
alkenylmagnesium reagent (Eq. 7).’ The nature of the active species was not
discussed, although it was hypothesized that the oxidative addition step proceeds
through a single-electron-transfer mechanism.

FeCl;5 (10 mol %),

Br .
: TMEDA (1.9 equiv) _—
MgBr THF, 0°, 30 min

major product

An Fe(0)/Fe(+2) mechanism in which the oxidative addition of an alkyl halide
to ferrate(0) species proceeds through two single-electron-transfer processes was
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proposed for the cross-coupling of arylmagnesium reagents with alkyl halides
(Scheme 7). A ferrate(0) complex, [Ar,Fe(MgX),], formed by reduction of
Fe(acac); by an arylmagnesium reagent, first undergoes single-electron transfer
to an alkyl halide to generate [RX]'~ [Ar,Fe™!(MgX),]. After formation of R®
and X~ from [RX]*~, Fe—R bond formation takes place through a formal single-
electron transfer to form [RFe*ZArzMgX], which undergoes reductive elimination
of Ar—R to regenerate the ferrate(0) catalyst. However, this scenario was not
substantiated by experiments, except by the fact that the reaction is less sensitive
to steric effects than a similar palladium-catalyzed reaction.

3 MgXZ
Ar4FeMgX
1.5 Ar—Ar FeXs
(4 equiv)
R [ArFe'MgX] ArM
[REe*?Ar,MgX] [ArzFeO(MgX)z]

ngzf& /\ RX

[RX]" [AryFet!(MgX),]

Scheme 7. Two successive single-electron-transfer steps.

A mechanism that involves a two-electron oxidative addition process rather
than a single-electron transfer was also proposed for a similar reaction
(Scheme 8),* without being substantiated by experimental evidence. The

alkene
T B-H elimination
MgX, Fe,alkyl

SAr
ArMgX Ar-alkyl

Lalkyl X _ alkyl

F +
C\alkyl Fe\X ~— Fe{ X [Fe] e Fe(acac);
Ar-Ar 2 ArMgX
l ArMgX B-H
iminati alkyl-X

alkene + MgX, elimination
alkane Ar—Ar alkene

Scheme 8. Two-electron oxidative addition mechanism.
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catalytically active iron species [Fe] formed in situ undergoes oxidative addition
of alkyl-X to produce alkyl-Fe—X. After formation of alkyl-Fe—Ar via
transmetalation with ArMgX, reductive elimination occurs to afford the coupled
product, alkyl—Ar, and to regenerate the catalyst, [Fe]. The authors rationalized
the formation of the byproducts through a disproportionation event after the
oxidative addition.

In conclusion, despite numerous efforts, there is at present no unified view
about the mechanisms of iron-catalyzed cross-coupling reactions. Some of the
proposed mechanisms appear to be feasible; however, it is likely that small mod-
ifications of the reaction parameters lead to significant changes in the mechanism
because of the high sensitivity of the spin states of iron to the coordination
environment of the metal. Moreover, competing reaction manifolds may be
involved, and trace quantities of other metals in iron catalysts, particularly cop-
per and palladium, may significantly affect the outcome of the reactions.***>°
These issues further complicate the mechanistic picture. Taking these problems
into account, general mechanistic principles for the iron-catalyzed cross-coupling
are impossible to draw unequivocally. The mechanistic studies performed to date
seem to suggest a few general guidelines:

(1) The active species: when the organometallic reagent does not possess a f-
hydrogen and in the absence of a ligand, iron-ate complexes are plausible
candidates. When the organometallic reagent does possess a p-hydrogen, a
low-valent species may form. Although Fe(4-1) complexes were originally
considered to be the most probable active species, recent evidence suggests
that Fe(—2) complexes are the most reactive. When a ligand such as
TMEDA is present, there is evidence that Fe(4+2) complexes may be
the active species, at least when arylmagnesium reagents are used as the
nucleophilic partner.

(2) When low-valent iron species are involved, they are reactive enough for
oxidative addition of an organic halide to proceed. An Fe(+2) species,
on the other hand, may undergo a single-electron transfer to an organic
halide.

(3) Different mechanistic cycles may be interconnected, and different mech-
anisms may also compete depending on the specific reaction conditions.

Regarding stereochemistry, the iron-catalyzed cross-coupling of alkenyl
halides or pseudohalides with organometallic reagents generally takes place with
retention of the configuration of the double bond, but depending on the substrate
and reaction conditions, partial isomerization may also occur. For example,
the reaction of alkenyl halides with a methylmagnesium halide in THF takes
place stereospecifically, but when higher alkylmagnesium halides are used, the
configurational homogeneity is not preserved.”>>"3235 The reaction of an (E)-
alkenyl halide takes place stereospecifically, whereas a (Z)-alkenyl halide may
lead to partial isomerization.”> However, upon addition of an excess amount of
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NMP, the reactions take place stereospecifically in most cases, regardless of the
type of alkylmagnesium reagent employed.>*

The reaction of an alkenylmagnesium halide or an alkenylzinc reagen
with an alkyl halide proceeds with retention of the double bond geometry.
Oxidative homocoupling of alkenylmagnesium compounds also proceeds
stereospecifically.®’

Alkenyl phosphates®® and sulfones® react with alkylmagnesium reagents with
retention of configuration, but partial isomerization occurs when arylmagnesium
compounds are used.’® The reaction of a-chloroenynes with alkylmagnesium
reagents occurs without loss of isomeric purity.®® Desulfinylative coupling of
(E)-2-phenylethenesulfonyl chloride with aryl- and alkylmagnesium reagents pro-
ceeds with complete retention of the double bond configuration.®! In contrast
to these stereospecific reactions, alkenyl pivalates react with alkylmagnesium
reagents with isomerization of the double bond, presumably because of the
involvement of radical species.’®

The reaction of an (E)- or (Z)-alkenyl chloride with an alkylmanganese com-
pound proceeds stereospecifically.®>% The reaction of an (E)-alkenyl iodide with
a terminal alkyne also takes place with retention of configuration.®

Iron-catalyzed cross-couplings involving an enantiomerically enriched partner
often give racemic products, which strongly suggests the involvement of rad-
ical species. For example, significant loss of enantiopurity is observed in the
reaction of an enantiomerically-enriched Grignard reagent with vinyl bromide.*’
However, the enantiopurity is preserved if the stereogenic atom is far from the
reaction center.®> The reaction of an enantiomerically enriched alkyl halide with
an arylmagnesium reagent proceeds with loss of enantiomeric purity.® By con-
trast, the iron-catalyzed reaction of an enantiomerically enriched allylic carbonate
with a malonate anion proceeds with a high degree of retention of configuration
at the stereogenic center.*

55,47 t56

9

SCOPE AND LIMITATIONS

Cross-Coupling Reactions of Alkenyl Electrophiles

Reactions with Organomagnesium Compounds. The cross-coupling reac-
tion of alkenyl bromides with alkylmagnesium reagents takes place smoothly at
ambient temperature in THF in the presence of FeCls,>>! Fe(dbm)s,>>3> or other
iron salts (Eq. 8).° Three to five equivalents of an alkenyl bromide are necessary
to achieve synthetically viable product yields. The reaction with a phenylmag-
nesium reagent gives a poor yield (32%) under the same conditions.’> However,
the reaction of an alkenyl halide with an arylmagnesium reagent is consistently
high-yielding in DME and Et,0, even when one equivalent of an alkenyl bromide
is used (Eq. 9).%?

FeCl; or Fe(dbm); (0.06-0.33 mol %)

1 1
S RV THF, 0° to1t, 1 h g
5 O 1t,
3-5 equiv 1 equiv R?=alkyl (59-99%)  (Eq. 8)
R'=H,Me, Ph  R? = alkyl, phenyl R? = phenyl (32%)

X=Cl, Br
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R2 2
| X Fe(dbm); (0.5-1.0 mol %)  R! R
R \/\Br + = | 3 ° = = /|
S DME/E,0, —20° to rt, 2 h \
(Eq. 9)

XMg
1 equiv 1 equiv (65-100%)
R'=n-Bu,Ph  R*=H,CLMe
X =CL Br

Addition of an excess amount of NMP dramatically improves the yield of the
cross-coupling reaction of an alkenyl halide with an alkylmagnesium reagent.
For instance, the reaction of 2-n-butyl-1-chlorohexene with n-butylmagnesium
chloride affords 5-n-butyl-5-decene in 85% yield in the presence of nine equiv-
alents of NMP, whereas only a 5% yield is obtained in the absence of the polar
additive (Eq. 10).>* Functional groups such as ester and ketone carbonyls remain
intact (Eq. 11).%*

Fe(acac); (1 mol %),

n-Bu NMP (9 equiv n-Bu
\/\Cl + n-BuMgCl O equiv) \/\n—Bu
n-Bu THF, -5 to 0°, 15 min n-Bu (Eq_ 10)
1.1 equiv
(85%)
without NMP (5%)
Io) Fe(acac)z (1 mol %), o)
BuMeCl NMP (9 equiv)
+ n-Bu
£ THF, -5 t0 0°, 15 min (Eq. 11)
X Cl 1.1 equiv X _-n-Bu
(80%)

Addition of a stoichiometric amount of LiCl or LiBr is very effective for
the coupling reaction of alkenyl bromides with alkynylmagnesium reagents, for
which NMP is not at all effective (Eq. 12).°” Similarly, alkenyl pivalates, known
to be less reactive than alkenyl halides and sulfonates, react with alkylmagnesium
reagents in the presence of an excess of LiCl (Eq. 13).%% Addition of a catalytic
amount of the N-heterocyclic carbene (NHC) ligand precursor SIMes-HCIl gives

comparable results in the absence of LiCl (Eq. 14).%8
. - FeCly (0.5mol %) Phe
p ~>p + BMg—— n-CHiz —r A
THF, 50°, 24 h n-C¢Hys
(E)(Z) =85:15 1.2 equiv
(E)(Z) = 88:12
(12%)
with LiCl (1.2 equiv) (82%)
with LiBr (1.2 equiv) (85%)
with NMP (9 equiv) (2%) (Eq. 12)
CO,Et FeCl, (1 mol %), CO,Et
0._0 LiCl (6.0 equiv)
+ RMgBr ——— o cmv R (s1-949)  (Eq. 13)
THF, 0°, 1 h
R = primary alkyl
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FeCl, (1 mol %),

00 SIMes*HCI (2 mol %) n-CeHy3
+ n—C6H13MgC1
THF, 0°, 1h

(87%)
+ (Eq. 14)

Ny N cr

SIMes*HCI

4-(2,2-Dibromovinyl)-1,2-dimethoxybenzene reacts sequentially with 2-pro-
pylmagnesium bromide and n-dodecylmagnesium bromide to give (E)-1,2-di-
methoxy-4-(tetradec-1-enyl)benzene via stereoselective hydrodebromination and
cross-coupling reactions (Eq. 15).%° The reaction with two equivalents of n-
dodecylmagnesium bromide gives the same product in 45% yield.

MeO m Fe(acac)s (5 mol %) M°0:©w
+ i-PrMgBr
p THEF/NMP, _

MeO Br lequiv.  ~10t00°,30 min MeO Br
1-Cy2HasMgBr (1 equiv) Meoij\/\
(44%)
_ o =
THF, -10to 0°,3 h MeO 1-CaHos (Eq. 15)

Arylmagnesium reagents, prepared from the corresponding aryl iodides and 2-
propylmagnesium bromide, react with alkenyl iodides in the presence of Fe(acac)s
(Eq. 16).7° Styrene derivatives possessing ester, cyano, and sulfonyl groups can
be prepared in a stereospecific manner.

EtOQC]©/l THF EtO,C MgBr
+ i-PtMgBr — ]Q/ + i-Prl
NfO —20° 1-4h NfO

1.4 equiv 3.3 equiv
Nf = n-C4FySO,
. (Eq. 16)
(1.0 equiv), B
Fe(acac); 05 mol %) gy (73%)
THF, ~20°, 15-30 min
NfO

In the presence of FeCls, an alkenyl sulfone reacts with n-propylmagnesium
to give the coupling product in moderate yield, along with a significant amount
of reduction product (Eq. 17).%° On the other hand, the reaction with 2-propyl-
magnesium bromide produces predominantly the reduction product, probably
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because of the formation of an iron hydride species via rapid f-hydride elimina-
tion from the secondary alkyl group.

\ﬁ FeCls (2 mol %) V/;L 6
+ RMgBr ——————— +
n-Coisna g0 py & Et,0, 20°, 16 h nCeHizncZ~p 7 n-CeHjz s

1.5 equiv
R =n-Pr (60%) (27%)
i-Pr (28%) (37%)

(Eq. 17)

Desulfinylative coupling is successful with the use of a catalytic amount of
Fe(acac); and an excess of NMP. Thus, (E)-2-phenylethenesulfonyl chloride
reacts with aryl and alkylmagnesium reagents to afford (E)-styrene derivatives
with complete retention of the double bond configuration (Eq. 18).®' The reac-
tion in the presence of a palladium catalyst instead of Fe(acac)s; does not give
the desired desulfinylative coupling product, but rather oxidative homocoupling
products of the Grignard reagent.”!

Fe(acac)z (5 mol %) Ph\/\
THF/NMP, 80°, 2 h (slow add.) (Eq' 18)
2-3 equiv (55-68%)
R= Ph, n—C6H13, n—C3H17

Ph~go,c1 + RMgBr

Enol phosphates>*7? and sulfonates,”® readily prepared from the corresponding

carbonyl compounds, also serve as electrophiles in the presence of Fe(acac); and
NMP (Egs. 1972 and 2073). The reaction takes place smoothly at low temperature,
and thus a variety of functional groups remain intact.

K;\ (,,) Fe(acac)3 (6 mol %), @\ 96%)
NC _P— + n-BuMgCl . o
0 2B £ NMP (9 equiv) NC 2N bu (Eq. 19)

2 equiv THF, -5t0 0°,1.5h

OTf Fe(acac); (5 mol %) R
N
O‘ RMEBr T HENMP, 30° O‘

1.2 equiv

R =Me (89%) (Eq. 20)
n-Bu (88%)
Ph (66%)

Dienol phosphates react with primary and secondary alkylmagnesium reagents
to afford the corresponding coupling products in good to excellent yields
(Eq. 21).°® Slow addition of the Grignard reagent at 20° is important to achieve
high yields. The coupling reaction of a terminal dienol phosphate takes place
in a highly stereoretentive manner. Arylmagnesium reagents also take part in
the reaction, but cause partial isomerization of the double bond. The reaction of
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chloroenynes with three equivalents of an alkylmagnesium reagent in the presence
of NMP occurs in good yield without loss of isomeric purity (Eq. 22).9°

0}

1l 1. Fe(acac)sz (1 mol %)
P. =N S CeH
- + n-CgH7MgCl Wn g7
WO \ (lglll)h n-Cgh7Mg! THF. 20°.

20 min (slow add.)

(EY(Z)>99:1 2.20°, 15 min (93%), (E)I(Z) =99:1
(Eq. 21)
_ Fe(acac)3 (3 mol %) o
— \ + RMgX - — \
HO Cl THEF/NMP, 0 HO R
3 equiv (61-88%) (Eq. 22)

R = Me, Et, i-Pr, -Bu,
¢-CgHyy, n-Ci2Hps
X =Cl, Br

Alkenyl sulfides serve as a good electrophile for this coupling process. Alkenyl
carbon—sulfur bond cleavage prevails over aryl carbon—sulfur bond cleavage;
the reaction of phenyl vinyl sulfide with 4-methoxyphenylmagnesium bromide
gives 4-methoxystyrene and 4-methoxybiphenyl in 74% and 2% yields, respec-
tively (Eq. 23).”* This result is in sharp contrast to the conventional palladium-
and nickel-catalyzed processes, where both alkenyl carbon—sulfur and aryl car-
bon—sulfur bonds undergo cross-coupling with electrophiles.”

@ BrMg Fe(acac); (5 mol %)
“s ’ \Q oMe  THE.1t22h (Eq. 23)
. .0
e

(5]

OMe
(74%) 2%)

(E)-(2-Bromoethenyl)thiobenzene bearing two potential leaving groups reacts
with 2-propylmagnesium chloride via selective carbon—bromine cleavage to
afford (E)-(3-methylbut-1-enyl)phenylsulfide as the sole product (Eq. 24).7°
Fe(dpm); is the best catalyst in terms of yield and stereoselectivity.

Fe catalyst (0.66 mol %)

PhS\/\Br +  i-PrMgCl Phs\/\i_Pr
THF, -78°tort, 12 h
(Eq. 24)
Fe(dpm); (80%), (E)/(Z) = 100:0
Fe(dbm); (60%), (E)(Z) =94.3:5.7

Reactions with Organocopper Compounds. Gilman-type cyanocuprates,
prepared from the corresponding arylmagnesium reagents and CuCN.LiCl, react
with enol and dienol sulfonates in the presence of Fe(acac); to afford the coupling
products in good yields (Eq. 25).” The coupling reaction can proceed in the
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absence of an iron catalyst, albeit in low yield. Ester, cyano, trifluoromethyl, and
bromo substituents are compatible with the reaction conditions.

ONf Fe(acac)3 (10 mol %) Ar
©/ + ArCu(CN)MgCl DMF 1t 1h ©/ (72-90%) (Eq 25)

Ar = 3-CF3CgHy, 4-Et0,CCgHy, 1-Np

Reactions with Organomanganese Compounds. Organomanganese com-
pounds can also be coupled with alkenyl electrophiles. Preparation of the organo-
manganese reagent is achieved by simple mixing of an organomagnesium or
organolithium compound with a manganese(4-2) halide, or by direct insertion of
activated Mn(0) into the corresponding organic halide. This coupling reaction
has a broader substrate scope than that using Grignard reagents: aryl and n- or
sec-alkylmanganese chlorides react smoothly with alkenyl chlorides, bromides,
and iodides in a highly chemoselective and stereospecific manner (Egs. 26a
and 26b).6%63

Fe(acac); (3 mol %)
THF/NMP, 1t, 1 h

nBUSAN 4 pCgHyMnCl mBUSIS il (90%)
(Eq. 26a)

= Fe(acac)z (3 mol %) 2
71 + n-CgH;7MnCl 7 nCsHyg ©0%) (Eq. 26b)
1-Bu THF/NMP, rt, | h n-Bu

Reactions with Miscellaneous Nucleophilic Compounds. In the presence
of 1,10-phenanthroline, FeCl; catalyzes the Sonogashira-like cross-coupling
of alkenyl iodides with terminal alkynes (Eq.27).** Other diamine
ligands, such as N,N,N’,N’-tetramethylethylenediamine (TMEDA) and N,N’-
dimethylethylenediamine (DMEDA) also give coupling products, but in lower
yields. Aryl- and alkyl-substituted terminal alkynes possessing N-methyl-N-
phenylamino, methoxy, phenoxy, and chloro substituents react well. Whereas a
variety of alkenyl iodides give moderate to good yields, alkenyl bromides do not
afford any coupling products under these reaction conditions, which represents a
significant limitation of this iron-catalyzed reaction.”®

FeCl; (15 mol %),
1,10-phenanthroline (30 mol %),

Cs,CO3 (3.0 equiv) Ph
PhaN + = 7N (Eq. 27)
toluene, 110°, 36-60 h R

(45-90%)
R = PhN(Me)CH,, PhOCH,, n-CgH;3, 4-CICgH,, 4-MeOCgH,

Cross-Coupling Reactions of Acyl Electrophiles

Reactions with Organomagnesium Compounds. The cross-coupling reac-
tion of acyl chlorides with organomagnesium compounds takes place smoothly
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in the presence of a catalytic amount of Fe(acac); (Eq. 287%).7339-82 The reaction
has several synthetically attractive features, such as high yield, chemoselectivity,
and no need for precious transition metals and ligands. Therefore, this reaction
is suitable for the large-scale production of ketones.

o) Fe(acac); (3 mol %) O

+  i-PrMgCl (84%) (Eq. 28)
Ph)J\ Cl e THF, rt Ph)ki—Pr .

Double acylation of an organodimagnesium compound can be achieved in the
presence of 6 mol % of Fe(acac); (Eq. 29).8! S-Phenyl carbonochloridothioate
participates in the coupling reaction to give the corresponding dicarboxylic thiol
esters in good yields.

(0]

0 CIMEQ Fe(acac); (6 mol %) n-C7H, SM
n

n-C;H;5 Cl CIMg THF, rt, 1 h n-C7H15W (Eq 29)
(6]
n=1,5,7 (70-72%)

The reaction of an arylmagnesium reagent with an acyl cyanide takes place
smoothly at —10 to 0° to afford benzophenone derivatives in good yields, whereas
the reaction with benzoyl chloride gives lower yields (38—53%) (Eq. 30).8* A
variety of functional groups such as chloro, methoxy, cyano, and ethoxycarbonyl
remain intact under the reaction conditions.

2
o} R 0

R! 226 Fe(acac) (5 mol %) R! R2

X X CN + ‘ N X =K

| XMg X THF, -10 to 0°, 25 min | |

= = X (Eq. 30)

R' = H, 4-Cl, 4-MeO, 4-EtO,C (66-89%)
R? =H, 4-NC, 4-MeO, 2-EtO,C, 4-EtO,C

X =Cl, Br

Reactions with Organozinc Compounds. The reaction of an acyl chloride
with an alkylzinc compound takes place in the presence of 10 mol % of FeCl;
and excess NMP (Eq. 31).3* The coupling product can be obtained in slightly
higher yields in the presence of CoBr;, instead of FeCls.%*

O

Zn
(0] FeCl; (10 mol %) Ph
+ t+-Bu_ O (82%)

Ph” Cl hid THF/NMP, -10°, 1 h +Bu.__O
S (Eq.3D)

Cross-Coupling Reactions of Aryl Electrophiles

Reactions with Organomagnesium Compounds. The cross-coupling reac-
tions of an aryl and heteroaryl chloride, triflate, tosylate, and phosphate with
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an alkylmagnesium reagent proceed smoothly in the presence of Fe(acac)s; or
FeCl; and an excess of NMP as a cosolvent.3378%43.73:49 The reaction of an aryl
chloride, triflate, or tosylate with n-hexylmagnesium bromide leads to almost
quantitative formation of the desired alkylbenzoic acid ester, whereas the corre-
sponding aryl bromide or iodide provides less satisfactory yields (Eq. 32).85 This
observation is in sharp contrast to the conventional nickel and palladium cata-
lysts, wherein aryl bromides and iodides provide the coupling products equally
in good yields.?-’!

X Fe(acac); (5 mol %) n-CeHys
+ n—C6H13MgBr
THE/NMP, 0° to rt, 5 min

M602C MCOzc
X =1, Br (27-38%)
Cl, TfO, TsO >95%) (Ed- 32)

Because conditions for reaction with an alkylmagnesium reagent are mild
and selective (with complete reaction in a few minutes at or below ambient
temperature), various functional groups such as esters, nitriles, sulfonates, sul-
fonamides, thioethers, acetals, alkynes, and trifluoromethyl groups are well toler-
ated. Many heterocyclic electrophiles can be used, such as pyridine, pyrimidine,
triazine, quinoline, isoquinoline, carbazole, purine, pyridazine, pyrazine, quinox-
aline, quinazoline, uracil, thiophene, and benzothiazole derivatives.*> Although
electron-deficient aryl chlorides, triflates, and tosylates give the desired coupling

products in good to excellent yields (Eq. 33),% the scope of the reaction is rather
narrow.
X Fe(acac); (5 mol %) n-alkyl
+  n-alkylMgBr -
THF/NMP, 0° to rt, 5 min
R R

R X Yield (%) (Eq. 33)

MeO,C, NC, CF;, Cl, TfO, TsO  72-94

i-PrOS0y, (i-Pr),NSO,

Me Cl, TsO 0

Me TfO 81

In stark contrast to the high reactivity of primary alkylmagnesium reagents,
secondary alkyl-, allyl-, and alkenylmagnesium reagents provide poor to moderate
results in the presence of Fe(acac); and NMP. However, secondary alkylmagne-
sium reagents do react with electron-deficient aryl chlorides to give the desired
coupling products in moderate yields by using an [Fe(salen)Cl] complex as the
precatalyst (Eq. 34).43
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/@/ cl [Fe(salen)CI] (5 mol %) Q/"Pr
+  i-PrMgBr S - (59%)
THEF/NMP, 0° to rt, 5 min Me0,C
oS

AN
t-Bu (6] al (6] t-Bu

MCOQC

t-Bu t-Bu

[Fe(salen)Cl] (Eq. 34)

The reaction of benzoyl-protected 2,6-dichloropurine riboside with one equiv-
alent of methylmagnesium chloride site-selectively affords the desired 6-methyl-
ated product in 60% yield (Eq. 35).%¢ This reaction can be performed with
protected purine bases and with acyl-protected ribosides and 2-deoxyribosides.
After deprotection, various free purine bases and nucleosides are obtained in
good to excellent yields.

cl
4 N Fe(acac)s (10 mol %) <l
o AL MeMeCl > Bz0 NP

NT™N NG
o Cl THE/NMP, 1t, 8 h o

Bz0 OB
BzO OBz ‘ (60%Z) (Eq. 35)

In the case of heteroaromatic substrates, not only primary alkyl- but also sec-
ondary alkylmagnesium or phenylmagnesium reagents smoothly take part in the
cross-coupling reaction.®® The cross-coupling reaction of 4-chloro-1-methyl-1H -
pyrrolo[3,2-c]quinoline with alkyl- and arylmagnesium reagents in the presence
of Fe(acac); and NMP affords novel pyrrolo[3,2-c]quinoline derivatives in good
to high yields (Eq. 36).%

Me Me
N
\ Fe(acac); (5 mol %) N
+ RMgCl
o & "THF/NMP, 1t, 30 min -
N> cl N R (Eq. 36)
R =n-Bu (64%)
i-Pr (86%)
Ph (94%)

Heteroaromatic tosylates, phosphates, and sulfamates are also suitable
electrophiles in iron-catalyzed cross-coupling reactions with Grignard reagents
(Egs. 37 and 38).% Moreover, pivalates and carbamates are good leaving
groups.%® The reaction of 2-naphthyl pivalate proceeds in moderate yield, but
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the yield is dramatically improved by the use of a more stable carbamate, which
has rarely been utilized as an electrophile in such a process (Eq. 39).58

Fe catalyst (5 mol %)
N°S -CgH3MgB N°S
/i/i\ + n-C¢H 3MgBr THE/NMP, )|\ _
N

X ~10 to —15°, 15 min N n-CeHis (Eq. 37)
X Catalyst  Yield (%)
TsO Fe(acac); 98
(EtO),PO, FeCl3 88

Fe(acac); (10 mol %),

s TMEDA (2 equiv) AN
_ + PhMgBr S - P (81%)
N~ "~ 0SO,NMe, THF, —20°, 10 min N7 Ph

(Eq. 38)

FeCl, (1 mol %),

OYO SIMes*HCI (2 mol %) n-CgHy3
+  n-CgH3MgCl
R THF, 0°, 1 h

R = -Bu (40%)
Me,N ®o%) (Eq. 39)

In the presence of Fe(acac); or [Fe(salen)Cl], a wt-electron-deficient heterocy-
cle can be coupled with an arylmagnesium or heteroarylmagnesium reagent to
give the corresponding biaryl product in moderate to good yield (Eq. 40).43%2
On the other hand, the reactions of electron-rich aryl halides with arylmagnesium
reagents tend to fail because of competing homocoupling reactions.

N\ a ArMeB Fe(acac); (5 mol %) N\ Ar
+ I r 63-71%
L g THF, —30°, 10 min | ©T1% (Eq. 40)

Ar = Ph, 3-pyridyl, 2-thienyl

In contrast to the modest results obtained when Fe(acac); or [Fe(salen)Cl] are
used as the catalyst, the combination of iron fluoride with an NHC ligand gives
the desired biaryl cross-coupling product in excellent yields and selectivity.”?
A variety of aryl- and heteroarylmagnesium reagents couple selectively and
efficiently with electron-deficient aryl halides such as w-electron-deficient
heterocycles, and also with electron-rich aryl chlorides. Although bromo- and
iodobenzene, and phenyl triflate lead to poor results, chlorobenzene reacts with
4-tolylmagnesium bromide to afford the desired biaryl cross-coupling product
selectively, together with a negligible amount of biphenyl and a small amount
of 4,4'-dimethylbiphenyl (Eq. 41).°> A carbon—fluorine bond is entirely inert
under the reaction conditions (Eq. 41). An increase in reaction temperature
allows a 2-substituted aryl chloride to react with 2-substituted arylmagnesium
reagents or 1-naphthylmagnesium reagent and provides sterically hindered biaryl
products in high yields (Eq. 42).°>°* The origin of the unique catalytic effect
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of the fluoride counterion can be ascribed to the formation of a higher-valent
heteroleptic metalate ([ArFeF,]MgBr) as the key intermediate in the proposed
catalytic cycle.”* Note that other catalyst systems, such as Cp(PMe,Ph),FeBr®
and FeCl; with a stoichiometric amount of TMEDA,*’ are not applicable to the
biaryl-forming coupling reaction.

FeF33H,0 (3 mol %),
SIPreHCI (9 mol %),
X /©/ EtMgBr (18 mol %) O
+
BrMg THF, 60°, 24 h O
X=F 1.2-1.5 equiv (0%)
Cl (98%)
Br, I, TfO . (23-28%) (Eq. 41)
NQ/ N ClI-
SIPreHCl
FeF3e3H,0 (3-4 mol %),
SIPreHCI (9-12 mol %), _
el N > EtMgBr (18-24 mol %) TR’
RIL + | JR SN
= BrMg THF, 60-80°, 24 h R4 P
R! = 4-F, H, 4-n-Bu, 2-MeO, 4-MeO, 3-Me,N (87-98%)

R? = 4-F, H, 2-Me, 4-Me, 4-MeO
(Eq. 42)
Reactions with Organocopper Compounds. Gilman-type cyanocuprates,
prepared from the corresponding arylmagnesium reagents and CuCN.LiCl, are
good nucleophiles for selective cross-coupling rather than homocoupling, and
show useful functional-group compatibility.”® Aryl iodides are the best elec-
trophiles, bromides and chlorides exhibit moderate reactivity, and triflates and
tosylates react very poorly (or not at all) (Eq. 43).”® Amine, amide, nitrile, ester,
and ketone groups on the electrophile are tolerated. Remarkably, a methyl ketone
such as 2-iodoacetophenone, undergoes iron-catalyzed cross-coupling without any
competitive deprotonation of the methyl ketone or addition to the carbonyl group.
Organocopper compounds possessing an amine, alkoxy, triflate, acetal, nitrile, or
ester group can be used (Eq. 44).”° Heteroarylcopper compounds are also suitable
reagents for this cross-coupling reaction.

(0] (6]
Fe(acac); (10 mol %)
Ph  + PhCu(CN)MgCl - Ph
THF/DME, rt, 30 min
X Ph (Eq. 43)
X=1 (100%)
Br, Cl (75-86%)

TfO, TsO (0-35%)
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e}
0
CIMg(NO)Cu~_~ Fe(acac); (10 mol %) R
R + ‘_R]
P THF/DME N
I 1l
R! = 2-EtO,C, 4-EtO,C, 4-MeO | R
R = Ph, Me, Et, OEt, N-piperidyl (75-86%)
(Eq. 44)

The iron-catalyzed cross-coupling reaction between a functionalized arylcop-
per compound and an aromatic iodide bearing an amide or an unprotected 2-
quinolinone moiety leads smoothly to polyfunctionalized biaryls in excellent
yields (Eq. 45).°7 Using 2-carbethoxyphenylcopper as the nucleophile, one can
achieve intramolecular cyclization with the amide to obtain phenanthridinone
derivatives in good yield (Eq. 46).”

O

NH

\ R?
I Fe(acac); (5 mol %)
+
THF/DME, 80°, 4 h

CIMg(NC)Cu

Rl
R! = CF;, EtO,C R? = MeO, NC, EtO,C

NHCOAr
[ EtO,C Fe(acac); (10 mol %)
* :@ THF/DME, 80°, 2 h ©2%)
CIMg(NC)Cu - 005
OMe
Ar = 4-MeOCgH, OMe (Eq. 46)

Reactions with Organoboron Compounds. The Suzuki—Miyaura cross-
coupling reaction of an aryl bromide with a phenylboronic acid proceeds in
the presence of FeCls as the catalyst under high pressure (15 kbar) conditions
(Eq. 47).%8 1t is usually difficult to reduce iron(4-3) to a low-valent state with
phenylboronic acid, and therefore the authors suggest that the influence of pres-
sure on the iron-catalyzed reaction may accelerate the reduction of the iron(+3)
to a catalytically active oxidation state, although no experimental evidence was
presented.

FeClj (5 mol %),
dppy (10 mol %),
Br @ KF/KOH (1:1) O
+
(HO),B THEF, pressure, 100°, 48 h O (ECI- 47)

15 kbar (67%)
1 bar (<1%)
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The Suzuki—Miyaura cross-coupling reaction of a 2-haloheteroarene with
sodium tetraphenylborate is catalyzed by FeCl,(dppbz), (dppbz = 1,2-
bis(diphenylphosphino)benzene), with the aid of 10 mol % of the zinc compound
(4-MeOCgH,),Zn (Eq. 48).”° Use of a phenylboronic acid or its pinacol ester
instead of sodium tetraphenylborate did not give any coupling product. It was
suggested that an in situ prepared arylzinc compound plays a key role in the
transmetalation between the arylboron compound and the iron catalyst.'%

FeCl,(dppbz), (5 mol %),
N Br (4-MeOCgHy)»Zn (10 mol %)
U +  Na[BPhy] EN\ 64%) (Eq. 48)

THF/toluene, reflux, 16 h

Although iron-catalyzed biaryl formation using an arylboronic acid as a nucleo-
phile has been reported twice,'%!!92 both papers were retracted'%*!%* after addi-
tional experimental verification was performed.'%

Reactions with Miscellaneous Nucleophilic Compounds. In the presence
of Fe(acac); and NMP as the cosolvent, methyl 4-chlorobenzoate reacts with an
organomanganese reagent or trialkylzincate to give an alkylated product in high
yield.3>* However, the use of n-BuLi or Et3Al fails to afford any cross-coupling
product (Eq. 49).843 An iron-ate complex, such as Me;FeLi or [(MesFe)(MeLi)]
[Li(OEt;)],, can react with aryl chlorides and iodides in low to moderate yields
in the absence of any catalyst and additive.!%6:107-41

O (6]

Fe(acac)z (5 mol %)
OMe + RM OMe
THF/NMP/(Et,0), 0° to rt, 5 min
Cl R

RM = n—C14H29MnC1 (96%)
(n-C14Hp9)3sMnMgCl (>98%)
Et;ZnMgBr (93%)
n-BuLi 0% (Ed-49)

The iron-catalyzed Negishi coupling reaction of a 2-haloheteroarene with a
diarylzinc compound has also been reported.”® The precatalyst, FeCl,(dppbz),,
catalyzes the site-selective reaction at the pyridine 2-position to afford the biaryl
compounds in moderate yields (Eq. 50).”

Ny -Br FeCly(dppbz), (5 mol %) N
P T MG e oluene, 100°. 4 b A
R toluene, S . \ P (Eq. 50)
R=H (75%)
Br (56%)

The combination of FeCl; and DMEDA,'® or Fe(acac); and 2,2'-bipyridine
(bpy),'? catalyzes the Sonogashira-like coupling reaction of an aryl or heteroaryl
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iodide with a terminal alkyne (Eq. 51). Whereas aryl and heteroaryl iodides
bearing amine, methoxy, chloro, or fluoro groups show good reactivity, aryl bro-
mides, chlorides, fluorides, and tosylates are inert under the reaction conditions.
Aryl, alkyl, and triethylsilylacetylenes are viable nucleophiles. The reaction of
2-iodophenol with an aryl acetylene gives a 2-arylbenzofuran in moderate yields
via Sonogashira-like coupling followed by cyclization (Eq. 52).!%8

Fe catalyst (10 mol %),

additive (20 mol %),
I Cs,CO3 (2.0 equiv) P
+
©/ = toluene, 135% 42 h O - (Eq. 51)
=
FeCl;, dmeda (95%)
Fe(acac);, bpy (90%)

FeCl; (15 mol %),

DMEDA (30 mol %),
I . Cs,CO3 (3.0 equiv) A — (Eq. 52)
OH 4 toluene, 135°,72 h 0 \_7

(51%)

Cross-Coupling Reactions of Allylic, Propargylic, and Benzylic
Electrophiles

Allylation of Organomagnesium Compounds. Although the cross-coupling
reaction of an allylic electrophile with a Grignard reagent in the absence of a
transition metal catalyst can proceed, the reaction rate, yield, and selectivity
are usually unsatisfactory.!’® Some alternative methods for cross-coupling with
an organomagnesium reagent using iron catalysis have been reported: Fe(acac);
is used for the reaction of allylic chlorides,''” allylic phosphates,''’:!'? and 2-
alkenesulfonyl chlorides;!!? FeCl; is used for the reaction of allylic bromides;*®
and [Li(TMEDA)],[Fe(C,Hy)4] is used for the reaction of allylic chlorides and
bromides.!!#4!

In the presence of 0.5 mol % of Fe(acac)s, tricyclo[4.1.0.0%>7 ]hept-1-ylmag-
nesium reagents (prepared from the corresponding alkyl bromides, n-BuLi, and
MgBr;) react with an allylic halide or a propargylic halide at 0° to afford the
corresponding coupling product (Eq. 53).''Y The reaction affords only traces of
coupling product in the absence of the iron catalyst.

R R
_a @MgBr Fe(acac)s (0.5 mol %) @/\/
= 1 4-dioxane, 0°, 3 h
(Eq. 53)
R =Me (20%)
MeSi (22%)
Me,C=CH (31%)

Me;SiC=C (43%)
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Allylic phosphates can be used as electrophiles for the iron-catalyzed cross-
coupling reaction with Grignard reagents. A diphenylphosphate is superior to
a diethyl or diisopropylphosphate as a leaving group for Sn2-selective cross-
coupling reactions (Eq. 54).!!'! Primary and secondary alkyl-, alkenyl-, alkynyl-,
and phenylmagnesium reagents afford the corresponding coupling products in
54-95% yields with high Sny2-selectivities, in which the double bond configura-
tion is retained. In the absence of the iron catalyst, the reaction does not proceed,
even at 0°. Nearly exclusive Sy2-selectivities are obtained using Fe(acac); and
Ni(acac),, whereas high Sy2’-selectivities are observed when CuCN«2LiCl is

used as a catalyst (Eq. 55).!2
OTBS OPO(OR),
Fe(acac); (5 mol %)
| - T PhMgBr THF, -70°, 2 h
Yield (%) OTBS Ph OTBS (Eq. 54)
R I+0 VI Ph
+
Et 80 70:30 | = |
iPr 68 7327
Ph 93 946 . 0
OPO(OPh), catalyst (5 mol %)
+ -
n-CoHys X nBuMeCl e 730 76° 1h
Yield (%)
Catalyst 1+ 1l n-Bu . n-Bu
Fej'(acac)3 94 99:1 n-CiHps~ X n-C7Hjs
Ni(acac), 83 >99:1
CuCN<2LiCl 98 1:99 I I
(Eq. 55)

Allylic sulfonyl chlorides, prepared from the corresponding alkene and sul-
fur dioxide through a BCls-promoted ene reaction, can be used as electrophilic
partners in an iron-catalyzed desulfinylative cross-coupling reaction with various
organomagnesium reagents (aromatic, aliphatic, and heteroaromatic) (Eq. 56).''?
The reaction tolerates a wide range of functional groups, including carbonyl
groups that are prone to react quickly with an organomagnesium reagent. As was
also found for the desulfinylative carbon—carbon bond-forming reaction of an
alkyl- or alkenylsulfonyl chloride with an organomagnesium reagent,®' Fe(acac);
in THF appears to be a better catalyst than FeCls.

Fe(acac)3 (5 mol %
(acac)s ( ) )VR

+
)‘VSOZCI THF, rt, 3-6 h

(61%) (76%) (82%) (74%) (64%)
(Eq. 56)

RMgX
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The catalytic activity of various structurally defined, preformed iron complexes
has been investigated for the cross-coupling reaction of methyl 4-bromocrotonate
with phenylmagnesium bromide (Eq. 57).*! Although all complexes are cat-
alytically potent, their efficiencies are strikingly different. The Fe(—2) species
[Li(TMEDA)],[Fe(C,Hy4)4] outperforms, in terms of yield and reaction rate, all
other catalysts bearing an iron center with a higher formal oxidation state (0, +1,
+2, and +3).

catalyst (x mol %)
MeO,C . ~_Br + PhWMgBr —————>  MeO,C._~_ Ph

THEF, -30°
Catalyst x  Time (min) Yield (%)
[Li(TMEDA)],[Fe 2(C,Hy)4) 5 <10 94 (Eq. 57)
[Li(TMEDA)][CpFe’(C,Hy),] 5 30 45
Cp*Fe*!(CyHy), 10 30 50
(cyc]00ctenyl)CpFe+2(C2H4) 10 30 46
(allyl)Cp*Fe*3Cl 10 30 73

The aryl moiety of phenylmagnesium bromide is introduced site-selectively at
the least hindered site of the allylic system in the presence of a low-valent iron
complex, [Li(TMEDA)],[Fe(C>Hy)4] (Egs. 58 and 59).!'44! Ketone, ester, and
silyl groups remain intact under these reaction conditions (Eq. 60).!'4#!

[Li(TMEDA)]5[Fe(CyHy)s]

Cl
- (5 mol %) _~_Ph
_— + PhMgBr ;
THF, -20°, 5 min _

(87%) (Eq. 58)

[Li(TMEDA)o[Fe(C,Ha)4]

Br (5 mol %) ‘
+
PhMgBr THF, —20°, 5 min Ph

4% (EQ-59)

PhOC CO,Et [Li(TMEDA)],[Fe(C,H,)4] PhOC. ,COOEt
(5 mol %)
ﬂ +  PhMgBr n 96%) (Eq. 60)

. THF, -20°, 5 min
2 equiv
Br Br Ph Ph

Allylation of Active Methylene Compounds. Alkylation of allylic sub-
strates such as chlorides, acetates, and formates with diethyl malonate anion
is catalyzed by the iron complexes (n3-crotyl)Fe(CO),NO and Na[Fe(CO);NO]
(Eq. 61).'" The reaction of cinnamyl acetate takes place in a highly Sy2-selective
manner to give diethyl 2-cinnamylmalonate as the sole product (Eq. 62).'!3
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0O O 0O O
0O O
O M catalyst (xmol %) — EtO OEt  E©O OEt
ﬁ/ EtO OEt THF. 1t e \
Na
I II
Yield (%)
Catalyst x  Time(h) I+I1 VI (Eq. 61)
(n3-crotyl)Fe(CO),NO 10 0.4 84  74:26
Na[Fe(CO)3NO] 20 48 92  82:18¢

“ Originally reported as 82:28.%2

0 0 o
Ph._~~_OA j\)k Na[Fe(CO)3NO] (10 mol %)
o EtO OEt
e Bo OFt THF, reflux, 14 h
Na PN

91%)
(Eq. 62)

Diiron nonacarbonyl promotes the cross-coupling of an allylic acetate with a
malonate anion in good yield (Eq. 63).!'%!7 The site- and stereoselectivity of
transition-metal-catalyzed allylations is well known to be substrate, nucleophile,
catalyst, and solvent dependent.''® In this reaction system, the site selectivity is
low to modest and is temperature dependent. Stereoselective substitution with
retention of olefin configuration can be achieved, but requires a lower reaction
temperature in the case of (Z)-2-butenyl acetate (Eq. 63).

0 0 0O 0
_~_OAc M Fe»(CO)o (10 mol %)
+ +
(v EtO OEt THE EtO OFt
Na N
I
Yield (%)
Temp (°) Time I+I1+I0 VIV
66 24h 84 41:59:0 EtO OEt  EtO OFt
20 4d 78 69:0:31 +
| \
Il I

(Eq. 63)

The catalyst tetrabutylammonium (tricarbonylnitrosyl)ferrate, [BuyN][Fe
(CO);NO],119-122 5 easier to prepare and less sensitive to air and moisture
than the corresponding sodium derivative Na[Fe(CO);NO].!"> In the presence
of [BuyN][Fe(CO);(NO)], alkylation of allylic carbonates with malonate anions
occurs predominantly at the carbon atom to which the leaving group is attached,
even in the case of a tertiary substrate (Eq. 64).'?? No significant isomerization of
the double bond is observed even at elevated temperature (Eq. 65).'?> The reten-
tion of configuration suggests that this reaction may not proceed via a m-allyl
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complex but rather via a o-allyl complex, because it is known that isomeriza-
tion of the double bond commonly takes places in m-allylpalladium complex
mediated allylation reactions.'?* The reaction of an enantiomerically enriched
allylic carbonate with malonate anion proceeds with high retention of configu-
ration at the stereogenic center (Eq. 66).*8 This selectivity is often observed in
palladium-catalyzed allylic alkylation reactions as well.!'8

o o [BusN][Fe(CO);NO]
OCO,Et (25 mol %)
= +
PN EtO OEt " "THF, CO, reflux, 14 h (Eq. 64)
Na
2 equiv O O 0
EtO OEt
EtO OEt +

I+1I(78%), I/I1 = 92:8

o 0 [BuyN][Fe(CO);NO] O O
25 mol %
n-Buw,_~_OCOEt + EtOMOEt ( 0 EtO OEt
THF, CO, reflux, 8 h
Na n-Bu” X
(EY(Z)=9:91 (83%), (E)/(Z) =13:87
(E)/(Z) =100:0 (85%), (E)/(Z) = 100:0
(Eq. 65)
o o [BuyN[Fe(CO);NO]
QCOzMe M (25 mol %) Ed. 66
: 4 .
Ph AN MeO x OMe  THE, CO, reflux, 12 h (Eq. 66)
a
er 86.5:13.5 2 equiv
O O O O
MeOMOMe + MeO)J\;/U\OMe
=
ph/\/\ Ph/\/\
I er86.5:13.5 II er 86.5:13.5

I+1I(78%), I/IX = 93:7

Two modified reaction conditions for the [BuyN][Fe(CO);NO] catalyzed allyl-
ation reaction of malonates have been reported. Efficient iron-catalyzed allylation
with an allylic carbonate proceeds with low catalyst loading (2.5 mol %) in the
presence of triphenylphosphine as the ligand and DMF as the solvent (Eq. 67).'2°
Furthermore, the pronucleophile does not need to be deprotonated in a separate
step, and utilization of the toxic carbon monoxide atmosphere is avoided. Inver-
sion of the site selectivity as compared with the original reaction is observed
when SIMes-HPF; is used as the ligand, leading to predominant formation of the
Sn2’ addition product (Eq. 68).'?! The use of the more sterically hindered ligand
SI-t-Bu<HPFg, bearing fert-butyl groups at the nitrogen atoms, leads to the Sn2
addition product with high selectivity. Ester, ketone, nitrile, and sulfonyl groups
on the active methylene compound are tolerated.
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[BuyN][Fe(CO);NO]
2.5 mol %),
0o o (
_~_0CO,i-Bu P, PhsP (3 mol %) (Eq. 67)
/>< *  MeO OMe o
) DMEF, 80°, 24 h
2 equiv
0
0O o
MeO OMe
MeO OMe +
~ |
1 I
I+ 11 (81%), /I = 98:2
[BusN][Fe(CO);NO]
(2.5 mol %),
0CO,i-Bu o O ligand (2.5 mol %)
.G P §
i-BuO 0i-Bu MTBE, 80°, 5 h
1 equiv
o o 0O o
Yield (%) i )
— -BuO 0i-B
Ligand I+0 U1 i-BuO Oi-Bu + ' ° e
SIMes*HPF, 79 991 . |
SIt-BusHPF, 84 919 I I

%/NCN\% PFs
(Eq. 68)

SI-+-BusHPFj

Propargylation of Organomagnesium Compounds. Although the cross-
coupling of Grignard reagents with a propargylic halide in the absence of a
suitable catalyst gives a low yield, the reaction proceeds smoothly in the presence
of 0.5 mol % of Fe(acac)s.!'” The coupling reaction of tricyclo[4.1.0.0>7 Thept-1-
ylmagnesium bromide with secondary propargylic halides possessing a terminal
alkyne gives the allene products selectively, albeit in poor yield (Eq. 69).!'°
If the terminal alkyne carbon carries a trimethylsilyl group, alkyne products
are formed. This selectivity is in contrast to the results obtained in the copper-
mediated reaction of related terminally substituted propargylic compounds that
afford Sy2’ addition products.!?*123

/\ o MgBr Fe(acac); (0.5 mol %)
+
= 1,4-dioxane, 0°, 3 h

R
R
Yield (%) _ (Eq. 69)
R I+1 LI =~ ¢
H 27 0:100

MesSi 48 100:0 I Il
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In the presence of a trace amount of FeCls (<0.1 mol %), terminal primary,
secondary, tertiary, and nonterminal tertiary propargylic chlorides react with
primary or secondary alkylmagnesium reagents (added slowly to the reaction
mixture) to produce allene products in good to excellent yields (Eq. 70).!26:127
Whereas primary and secondary alkylmagnesium reagents give allene products
selectively, methylmagnesium iodide gives a 1:1 mixture of allene and alkyne
products (Eq. 71).'?” Cobalt, nickel, and copper salts can also be used as catalysts
for this reaction if the organomagnesium reagents are added very slowly.

R? R? - R2
FeClj (<0.1 mol %) \ /
+ -BuMeB 80-90%
z PUVERT T TUTHE, 09, 15 min B R 2
R! slow addition n-bu

R!,R%, R®*=H, Me

(Eq. 70)
FeCls (<0.1 mol %) >:|:< "
+ +
= «d RMeX THF/ELO, 1t R Z

slow addition ) | 1I (Eq 71 )

RMgX = MeMgl I+ 11 (90%), I/II = 50:50

n-BuMgBr 1+ 11 (87%), I/IT = 100:0

i-PrMgBr I+ 11 (88%), I/II = 100:0

The cross-coupling reaction of a propargylic electrophile with an aryl- or
alkenylmagnesium reagent proceeds in the presence of FeCl; and TMEDA
(Eq. 72),*” or low-valent iron complex [Li(TMEDA)],[Fe(C,H,)4] (Eq. 73).114#1
In these reactions, propargylic coupling products are the major products, with only
small amounts of allenic side products.

FeCl;3 (10 mol %),

MgBr TMEDA (1.9 equiv)
P \( g K W S0%)
THF, 0°, 30 min

TIPS

TIPS
slow addition

(Eq. 72)
[Li(TMEDA),{Fe(C;Hy),]

(5 mol %)
/\ B PhMeBr / Ph 930

Ph THF, —20°, 5 min Ph

\

(Eq. 73)

Benzylation of Miscellaneous Nucleophilic Compounds. Various acidic
1,3-dicarbonyl compounds and methyl 3-acetamidobut-2-enoate react with ben-
zylic alcohols or acetates in the presence of FeCl3+6H,O to give the corresponding
2-benzylated products in good to excellent yields (Eq. 74).'® Benzyl alcohol, its
acetate and carbonate, afford only low yields because of the decreased stability
of the corresponding carbocation intermediate compared to 1-phenylethyl elec-
trophiles; but the more electron-rich 4-methoxy-substituted benzyl alcohol reacts
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in higher yield. Using this method, bioactive 4-hydroxy-3-(1-phenylalkyl)-2H -
chromen-2-ones can be synthesized from 4-hydroxycoumarin and 1-phenylethyl

or 1-phenylpropyl alcohols (Eq. 75).'?
0o o
OR!
Py 0o o FeCly6H,0 (Smol %) R2 R}
Ph N P (95-99%)
R R? MeNO,, 50°, 4 h o
R!=H, Ac R? = Me, Et, Ph
R? = Me, Ph, MO, EtO (Eq. 74)
ol OH OH R
P FeCl3+6H,0 (10 mol %)
P Rt = R
CHyCl,, 80°, 20 h
o X0 oo (Eq. 75)
R =Me (81%)
Et (94%)

Benzylic halides undergo cross-coupling with organomagnesium reagents in
the presence of a catalytic amount of FeCls,*® FeClysH,O and PMe,Ph,” or
low-valent iron complex [Li(TMEDA)],[Fe(C,H4)4] (Eq. 76).*! The desulfinyla-
tive cross-coupling reaction of benzyl sulfonyl chloride with an arylmagnesium
reagent is accomplished by using a catalytic amount of Fe(acac); and excess
NMP (Eq. 77).%

Li(TMEDA)]5[Fe(CyHy)4]

[
B BrM, 5 mol %
©/\r+ rg\© (5 mo ). (Eq.76)
THF, -20°, 5 min

(62%)
©/\SOZCI . Bng\©\ Fe(acac); (5 mol %) 5
(o
THE/NMP, 80°, 2 h

(Eq. 77)

slow addition

Arylzinc compounds undergo iron-catalyzed cross-coupling reactions with
benzyl halides and phosphates.'?® The preformed iron complex, FeCl,(dppbz),,
shows excellent activity and selectivity. The reaction tolerates electron-donating
and -withdrawing groups on both the benzylic substrate and the diarylzinc com-
pound, as well as sensitive functional groups such as ester and nitrile on the
benzylic halide (Eq. 78).!%° A bromine substituent on the aromatic ring of the
benzylic electrophiles is tolerated under the reaction conditions. This observation
is noteworthy as this selectivity cannot be achieved using nickel or palladium
catalysis because of competitive arylation of the aryl bromide fragments.'3° The
low activity of ArZnX and the transfer of only one aryl group from the Ar,Zn
species is a disadvantage when employing more complex or expensive aryl
groups. However, trimethylsilylmethyl or N,N-dimethylbenzylamino groups can
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be used as a nontransferable ligand, and the desired cross-coupling product is
obtained selectively in good yields (Eq. 79).!%°

N Zn FeCla(dppba)y (Smol %) 1 )
X R%) toluene, 45°, 4 h A R2

R! = 4-MeO, 4-Me, 4-Br, 2-CF3, 2-NC, 4-MeO,C (73-99%)
X =Cl, Br, (EtO),PO,
R? = MeO, Me, CF;3 (Eq. 78)
MeO Br RZn FeCl,(dppbz), (5 mol %) MeO
+
jijA \©\ toluene, 45°,4 h
R =Me;SiCH, (74%)
2-(Me,NCH,)CgHy (89%)
(Eq. 79)

The preformed iron complex FeCl,(dppbz), also catalyzes Suzuki—Miyaura
cross-coupling reactions of benzyl halides with tetraarylborate salts in the pres-
ence of 10 mol % of the zinc compound (4-MeOCgH4),Zn (Eq. 80).”° The reac-
tion does not proceed with phenylboronic acid or its pinacol ester in place of
sodium tetraphenylborate (Eq. 80).°” Apart from the nitro group, other functional
groups on the benzyl halide substrates, such as cyano, ester, trifluoromethyl,
and bromide are well tolerated (Eq. 81).°” Benzyl chlorides show slightly lower
reactivity, but benzyl phosphates are poor substrates.

FeCl,(dppbz), (5 mol %),

MeO arviboron  (4-MeOCgHy)2Zn (10 mol %)~ MeO
Br 4+ Yy Ar
compound toluene/THF, 85°, 4 h

(Eq. 80)
0 ]I‘;h o Na*
PhB(OH), Ph—B_ Q” \cl) {O,/B*Ph K[4-MeC¢H4BF3]  Na[BPhy]
0
ph 20 B ph 0
(0%) (0%) (0%) (0%) (0%) (96%)

FeCl,(dppbz), (5 mol %),
/@/\Br (4-MeOCgHy),Zn (10 mol %)
+ Na[BPh
R a[BPh] toluene/THF, 85°, 4 h R (Eq. 81)

R = Me, Br, CF3, MeO,C (90-99%)
R =0,N (0%)

Cross-Coupling Reactions of Alkyl Electrophiles
Recent progress in iron catalysis has made it possible to efficiently
cross-couple alkyl electrophiles possessing B-hydrogens with organometallic
compounds in the presence of certain iron salts or complexes. This section
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summarizes the scope and limitations of iron-catalyzed cross-coupling reactions
of unactivated alkyl electrophiles with various nucleophiles.

Reactions with Organomagnesium Compounds. Tetramethylethylenedia-
mine is one of the most widely used additives for iron-catalyzed cross-coupling
of alkyl halides with organomagnesium compounds 5% 114:131:48.55.47.41 Ty the pres-
ence of a stoichiometric amount of TMEDA, primary alkyl bromides and iodides
react with phenylmagnesium bromide to afford the coupling products in high
yields, whereas primary alkyl chlorides give moderate yields (Eq. 82).%° Sec-
ondary alkyl halides such as cyclohexyl halides show higher reactivity than
primary alkyl halides, affording the cross-coupling products in higher yields
(Eq. 83).% In regard to the aryl nucleophile, electron-rich aryl Grignard reagents
react rapidly, whereas reagents with an electron-withdrawing group react
sluggishly.

FeClj (5 mol %),

TMEDA (1.2-1.5 equiv) n-CgHy7
n-CgH7X + PhMgBr
THE, 0-40° (Eq. 82)

X=Cl 1.2-1.5 equiv (45%)
Br slow addition (91%)
I 97%)
FeCls (5 mol %),
X TMEDA (1.2-1.5 equiv) Ph 000
+
O/ PhMgBr THF, 0° to 1t %) (Bq. 83)
X=Cl,Br,1 1.2-1.5 equiv

slow addition

Although the use of a substoichiometric amount of TMEDA decreases the yield
of FeClz-catalyzed cross-coupling reactions,'?!**8 the combined use of TMEDA
and hexamethylenetetramine (HMTA) as additives is found to improve the yield
of the coupling product (Eq. 84).*® In addition to TMEDA, other simple amines
such as EtzN or DABCO also effect the cross-coupling reaction of alkyl halides
in diethyl ether at elevated temperature (Eq. 85).13! These catalytic systems are
applicable to cross-coupling reactions of primary and secondary alkyl chlorides,
bromides, and iodides.

FeCl; (5 mol %), TMEDA (10 mol %),

Br HMTA (5 mol %) Ph
T e THE 0 T (Bq 84

1.3 equiv (93%)
slow addition without HMTA (60%)

FeCls (5 mol %),
X /©/ DABCO (5 mol %)
+ X
O/ BrMg Et,0, 45°, 30 min
X=Cl 2.0 equiv (74%)

Br (88%)
1 (100%)

(Eq. 85)
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A low-valent iron(—2)—-TMEDA complex also serves as the catalyst for cross-
coupling of primary and secondary alkyl halides with various arylmagnesium
reagents.!!**! Chemoselective cross-couplings are feasible in the presence of
potentially reactive functional groups such as carbonyl, cyano, and isocyanato
groups. A variety of primary and secondary alkyl bromides and iodides show
excellent reactivities, whereas alkyl chlorides are inert under these reaction con-
ditions (Eq. 86).!1441

[Li(TMEDA)>[Fe(CyHa)4]

Br ©/ (5 mol %)
+
O BrMe THF, -20°

1.2 equiv (95%)
(67%) (86%) (91%) (83%) (90%)
(Eq. 86)

In addition to the amine ligands mentioned above, many types of ligands,
including phosphines, phosphites, arsines, NHC’s,*® and salens'3?> can promote
iron-catalyzed cross-coupling between alkyl hahdes and arylmagnesium reagents
(Eq. 87). These ligands show a beneficial effect on selectivity and yield. An
imidazolium-derived ionic liquid possessing a ferrate counteranion, which could
be a good precursor for the generation of iron—carbene species, serves as a
catalyst for cross-coupling (Eq. 87).'3% Notably, the catalyst is recyclable and
the reaction can be performed without losing significant activity over five cycles.

FeCl; (5 mol %),

Br ligand (2.5-10 mol %)
+ (86-97%)
BrMg Et,0, 0-45°, 10-30 min

1.5-2.0 equiv
PPh, (Eq. 87)
Q (2,4-(-Bu),C¢H30)sP PhoAs~ “AsPh,  SIPr SI+-Bu
PPh, (88%) (88%) (94%) (97%)
91%)
=N, _N= [\ + FeCly”
Fe _N N~
o \O Me "~z " "n-Bu
Cl
[Fe(salen)Cl] bmim-FeCly
(90%) (89%)

The iron-catalyzed cross-coupling of alkyl chlorides, bromides, and iodides
with arylmagnesium reagents takes place even in the absence of amine ligands:
Fe(acac); in diethyl ether is reported to give cross-coupling products, although the
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yield obtained is moderate (Eq. 88).%° “Iron nanoparticles,” formed by the reduc-
tion of FeCl; with organomagnesium compounds in the presence of polyethylene
glycol (PEG 14000), can catalyze the cross-coupling of cyclohexyl chloride with
4-tolylmagnesium bromide without an additive to give the product in 77% yield
(Eq. 89).134

/L BrMg Fe(acac); (5 mol %)
+ -CcH T3%
n-CeHys~ Br \©\ 6O, reflux, 30 min . "Cot13 (73%)

2.0 equiv

(Eq. 88)

iron nanoparticles

SaW e
N (5 mol %)
77%) (Eq. 89)
BrMg Et,0, 45°, 30 min (77%)

2.0 equiv

Iron-catalyzed tandem cyclization/cross-coupling can be achieved with alkyl
halides possessing an appropriately placed internal alkene. The substrates undergo
ring closure prior to the cross-coupling, presumably through an alkyl radical
intermediate. The reaction provides a useful method for the preparation of novel
carbocycles and heterocycles (Eq. 90!14),66:131.46.134.41

[Li(TMEDA)]5[Fe(CyHy)sl

0.0 (5 mol %)
+ PhMgB 85%
@Ij\ £5r THF, 0°, 5 min %)

1.2 equiv Ph (Eq. 90)

In the presence of Fe(acac)s, a variety of sulfonyl chlorides, including primary
and secondary alkyl, alkenyl, and aryl sulfonyl chlorides, undergo desulfinylative
cross-coupling with aryl- and alkenylmagnesium reagents (Eq. 91).°' However,
the reaction with allyl- and benzylmagnesium reagents gives only decomposition
products.

(,? Fe(acac)z (5 mol %)
n-CgHi7=$~Cl +  RMgBr THE/NMP. 80°. 2 h n-CgHj7—R
2.0-3.0 equiv
R=Ph (72%) (Eq. 91)
CH,=C(Me) (46%)
PhCH,CH, (6%)
CH,=CHCH, (0%)

Alkenylmagnesium reagents can be employed for iron-catalyzed cross-
coupling of alkyl electrophiles. A catalytic amount of FeCl; and a stoichiometric
amount of TMEDA is reported to be a suitable catalyst combination
for the efficient cross-coupling reaction of unactivated alkyl halides with
alkenylmagnesium reagents (Eq. 92).*7 The catalytic system consisting of
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Fe(acac);, TMEDA, and HMTA is also effective (Eq. 93).” Under both
sets of conditions, a variety of primary and secondary alkyl halides react
stereospecifically (at the sp?> carbon) with alkenylmagnesium reagents to afford
coupling products in good to excellent yields.

FeCl; (5 mol %),

TMEDA (1.9 equi
TBDPSO/ﬁ/\I . Bng\I/ (1.9 equiv) TBDPSOW
THF, 0° to rt, 30 min

2.0 equiv (87%)
slow addition

(Eq. 92)
Fe(acac); (5 mol %),
TMEDA (10 mol %),
HMTA (5 mol %)
+ BrM N =
n-CeHys Br S e 45 min n-CoHi3 (Eq. 93)
1.5 equiv, slow addition T
(E)(2) = 86:14 (67%), (E)(Z) = 85:15
(E)(Z)=97:3 (69%), (E)I(Z)=97:3

In general, transition-metal-catalyzed C(sp®)—C(sp?) cross-coupling is
particularly challenging. The combination of Fe(OAc), and XantPhos (4,5-
bis(diphenylphosphino)-9,9-dimethylxanthene) catalyzes C(sp’)—C(sp®) cross-
coupling between primary or secondary alkyl halides and primary
alkylmagnesium reagents, although the yields obtained are rather low. The cross-
coupling reaction of 1-bromodecane and its congeners with n-butylmagnesium
bromide affords the products in 63% to 64% yield (Eq. 94).'%

Fe(OAc), (3 mol %),

XantPhos (6 mol %) 4
o Br +  n-BuMgBr ELO. 1t 15 min SopBu (63-64%) (Eq. 94)
20, 1t,

n=9 11,13, 15 1.5 equiv

Reactions with Organozinc Compounds. Organozinc compounds partici-
pate in iron-catalyzed cross-coupling reactions with alkyl halides and sulfonates
in the presence of a stoichiometric amount of TMEDA.!3%137:56 The use of
organozinc compounds, which are less nucleophilic than organomagnesium com-
pounds, allows highly chemoselective cross-couplings between functionalized
alkyl halides and organozinc compounds (Eq. 95).13¢ It should be noted that the
presence of Lewis acidic salts such as MgBr, is critical to achieve an effec-
tive catalytic transformation. Tandem cyclization/cross-coupling is also possible
under these reaction conditions (Eq. 96).'3® When alkenylzinc reagents are used,
the addition of an excess amount of TMEDA is crucial to obtain a high yield of
cross-coupling products (Eq. 97).5
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1 FeCl; (5 mol %), O>
Zn TMEDA (2.0 equi
A0~ o}y MBiCl@Oequiv), — AcO 0
OMe THF, 50°, 30 min AcO
2.0 equiv OMe
(90%)
(Eq. 95)
FeCl; (5 mol %),
ob QCN TMEDA (2.0 equiv) 0 CN
4
)\/1 MgBrCl (2.0 equiv),  ;,-BuO
i TMSCH,Z n-bu
n-BuO e THF, 30°, 6 h
2.0 equiv (73%)
(Eq. 96)

B FeClj (5 mol %),
r = TMEDA (5.0 equiv)
(ps) * Me;SiCH,Zn ox  THE30° 6h (5 CN
CO,Et 15 equiv CO,Et
(DIE) = 96:4 (87%), (DI(E) = 96:4
(Eq. 97)

The ligand dppbz is especially useful for selective cross-coupling between
alkyl halides and perfluorinated arylzinc compounds (Eq. 98),'* which is
unachievable using other additives such as TMEDA. This cross-coupling protocol
provides easy and practical access to the synthesis of perfluorinated aromatic
compounds.

F
F FeCl; (3 mol %), F
Br F dppbz (6 mol %)
+ B —— (90%)
O THF, 60°, 3 h F (Eq. 98)
Zn F )
2.0 equiv

Oxidative and Reductive Coupling Reactions

Oxidative Coupling Reactions. Iron catalysts function effectively in
oxidative homocoupling reactions of arylmagnesium reagents. A variety of aryl-
and heteroarylmagnesium reagents undergo iron-catalyzed homocoupling to give
symmetrical biaryls in the presence of a 1,2-dihaloethane as a stoichiometric
oxidant.'3%140 Bulky arylmagnesium reagents including a reagent possessing
two ortho-substituents can participate in the reaction, although the yield is
moderate (Eq. 99).'* The homocoupling reaction is highly chemoselective, as
shown by the fact that a range of reactive functional groups such as cyano,
carbonyl, and nitro groups are tolerated. Various functionalized arylmagnesium
reagents prepared from a halogen—magnesium exchange reaction undergo the
homocoupling reaction in low to moderate yields (Eq. 100).'? Intramolecular
coupling reactions to construct a fused ring system have also been reported.'*?
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FeCl; (5 mol %),
CICH,CH,CI (1.2 equiv
MgBr 2CHyCL ( quiv) (58%) (Eq 99)
Et,0, reflux, 1 h

. FeCl; (3 mol %), cN

ICH,CHoI (1.0 equiv

. F PrMgBr MaBr 2CH,l (1.0 equiv)
THEF, -35° THF, -40° tort, -2 h

(75%
E
t0,C ‘/‘\ngEt "
(67%) (41%) 39%
(Eq. 100)

Oxygen can be used instead of an organic oxidant. Thus, dry air is successfully
employed for oxidative homocoupling reactions of aryl- and alkenylmagnesium
reagents to afford various biaryl or diene compounds in good yields (Egs. 101
and 102).>” A manganese salt, MnCl,+2LiCl, also efficiently catalyzes the oxida-
tive homocoupling reaction of organomagnesium reagents using atmospheric

oxygen as the oxidant.®’

OMe
MgBr  FeCl, (5 mol %), dry ai O
O €Cls © mol %), dry air O 8% (Eq. 101)
0

THF, rt, 45 min

Me
MeO
Bu  MgBr  FeCl; (5 mol %), dry ai Bu
o eCl3 (5 mol %), dry air Bu —
— _ 60% Eq. 102
B THE, 1t, 45 min )—/—<Bu 0% (Eq. 102)
u Bu

Iron-catalyzed oxidative cross-coupling between sp>- and sp*-carbon nucle-
ophiles can be achieved using organozinc compounds. A variety of aryl(methyl)
zinc compounds can couple with dialkylzincs in the presence of Fe(acac); and
1,2-dibromoethane as the oxidant to give the alkylated arenes in moderate to good
yields (Eq. 103).!4! Primary and secondary alkylzinc compounds react well as the
sp3-carbon nucleophilic partners, whereas tertiary alkyl-, allyl-, and benzylzinc
compounds are not usable.

Fe(acac); (10 mol %),

ZnMe BrCH,CH,Br (1.0 equiv) i-Pr
+ i-PryZn THF 1.3 h (67%)
0 I o)

Me
(Eq. 103)

Reductive Coupling Reactions. The reductive homocoupling reaction of
alkyl halides in the presence of a stoichiometric amount of a reducing agent such

Me
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as sodium or magnesium is known as Wurtz-type coupling. Some iron salts, such
as Fe(dbm)s, efficiently catalyze Wurtz-type coupling of primary and secondary
alkyl and benzyl bromides using magnesium as a stoichiometric reductant.'*> The
iron catalysis can be applied to reductive homocoupling reactions of aryl bromides
(Ullmann-type coupling)'43!1#* to give symmetrical biaryl compounds.'#? Primary
and secondary alkyl, and benzyl bromides can be coupled to give the products
in low to moderate yields. Notably, strong electron-withdrawing groups such as
trifluoromethyl are tolerated under the reaction conditions (Eq. 104).'4?

CF; Fe(dbm); (2 mol %),
Mg (2.0 equiv)

THEF, rt, 30 min

Br

(69%) (Eq. 104)

Reductive cross-coupling reactions between aryl halides and alkyl halides are
catalyzed by FeCl;/TMEDA in the presence of magnesium as the stoichiometric
reductant (Eq. 105).'* This one-pot protocol has the merit that it avoids the
preparation and manipulation of aryl or alkyl Grignard reagents. The use of aryl
or alkyl chlorides is also possible, but the yields of the cross-coupling products
are considerably decreased.

FeCl; (5 mol %),

X, /@ Mg (1.2 equiv)
O/ Y TMEDA (1.2 equiv),

THF, 0°, 2 h; then 20°, time 2

X Y Time2(h) Yield (%) (Eq. 105)
Br Br 2 71
Cl Br 2 25
Br Cl 3 20

APPLICATIONS TO SYNTHESIS

Iron is a promising cross-coupling catalyst because of its practical advan-
tages over palladium and other transition metals, as well as its unique catalytic
activity. In recent years, several natural product syntheses have been accom-
plished using iron-catalyzed cross-coupling reactions between alkylmagnesium
reagents and sp?-carbon electrophiles. For instance, an efficient total synthesis
of the odoriferous alkaloid (R)-(+)-muscopyridine was accomplished in 2003
(Scheme 9).95 The key step is the successive cross-couplings of a bifunctional
pyridine derivative with an enantiomerically pure alkylmagnesium reagent and
6-heptenylmagnesium bromide in one pot. The authors take advantage of the
high catalytic activity of iron under very mild reaction conditions to achieve
selective C(sp?)—OTf bond cleavage in the presence of a C(sp?)—Cl bond'*®
and without racemization of the optically active reagent. Although the selectivity
is not complete, the undesired minor byproduct is removed by “chemical self-
clearance,” wherein after selective ring-closing metathesis of the major product,
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the remaining byproduct is polymerized and easily removed. This key step allows
an expeditious total synthesis of (R)-(+)-muscopyridine with good overall yield
and step economy.

‘ N
/@ * /\)\/ [Fetsalen)Cl] (5 mol %) a” N
a” N ot = MgBr " THE/NMP, 0°, 20 min
\ -
| N
M{\/MgBr N/ + ca. 4:1
[Fe(salen)C1] (5 mol %) (" (80%) in one pot
30 min P \
55 | -Bu +-Bu
(R)-(+)-muscopyridine +-Bu +-Bu

[Fe(salen)Cl]

Scheme 9. Synthesis of (R)-(4)-muscopyridine.

A concise and productive route to latrunculin B, isolated as the ichthyotoxic
component of the Red Sea sponge Latrunculia magnifica,'"*’ has been devel-
oped based on iron-catalyzed cross-coupling. Two key intermediates are prepared
from an alkenyl triflate and 3-pentyn-1-ylmagnesium bromide, and from an acyl
chloride and methylmagnesium bromide, respectively (Scheme 10).'*® The iron-
catalyzed cross-coupling of an alkyne-containing alkylmagnesium reagent with
an enol triflate possessing an ester group proceeds under mild conditions in quan-
titative yield and with good tolerance for the ester group. Methylation of the acyl

_ /~MgBr, \\

TfO —
| Fe(acac); (10 mol %) | ‘
o )
THF, -30° o

OEt OEt (0]
(97%)

H. OH
(6} MeMgBr,

Q HN
PMB_ Cl  Fe(acac); (1.5mol %)  PMB_ )—S
Ji THF, —78 to 0° %Ii 0
¢} 07 s

S latrunculin B

(80%)

Scheme 10. Synthesis of latrunculin B.
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chloride with methylmagnesium bromide can proceed in the absence of a catalyst,
but the iron-catalyzed reaction is faster and more reliable. Notably, the reaction
using dimethylcuprate as the methyl donor results in complete decomposition of
the starting material.

The high chemoselectivity of iron-catalyzed cross-couplings is exploited in the
total synthesis of the potent immunosuppressive agent FTY720 (Scheme 11).'%°
In the presence of Fe(acac); and NMP as a cosolvent, the reaction of an aryl
triflate possessing an ester group with octylmagnesium bromide takes place
smoothly to give the cross-coupling product. Addition of the alkylmagnesium
reagent to the ester group is not observed.

NH,
OAc OAc HO OH
CoH MR Fe(acac); (15 mol %)
+ n- r R ——
sTITYE THF/NMP, 1t, 2 h —

1.8 equiv

OTf n-CgHj7 n-CgHy;
(84%) FTY720

Scheme 11. Synthesis of FTY720.

A key intermediate in the synthesis of montipyridine, a cytotoxic marine
natural product isolated from the stony coral Montipora sp," is prepared by iron-
catalyzed cross-coupling of a chloropyridine derivative with 8-nonenylmagnesium
bromide (Scheme 12).%° This reaction proceeds rapidly at room temperature with-
out the need of a ligand.

OMe OMe

W@ Fe(acac); (5 mol %)
X + N Z
» BrMg THF/NMP, 5-10 min ||

N Cl 0° to rt N

(81%)
OMe
— fj\M/\/\
Ni X
K{(O_ (74%)

0 montipyridine

Scheme 12. Synthesis of montipyridine.

Analogues of the antipsychotic agent clozapine can be prepared in good yield
by the reaction of imidoyl chlorides with alkylmagnesium reagents in the presence
of an iron catalyst and an excess amount of NMP (Eq. 106).'%® The aryl chloride
group is not affected under these mild conditions. The reaction in the absence of
the iron catalyst proceeds much slower and in low yield.
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Me
N
! Me
N= . /@1/ Fe(acac); (5 mol %)
Cl .
@ Mg THF/NMP, 1t, 5 min N=
R cl
R=0O,NH, S R
(71-86%)
(Eq. 106)

Recently, the substrate scope of iron-catalyzed cross-coupling has been
extended by using functionalized organomagnesium and organozinc reagents.'>!
These advances will provide further opportunities in the synthesis of highly
functionalized molecules, such as pharmaceuticals, pesticides, liquid crystals,
optoelectronic materials, etc.

COMPARISON WITH OTHER METHODS

Thorough comparison between iron-catalyzed cross-coupling reactions and
the enormous literature on palladium- or other transition-metal-catalyzed cross-
couplings'? is impractical here. However, this section briefly touches on several
selected aspects of comparison of the methods.

The major advantages of iron catalysts over other transition metals are their
abundance, low cost, and nontoxicity. Another important characteristic of iron
catalysis is the high activity of a suitably designed catalyst, which allows one
to accomplish a fast reaction under mild reaction conditions. Therefore, in many
reactions, iron-catalyzed cross-couplings show good functional-group tolerance,
sometimes surpassing that found with palladium or nickel catalysis.!'* It should
be noted though that, besides the catalyst, the choice of the reagents is also
important. For example, palladium catalysis allows one to achieve efficient reac-
tions with less reactive boron or tin compounds, whereas iron catalysis has been
exploited much less with these reagents, but rather has been applied with the
more reactive organomagnesium and organozinc reagents.

The high activity of iron catalysts may present disadvantages, such as difficul-
ties in controlling the reaction pathway and faster catalyst deactivation, requiring
rather high catalyst loadings. These issues have been solved for palladium catal-
ysis by the development of a plethora of efficient stabilizing ligands,'>?> which
allow highly selective reactions and extremely low catalyst loadings, reaching
ppm and ppb levels. Although efficient ligands and additives have been devel-
oped for iron, truly high-efficiency ligands comparable to those used in palladium
chemistry are still lacking.

Regarding the electrophilic partner, iron catalysts can achieve chemoselectivity
that is complementary to other transition metals, such as palladium and nickel.
Whereas palladium and nickel catalysts react the fastest with aryl iodides and
bromides, iron catalysts can prefer chlorides, triflates, or tosylates. For example,
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the iron-catalyzed reactions of an alkylmagnesium bromide with aryl chlorides,
triflates, and tosylates lead to almost quantitative formation of the desired cross-
coupling product, whereas the corresponding aryl bromides and iodides react
in low yields® because the high reactivity of iron toward these electrophilic
partners leads to poor chemoselectivity. In contrast, in the presence of a nickel
or palladium catalyst, aryl bromides and iodides give the coupling products in
good yields.”*°! The iron-catalyzed cross-coupling of arylzinc compounds with
benzyl halides and phosphates tolerates a bromine substituent on the aromatic
ring of benzylic electrophiles,'” whereas this selectivity cannot be achieved
using nickel or palladium catalysis.'*°

Although a variety of transition metals including nickel, palladium, cobalt, and
copper efficiently catalyze the cross-coupling reactions of unactivated alkyl elec-
trophiles with arylmetal reagents,'3%2% the reactivity and selectivity of iron catal-
ysis toward unactivated alkyl halides is remarkable. Vanadium'3 and silver!3* 15
catalysts are also reported to promote the C(sp*)—C(sp?) cross-coupling reaction,
but the yield and selectivity still need to be improved. In contrast, iron-catalyzed
cross-coupling reactions with organomagnesium, -zinc, -aluminum, and -boron
compounds show broader applicability for a variety of nonactivated alkyl halides,
including secondary alkyl chlorides.

Organic iodides, bromides, and chlorides can be used in iron-catalyzed cross-
coupling reactions, but iron-catalyzed reactions of organic fluorides have not been
reported to date. In contrast, other transition metals, especially nickel, are known
to catalyze carbon—fluorine bond activation of aromatic fluorides.' 138

Regarding the organometallic reagent to be employed for the coupling reaction,
palladium and nickel catalysts are extremely versatile, allowing organomagne-
sium, -zinc, -boron, -tin, and -silicon reagents among others to effectively take
part in the reaction.’>? In contrast, iron catalysis engages a much narrower reper-
toire of organometallic reagents. Organomagnesium and organozinc reagents have
been used extensively, but the less reactive boron, tin, and silicon have rarely
been used for iron catalysis®®®® despite their advantages, such as selectivity,
stability, and ease of handling.

The palladium- and other transition-metal-catalyzed reaction of an organic
halide with an alkene (the Heck reaction) is a versatile method to construct
stereodefined polysubstituted alkenes.!>'®? Tron catalysis is lagging behind in
this field, and only one example of an iron-catalyzed Heck reaction has been
reported to date;'®' only styrenes can be utilized as the alkene partner and the
yields are modest.

Transition-metal-catalyzed C(sp®)—C(sp?) cross-coupling is particularly chal-
lenging, and can be achieved through the cross-coupling of an unactivated alkyl
halide with an alkylmagnesium reagent catalyzed by manganese,'> copper,'63-167
cobalt,'93=17! nickel,'>~17> and palladium.!’®177:173 The C(sp?)—C(sp®) cross-
coupling between an alkyl halide and an alkylmagnesium reagent using iron
catalysis has been reported once, but the yields are low and the scope is rather
narrow. '3
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Enantioselective cross-couplings have been achieved using palladium!7’® or

nickel catalysis,'”®!” but there are no such reports to date using iron catalysis,
which remains a future challenge for the development of iron-catalyzed cross-
couplings.

EXPERIMENTAL CONDITIONS

Many experimental variables are critical to the success of iron-catalyzed cross-
coupling reactions. The following section provides an overview of iron sources,
additives, ligands, organometallic compounds, and other conditions that can pro-
vide guidelines for the initial selection of reaction conditions.

The Iron Source

Among the commercially available iron(+2) and iron(+3) sources, Fe(acac);
is the most versatile and common catalyst precursor because of its catalytic perfor-
mance, low cost, and stability. More expensive analogues of Fe(acac);, Fe(dbm);
and Fe(dpm)s, can also be employed. Iron(+3) chloride shows comparable (or
higher in some cases) catalytic performance and can be the second-choice cata-
lyst precursor, although careful handling is required due to its hygroscopic nature.
Iron(+2) sources, particularly FeCl,, can be a third choice, having a potential
advantage in reducing side reactions such as homocoupling of organometallic
reagents accompanying an initial reduction process. However, there is a trade-off
between this advantage and the lack of solubility in ethereal solvents, and thus cat-
alyst screening is often required on a case-by-case basis. Less soluble iron(+2 or
+3) sources such as iron oxides, iron hydroxides, and iron fluorides are generally
inefficient catalyst precursors owing to strong coordination of the counteranions.
As a consequence, one of the three iron sources (Fe(acac)s, FeCls, and FeCl,)
gives the optimum yield in almost all reactions with the following exceptions:
FeF3<3H,0 gives high selectivity for cross-coupling over homocoupling in the
reaction of aryl halides with arylmagnesium reagents, whereas other iron sources
give poor selectivity.”>?* The reaction of alkyl halides with alkylmagnesium
reagents takes place in moderate yields with Fe(OAc),, but in poor yields with
other iron sources.'*> Fluoride and acetate ions are assumed to remain coordi-
nated to the iron center during the reactions. A new class of iron complexes,
[Li(TMEDA)],[Fe(C;Hy)4] and FeCly(dppbz),,”® 12138 shows higher catalytic
performance than the conventional iron sources in the reactions of alkyl halides
with arylmagnesium,''*# -zinc,'>*13% and -boron® compounds. Iron(0) carbonyl
[Fe>(CO)g] and its complexes, such as BusN[Fe(CO);NO] and Na[Fe(CO);NO],
are essential catalysts for allylation of active methylene compounds.!'!3-117:119-122

Additives and Ligands
Most of the early investigations from the 1970°s to the 1990’s did not
employ particular additives. In more recent reports,®>63179484 ‘many iron-
catalyzed cross-coupling reactions of sp’-carbon electrophiles with alkyl- and

arylmagnesium reagents have benefited from the addition of excess amounts
of NMP, 54 180.69.60.73,146,85.43,65.87.61,149,1802,72.88.89.41 NMP is best purified by
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distillation just before use.'8! Lithium chloride and lithium bromide are also
effective additives for the coupling reactions of sp’-carbon electrophiles.>®®
Lithium salts can be purified by recrystallization from water, methanol, or
ethanol, and dried in vacuo at 100-130°.18! A difficult class of coupling
partners, sp>-carbon electrophiles, efficiently couple with aryl(alkenyl)magnesium
and -zinc compounds using a stoichiometric amount of TMEDA as the
additive.60-131:47.136.137.56.145 The combined use of a catalytic amount of TMEDA
and HMTA is comparable to a stoichiometric amount of TMEDA.*3 TMEDA
and HMTA can be purified by distillation from BuLi and recrystallization from
absolute ethanol, respectively.'8! In contrast to palladium- and nickel-catalyzed
cross-coupling reactions, there are only a few iron-based reactions mediated by
phosphorus ligands, such as the Tsuji—Trost reaction by PhsP,'?° the reaction of
alkyl halides with alkylmagnesium reagents by XantPhos,'?> and the reaction of
alkyl halides with arylzinc!?®!3® and -boron®® compounds by dppbz. The bulky
NHC ligands SIPr and SIMes show good catalytic activity for the reaction of aryl
halides with arylmagnesium reagents®>** and the reaction of alkenyl carboxylates
with alkylmagnesium reagents,® respectively. The phosphine ligands and carbene
precursors mentioned above can be purchased from commercial suppliers and
used as received.

Organometallic Compounds

Organomagnesium compounds (Grignard reagents) are readily prepared from
the corresponding organic halides or are available from commercial suppliers,
and are often the first choice in iron-catalyzed cross-coupling reactions. How-
ever, the cross-coupling reactions with organomagnesium compounds have a
limitation of functional-group compatibility because of their highly nucleophilic
and basic properties. Halogen—magnesium exchange between an aryl halide
and a 2-propylmagnesium halide at low temperature provides a partial rem-
edy: a variety of arylmagnesium compounds possessing ester, cyano, and nitro
groups were prepared from the corresponding aryl halides in situ and coupled
with alkenyl halides’® and aroyl cyanides®® at low temperatures. Treatment of
the functionalized arylmagnesium compounds with copper cyanide affords the
corresponding arylcopper compounds of considerable thermal stability. These
reagents can be employed in coupling reactions even at 80°, at which temper-
ature some functional groups remain intact.””°>%7 Organozinc compounds are
a useful class of organometallic compounds because of their ready availability
and functional-group compatibility. A variety of aryl and alkenylzinc compounds
have been employed in the coupling reactions of alkyl halides'36~138:5¢ or acyl
chlorides,®* and can be a second choice. Organomanganese compounds are also
useful coupling partners.®>%3:17%0 Although organoboron compounds are the most
versatile organometallic compounds because of their stability, high functional-
group compatibility, and commercial availability, there are only two reports of
iron-catalyzed cross-coupling employing organoboron compounds. One example
is the reaction of aryl bromides with phenylboronic acid at 15000 bar,”® and the
other is the reaction of benzyl halides with tetraarylborates.”
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Other Conditions

The cross-coupling reactions must be carried out under an inert gas atmo-
sphere to suppress deactivation of the iron catalysts or unfavorable side reac-
tions, such as homocoupling reactions induced by molecular oxygen.’’ Most
of the coupling reactions take place smoothly in ethereal solvents (Et,O, THF,
DME, MTBE, 1,4-dioxane) or toluene with or without additives under low to
ambient temperature. The Tsuji—Trost-type reactions''>~117-119=122 anq the Sono-
gashira reaction®1%%:1% require elevated temperatures and/or aprotic polar sol-
vents (DMF, MeNQO,). The order of adding the reagents can significantly increase
the yield in many cases. In general, the organometallic compound is added to
a mixture of the electrophile and the catalyst precursor to avoid over-reduction
or probable ferrate formation from the iron precursor. In particular, in the reac-
tions between sp>-carbon electrophiles and Grignard reagents, the slow addition
of Grignard reagents significantly improves the product yield.66:114:48.35.47.61.41
The most common workup procedures involve quenching the reaction with acid,
such as aqueous HCI or NH4Cl, followed by extraction with an organic sol-
vent. Purification by distillation or silica gel column chromatography affords
analytically pure products.

EXPERIMENTAL PROCEDURES

The experimental procedures provided in this section exemplify the reaction
protocols described in the text. Many are derived from general procedures
described in the primary literature, and, where necessary, weights and volumes
of reagents based on equivalency have been added for specific substrates and
reagents as an aid to the reader. Before preparing any of the compounds included
in this section, the reader should consult the original reference.

Iron(+3) Chloride, FeCl3.'82  Tron(+3) chloride was purchased from a com-
mercial supplier, dehydrated with SOCl, and dried thoroughly under reduced
pressure to give anhydrous FeCls.

tris(Acetylacetonato)iron(+3), Fe(acac);.!®3 Anhydrous FeCl; (4.0 g,
24.7 mmol) was dissolved in water (6 mL) with gentle warming. Ammonia
solution (9 mL) was added slowly with constant stirring. The mixture was heated
on a steam bath for 15-20 min, and the precipitate of iron(+3) hydroxide was
then collected by filtration and washed with water until free from chloride. The
moist iron(+3) hydroxide and acetylacetone (12.0 g, 120 mmol) were placed in
a small conical flask, the neck of which was plugged with cotton wool, and the
whole was heated on a steam bath for 35 min. On cooling, large red crystals
were obtained, which were dried on filter paper and recrystallized from EtOH to
give Fe(acac); (7.85 g, 90%): mp 175°.

tris(Dibenzoylmethido)iron(+3), Fe(dbm);.2® A 200-mL, two-necked,
round-bottomed flask containing FeCl;«6H,O (1.2 g, 4.4 mmol), water (10 mL),
and a magnetic stir bar was fitted with a rubber septum and a three-way
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stopcock connected to a balloon filled with nitrogen. The mixture was stirred
with external heating until homogeneous. A solution of 1,3-diphenylpropane-1,3-
dione (3.7 g, 17 mmol) in EtOH (35 mL) was added. The mixture was heated
until homogeneous. Ammonia solution (25%) was added dropwise to adjust the
mixture to pH 8. After 3 h, the resultant red precipitate was collected by filtration,
and the precipitate was dried under reduced pressure. After recrystallization from
benzene/hexane, Fe(dbm); was obtained as purple needles (2.7 g, 85%): mp 240°
(dec).”?

Chlorido[(R,R)-(—)-N ,N’-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexa-
nediamineliron, Fe(salen)CL** A solution of (R,R)-(—)-N,N’-bis(3,5-di-tert-
butylsalicylidene)-1,2-cyclohexanediamine (1.0 g, 1.8 mmol) in THF (5 mL) was
added to a suspension of NaH (86 mg, 3.6 mmol) in THF (5 mL) at 0°. After the
evolution of gas ceased, the mixture was heated at reflux for 2 h and cooled to
rt before FeCl; (0.43 g, 2.6 mmol) was introduced and reflux was continued for
4 h. Standard extractive workup followed by evaporation of the solvent provided
the title complex as a dark-red solid (1.0 g, 87%; reported in reference as 95%):
IR (film) 2955, 2906, 2866, 1610, 1553, 1536, 1462, 1433, 1389, 1361, 1345,
1311, 1253, 1174 cm™'; MS m/z (% relative intensity): M* 635 (100), 620 (25),
600 (15), 584 (43), 569 (16), 277 (20).

tris(NV ,N ,N’,N’-Tetramethylethylenediamine)bis(trichloridoiron),

(FeCl3),(TMEDA);3.* A dry 250-mL flask, equipped with a mechanical stir-
rer and a septum, was charged with FeCl; (3.24 g, 20.0 mmol) in THF
(200 mL). After complete dissolution of the FeCls, anhydrous N,N,N’,N’-
tetramethylethylenediamine (3.48 g, 30.0 mmol) was slowly added via a
syringe. A light brown powder precipitated immediately. The complex,
(FeCl3),(TMEDA);, was isolated by filtration and washing with THF (50 mL)
(3.27 g, 49%; reported in reference as 97%).

Dichlorido(NV ,N ,N’,N’-tetramethylethylenediamine)zinc, ZnCl,
(TMEDA).'3  The complex was prepared by mixing a saturated solution of
ZnCl, in THF (19 mL) and TMEDA (5 mL) and allowing the solution to stand
for several hours at rt. The crude crystals that separated were collected and
recrystallized from THF to obtain ZnCl,(TMEDA) in nearly quantitative yield.

OAc Fe(acac)3 (1 mol %) OAc
A 80%
xCl nBuMeCl =T E/NMP, -5 10 0°, 15 min «_ n-Bu 80P

1.1 equiv

12-Acetoxydodec-5-ene [Cross-Coupling of an Alkenyl Chloride with an
Alkylmagnesium Compound in the Presence of NMP].>*  n-Butylmagnesium
chloride (1.2 M solution in THF, 22.9 mL, 27.5 mmol) was added dropwise over
10 min, between —5 and 0°, to a solution of (E)-8-acetoxy-1-chlorooct-1-ene
(5.11 g, 25.0 mmol) and Fe(acac); (0.088 g, 0.25 mmol) in a mixture of THF
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(30 mL) and NMP (25 mL). After stirring was continued for 15 min, the reac-
tion mixture was hydrolyzed at —10° with aqueous HCI solution (1 M, 80 mL).
After decanting, the aqueous layer was extracted with Et,O and the combined
organic phases were washed with saturated, aqueous NaHCO; solution, water,
and dried with MgSO,. The solvents were removed in vacuo and the product was
isolated by distillation (4.53 g, 80%): bp 120—123°/5 mm Hg; IR (neat) 1742,
968, 724 cm~!'; 'H NMR (CDCl3) § 0.95 (t, J = 5.6 Hz, 3H), 1.25-1.50 (m,
8H), 1.66—1.68 (m, 2H), 2.03-2.11 (m, 6H), 2.11 (s, 3H), 4.10-4.15 (m, 2H),
5.43-5.45 (m, 2H); 3C NMR (CDCl3) § 13.5, 20.4, 21.8, 25.4, 28.3, 28.4, 29.1,
31.5, 31.9, 32.1, 64.1, 129.7, 130.1, 137.1.

c Fe(acac)3 (5 mol %) n-CeH3
+ n-CgH;sMgBr - (91%)
THF/NMP, 0° to rt, 5 min

MeO,C 1.2 equiv MeO,C

Methyl 4-Hexylbenzoate [Cross-Coupling of an Aryl Chloride with an
Alkylmagnesium Compound in the Presence of NMP].** A flame-dried, two-
necked flask was charged under argon with methyl 4-chlorobenzoate (1.00 g,
5.86 mmol), Fe(acac); (103 mg, 0.292 mmol), THF (35 mL), and NMP (3.3 mL).
A solution of hexylmagnesium bromide (2.0 M in Et,0O, 3.5 mL, 7.0 mmol) was
added to the resulting red solution using a syringe, causing an immediate color
change to dark brown and then finally to violet. The resulting mixture was stirred
for 5—10 min, then was diluted with Et,O, and was carefully quenched by the
addition of an aqueous HCI solution (1 M, 10 mL). Standard extraction followed
by silica gel chromatography of the crude product (hexane/EtOAc 30:1) provided
methyl 4-hexylbenzoate as a colorless syrup (1.24 g, 96%; reported in reference
as 91%): IR 1724 cm~!; "TH NMR (300 MHz, CDCl3) 8 0.84 (t, J = 6.9 Hz, 3H),
1.21-1.29 (m, 6H), 1.57 (m, 2H), 2.59 (t, J/ = 7.7 Hz, 2H), 3.84 (s, 3H), 7.19
(d, J = 8.4 Hz, 2H), 7.90 (d, J = 8.3 Hz, 2H); '3C NMR (75 MHz, CDCl;) §
13.9, 22.5, 28.9, 31.0, 31.2, 35.9, 51.8, 127.6, 128.7, 129.2, 148.4, 167.1; EIMS
m/z (% relative intensity): Mt 220 (50), 189 (39), 150 (100), 91 (54), 43 (17).

FeF3+3H,0 (3 mol %),

SIPrHCI (9 mol %),
a EtMgBr (18 mol %) O
©/ + - (98%)
BrMg THF, 60°, 24 h

1.2 equiv +
NN Cl-

SIPreHCI

4-Methylbiphenyl [Cross-Coupling of an Aryl Chloride with an Arylmag-
nesium Compound in the Presence of an NHC Ligand].”* Iron(4-3) fluoride
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trihydrate (0.150 g, 0.899 mmol) and 1,3-bis(2,6-diisopropylphenyl)imidazolium
hydrochloride (1.15 g, 2.70 mmol) were added to a solution of ethylmagne-
sium bromide (1.08 M in THF, 5.00 mL, 5.40 mmol) at 0°. Tetrahydrofuran
(1.0 mL) was added to rinse the vessel. After the reaction mixture was stirred
at rt for 5 h, chlorobenzene (3.38 g, 30.0 mmol) and 4-methylphenylmagnesium
bromide (1.02 M solution in THF, 35.3 mL (reported in reference as 38.7 mL),
36.0 mmol) were added at 0°. The reaction mixture was stirred at 60° for 24 h.
After the reaction mixture was cooled to rt, aqueous sodium potassium tartrate
(saturated, 60.0 mL) was added. The aqueous layer was extracted five times
with hexane. The combined organic extracts were filtered through a pad of
Florisil. After the solvent was removed in vacuo, the crude product was purified
by chromatography on silica gel (pentane) to obtain 4-methylbiphenyl (4.97 g,
98%, >98% pure on GC analysis) as a white solid: mp 49-50°; '"H NMR
(400 MHz, CDCl3) 8§ 2.31 (s, 3H), 7.15 (d, J =7.9 Hz, 2H), 7.22 (m, 1H),
7.32 (t, J = 8.2 Hz, 2H), 7.40 (d, J = 7.4 Hz, 2H), 7.49 (m, J = 8.2 Hz, 2H);
13C NMR (100 MHz, CDCl3) § 21.1, 126.9 (3C), 127.1 (2C), 128.7 (2C), 129.4
(20), 137.0, 138.3, 141.1; IR (neat) 3081, 3062, 3030, 2925, 1556, 1531 cm™';
LRMS (El) m/z (% relative intensity): M 168 (98), 152 (38), 115 (15), 91 (18),
51 (10); HRMS (EI) exact mass calcd for Ci3H)», 168.0939; found, 168.0926.!342

X OPO(OPh), +  nBuMCl Fe(acac); (5 mol %)
THF, -78°, 1h

2 equiv

n-Bu

X _
(Z\/\ﬂ Bu + d\/

(94%), SN2/SN2’ > 99:1

(6E )-Tetradec-6-ene [Cross-Coupling of an Allylic Phosphate with
an Alkylmagnesium Compound].!'”> A mixture of Fe(acac); (9.0 mg,
0.025 mmol) and (E)-2-decen-1-yl diphenyl phosphate (194.2 mg, 0.500 mmol)
was dissolved in dry THF (4 mL) under an argon atmosphere. The solution
was cooled to —78° and a solution of n-butylmagnesium chloride (1.0 mmol) in
THF was added dropwise. After stirring for 1 h at —78°, the reaction mixture
was poured into a saturated, aqueous NH4Cl solution and was extracted with
Et,O. The combined organic extracts were dried over MgSO,4 and concentrated
in vacuo. The crude product was purified by column chromatography on silica gel
(hexane) to afford (6E)-tetradec-6-ene (92.3 mg, 94%): the SN2/Sn2’ ratio was
determined to be > 99:1 by GC analysis. TLC R 0.72 (hexane); IR (neat) 2959,
2926, 2874, 2855, 1466, 1379, 967, 723 cm~'; '"H NMR (200 MHz, CDCl3) §
0.88 (t, / = 6.3 Hz, 6H), 1.15-1.47 (m, 16 H), 1.85-2.13 (m, 4H), 5.36-5.42
(m, 2H). Anal. Calcd for Ci4H»g: C, 85.63; H, 14.37. Found: C, 85.43; H, 14.59.
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FeCl; (5 mol %),

Br TMEDA (1.2-1.5 equiv) Ph
+ PhMgBr - (90%)
. THF, 0°, 10 min
1.34 equiv

slow addition

Phenylcycloheptane [Cross-Coupling of an Alkyl Bromide with an Aryl-
magnesium Compound in the Presence of TMEDAL% A mixture of phenyl-
magnesium bromide (0.93 M solution in THF, 72 mL, 67 mmol) and TMEDA
(7.78 g, 67.0 mmol) was added at 0° via a syringe pump — at such a rate as
to keep the reaction mixture a pale yellow solution (1.36 mL/min) — to a mix-
ture of bromocycloheptane (8.85 g, 50.0 mmol) and FeCl; (0.1 M solution in
THF, 25 mL, 2.5 mmol). The reaction mixture was stirred at 0° for 10 min after
completion of the addition. After aqueous workup, distillation of the product mix-
ture afforded phenylcycloheptane as a colorless oil (8.18 g containing 0.37 g of
biphenyl, 90% yield): IR (neat) 3062, 3027, 2923, 2854, 1602, 1492, 1461, 1451,
1073, 1032, 753, 737, 698 cm~'; '"H NMR (500 MHz, CDCl3) 8 1.51-1.67 (m,
8H), 1.78—1.81 (m, 2H), 1.90-1.93 (m, 2H), 2.63-2.68 (m, 1H), 7.12-7.19 (m,
3H), 7.24-7.28 (m, 2H); '3C NMR (125 MHz, CDCl3) § 27.2 (2C), 27.9 (20),
36.8 (20), 47.1, 125.5, 126.6 (2C), 128.2 (2C), 150.0; HRMS (EI, 70 eV) m/z:
M caled for C13H;g, 174.1409; found, 174.1418.

O/\/\/Br M/<j/
/©/ Fe(acac)z (5 mol %) 0

+
@ BiMg B0, reflux, 30 min (65%)
2.0 equiv

4-(4-Methylphenyl)butyl Phenyl Ether [Cross-Coupling of an Alkyl
Bromide with an Arylmagnesium Compound in Diethyl Ether].* A mixture
of 4-bromobutyl phenyl ether (119 mg, 0.52 mmol) and Fe(acac); (9.0 mg,
0.026 mmol) in Et;O (3 mL) was warmed to reflux. 4-Methylphenylmagnesium
bromide (1.67 M solution in Et,O, 0.70 mL, 1.04 mmol) was added to this
mixture, resulting in an immediate color change from red to black. The mixture
was heated to reflux for 30 min, then was poured into an aqueous HCI solution
(1 M), extracted with Et,O, and the extracts were dried over MgSQy,. The solvent
was removed and the residue was chromatographed on silica gel to give 4-(4-
methylphenyl)butyl phenyl ether (81 mg, 65%): 'H NMR (CDCl;) § 1.74—1.84
(m, 4H), 2.31 (s, 3H), 2.64 (t, J/ = 7.3 Hz, 2H), 3.95 (t, / = 6.0 Hz, 2H), 6.87
(d, J = 8.3 Hz, 2H), 6.90-6.93 (m, 1H), 7.08 (br m, 4H), 7.24-7.28 (m, 2H);
13C NMR (CDCls) § 21.0, 27.9, 28.9, 35.1, 67.6, 114.5, 120.5, 128.3, 129.0,
129.4, 135.2, 139.1, 159.1. Anal. Calcd for C;7H»0O: C, 84.96; H, 8.39. Found:
C, 85.13; H, 8.39.
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FeCl3 (5 mol %), CN

Br CN' TMEDA (2.0 equiv)
N * (19%)
Cbz”~ Me;SiCH»Zn THF, 30°,6 h

N
Cbz

2.0 equiv

4-(4-Cyanophenyl)-N -(benzyloxycarbonyl)piperidine [Cross-Coupling of
an Alkyl Bromide with an Arylzinc Reagent in the Presence of TMEDA].!%¢
In a dry reaction vessel, a mixture of 4-cyanophenylzinc bromide (0.48 M solu-
tion in THF, 4.2 mL, 2.0 mmol) and Me3;SiCH,MgCl (1.1 M solution in Et,0,
1.8 mL, 2.0 mmol) was stirred at 0° for 1 h. TMEDA (0.30 mL, 2.0 mmol), 4-
bromo-N-(benzyloxycarbonyl)piperidine (298 mg, 1.00 mmol), and then FeCl;
(0.1 M solution in THF, 0.5 mL, 0.05 mmol) were added to the resulting solu-
tion at 0°. The reaction mixture was stirred at 30° for 6 h. After being quenched
with a saturated, aqueous solution of NH4Cl, the mixture was filtered through a
pad of Florisil and concentrated in vacuo. Purification of the residue by sil-
ica gel chromatography (hexane/EtOAc 20:1) afforded 4-(4-cyanophenyl)-N -
(benzyloxycarbonyl)piperidine (253 mg, 79%): IR (neat) 3014, 2943, 2923, 2856,
2227, 1688 (C=0), 1466, 1455, 1436, 1273, 1218, 1125, 1057, 1009, 917, 838,
760, 702 cm~!; '"H NMR (500 MHz, CDCl3) 8§ 1.58—1.70 (m, 2H), 1.78-1.90
(m, 2H), 2.74 (tt, J = 12 Hz, 3.5 Hz, 1H), 2.89 (br s, 2H), 4.35 (br s, 2H), 5.16
(br s, 2H), 7.26—7.39 (m, 7H), 7.59 (d, J = 8.6 Hz, 2H); '*C NMR (125 MHz,
CDCls) 3 32.6 (2C), 42.7, 44.3 (20), 67.2, 110.3, 118.8, 127.6 (2C), 127.9 (2C),
128.0, 128.5 (2C), 132.4 (2C), 136.7, 150.8, 155.2. Anal. Calcd for CyoHpoN,Ox:
C, 74.98; H, 6.29; N, 8.74. Found: C, 74.80; H, 6.42; N, 8.54.

OMe FeClj (5 mol %), MeO
CICH,CH,CI (1.2 equiv)
MgBr _ (46%)
E,0, reflux, 1 h |
X OMe

2,2'-Dimethoxy-6,6'-dimethyl-1,1"-biphenyl [Homocoupling of an Aryl-
magnesium Compound in the Presence of an Organic Dihalide as
the Oxidant].'*® 2-Methoxy-6-methylphenylmagnesium bromide (117 mg,
0.520 mmol) was added to a refluxing solution of FeCl; (4.2 mg, 0.026 mmol)
and 1,2-dichloroethane (61 mg, 0.62 mmol) in Et;O (4 mL). After the reaction
mixture was heated to reflux for 1 h, the reaction was quenched by addition of
aqueous HCI solution (1 M). The organic layer was separated and the aqueous
layer was extracted with Et,O. The combined organic layers were dried over
MgSOs. The volatiles were removed under reduced pressure and the residue was
chromatographed on silica gel to give 2,2'-dimethoxy-6,6’-dimethyl-1,1’-biphenyl
(32.3 mg, 46%) as a white solid: mp 84-85°; 'H NMR (CDCl3) § 1.94 (s, 6H),
3.69 (s, 6H), 6.82 (d, J = 8.2 Hz, 2H), 6.90 (d, J = 7.1 Hz, 2H), 7.23 (m, 2H);
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13C NMR (CDCl3) § 19.6, 55.8, 108.4, 122.2, 126.2, 127.9, 138.2, 157.0. Anal.
Calcd for C;¢H30,: C, 79.31; H, 7.49. Found: C, 79.61; H, 7.64.

1 THF CN
+  i-PrMgCl ————
NC -20°, 40 min

1.1 equiv ClMg
CN
FeCl; (5 mol %), dry air O
. (75%)
THF, -20°, 45 min
NC

4,4'-Dicyanobiphenyl [Homocoupling of an Arylmagnesium Compound
Using Air as the Oxidant].’” A dry and nitrogen-flushed 100-mL three-necked
flask, equipped with a mechanical stirrer and a thermometer, was charged with
4-iodobenzonitrile (4.58 g, 20.0 mmol) and THF (10 mL). The reaction mixture
was cooled to —30° and isopropylmagnesium chloride (2.0 M solution in THF,
11 mL, 22 mmol) was added dropwise. After 40 min at —20°, the /Mg exchange
was complete (checked by GC). A solution of FeCls (0.1 M in THF, 10 mL,
1.0 mmol) was added in one portion, and dry air was immediately bubbled into
the reaction mixture via a cannula. The rate of bubbling was adjusted to keep the
temperature below —20°. After 45 min, the introduction of air was stopped and
the reaction mixture was quenched with 1 M aqueous HCl solution (40 mL). The
aqueous phase was extracted with EtOAc (3 x 20 mL) and the combined organic
layers were washed with brine (20 mL), dried with MgSOy, and concentrated
under reduced pressure. The product was purified by chromatography on silica
gel (petroleum ether/Et;O 97:3) to afford 4,4’-dicyanobiphenyl (1.53 g, 75%)
as a white solid: mp 234°; '"H NMR (CDCls, 400 MHz) § 7.68-7.74 (m, 4H),
7.75-7.82 (m, 4H); '3C NMR (CDCl;, 100 MHz) § 112.4, 118.4, 127.9, 132.8,
143.5; EIMS (70 eV) m/z (% relative intensity): 204 (100), 177 (10). Anal. Calcd
for C14HgN,: C, 82.33; H, 3.95; N, 13.72. Found: C, 82.55; H, 4.33; N, 13.25.

TABULAR SURVEY

The tables cover the literature through 2010. Two charts listing the iron cata-
lysts and ligands/additives used in the surveyed reactions precede the tables. The
tables are organized by electrophiles in the order in which their reactions are dis-
cussed in the section on Scope and Limitations. The titles of the individual tables
can be found in the Table of Contents and are not repeated here. Table 1B lists
both carbocyclic and heterocyclic alkenyl electrophiles. Reactions of imino chlo-
rides are listed together with those of acyl electrophiles in Table 3. Heteroaryl
electrophiles are listed in Table 5, including those where the leaving group is
attached to an annulated aromatic ring, whereas heterocyclic electrophiles in
which the leaving group is attached to an sp>-carbon are found in Table 13.
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Products of coupling reactions under either oxidizing or reducing conditions are
listed together with those of normal cross-coupling reactions in the appropriate
tables; the reagents that do not fit the description in the table header are marked
with an asterisk.

Electrophiles are listed in the order of increasing carbon count. To group sim-
ilar electrophiles together, leaving groups, protecting groups, including carbon-
bound silyl groups, and groups on nitrogen, oxygen, and sulfur such as in amines,
amides, esters or ethers, are not counted unless they take part in the reaction. An
em-dash (—) signifies that a yield or other parameter was not reported.

The following abbreviations that are not in the list of standard abbreviations

published by the Journal of Organic Chemistry are used in the tables:

BINAP
bmim

(t-Bu),P(biphenyl)

bzac

Cy,P(MeO-biphenyl)

2,2'-bis(diphenylphosphino)-1,1’-binaphthyl
1-butyl-3-methylimidazolium
di-tert-butylphosphino-4-biphenyl
benzoylacetonate
2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl

dbm dibenzoylmethide

DMEDA N,N’-dimethylethylenediamine
dmpe 1,2-bis(dimethylphosphino)ethane
dpm dipivaloylmethide

dppb 1,4-bis(diphenylphosphino)butane
dppbz 1,2-bis(diphenylphosphino)benzene
dppe 1,2-bis(diphenylphosphino)ethane
dppen 1,2-bis(diphenylphosphino)ethylene
dppf 1,1’-bis(diphenylphosphino)ferrocene
dppm bis(diphenylphosphino)methane
dppp 1,3-bis(diphenylphosphino)propane
dppy 2-(diphenylphosphino)pyridine

Fe(+3) resin

a copolymer of Fe(2-acetoacetoxy)ethyl
methacrylate
with N,N-dimethylacrylamide

HMTA hexamethylenetetramine

I-Adm-HBF, 1,3-bis(1-adamantyl)imidazolium tetrafluoroborate

I--Bu-HCl 1,3-dibutylimidazolium chloride

I-MeBu-HBF, 1-butyl-3-methylimidazolium tetrafluoroborate

IPr-HCl 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride

Nf nonaflate, SO,(CF,);CF;

Np naphthyl

PMP 4-methoxyphenyl

SIPr-HBF, 1,3-bis(2,6-diisopropylphenyl)imidazolinium
tetrafluoroborate

SIPr-HCI 1,3-bis(2,6-diisopropylphenyl)imidazolinium

chloride



sulfolane
TBDPS
TEEDA
TES
XantPhos

IRON-CATALYZED CROSS-COUPLING REACTIONS

2,3,4,5-tetrahydrothiophene-1,1-dioxide
tert-butyldiphenylsilyl
N,N,N’,N’-tetraethylethylenediamine

triethylsilyl
4,5-bis(diphenylphosphino)-9,9-dimethylxanthene
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