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Abstract: Combinations of N-heterocyclic carbenes (NHCs) and fluoride salts of the iron-group metals
(Fe, Co, and Ni) have been shown to be excellent catalysts for the cross-coupling reactions of aryl Grignard
reagents (Ar'MgBr) with aryl and heteroaryl halides (Ar?X) to give unsymmetrical biaryls (Ar'—Ar?). Iron
fluorides in combination with SIPr, a saturated NHC ligand, catalyze the biaryl cross-coupling between
various aryl chlorides and aryl Grignard reagents in high yield and high selectivity. On the other hand,
cobalt and nickel fluorides in combination with IPr, an unsaturated NHC ligand, exhibit interesting
complementary reactivity in the coupling of aryl bromides or iodides; in contrast, with these substrates the
iron catalysts show a lower selectivity. The formation of homocoupling byproducts is suppressed markedly
to less than 5% in most cases by choosing the appropriate metal fluoride/NHC combination. The present
catalyst combinations offer several synthetic advantages over existing methods: practical synthesis of a
broad range of unsymmetrical biaryls without the use of palladium catalysts and phosphine ligands. On
the basis of stoichiometric control experiments and theoretical studies, the origin of the unique catalytic
effect of the fluoride counterion can be ascribed to the formation of a higher-valent heteroleptic metalate
[Ar'MF2]MgBr as the key intermediate in our proposed catalytic cycle. First, stoichiometric control experiments
revealed the stark differences in chemical reactivity between the metal fluorides and metal chlorides. Second,
DFT calculations indicate that the initial reduction of di- or trivalent metal fluoride in the wake of
transmetalation with PhMgCI is energetically unfavorable and that formation of a divalent heteroleptic
metalate complex, [PhMF,]MgCI (M = Fe, Co, Ni), is dominant in the metal fluoride system. The heteroleptic
ate-complex serves as a key reactive intermediate, which undergoes oxidative addition with PhCl and
releases the biaryl cross-coupling product Ph—Ph with reasonable energy barriers. The present cross-
coupling reaction catalyzed by iron-group metal fluorides and an NHC ligand provides a highly selective
and practical method for the synthesis of unsymmetrical biaryls as well as the opportunity to gain new
mechanistic insights into the metal-catalyzed cross-coupling reactions.

Introduction

Biaryls are important structural units for a wide range of
functional molecules,' such as chiral ligands and catalysts,
drug intermediates, liquid crystals, physiologically active
natural products, organic electronic materials, and functional
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polymers. Because of the significance and prevalence of this
class of compounds, numerous synthetic methods have been
developed for over a century.” Reductive homocoupling of
aryl halides or pseudohalides i.e., the classical Ullmann
reaction, has been developed to give the desired symmetrical
biaryls using various transition metals,?*° palladium catalysts
in combination with appropriate terminal reductants such as
zinc are currently the prevailing choice.?® Furthermore, the
cross-coupling of two different aryl halides under reducing
conditions has been also developed.” The oxidative coun-
terpart of the biaryl synthesis has also enhanced its utility
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since the seminal work of Kharasch and co-workers who
discovered that aryl Grignard reagents undergo efficient
homocoupling in the presence of catalytic amounts of first-
row transition metal salts, such as the chloride salts of
chromium, manganese, iron, cobalt, nickel, and copper.4
Indeed, recent progress in this oxidative coupling chemistry
has extended their utility to the synthesis of various func-
tionalized biaryls.> The advancement of both reductive and
oxidative biaryl coupling reactions notwithstanding, transition
metal-catalyzed cross-coupling reactions are the popular
choice, holding the synthetic advantages such as high
selectivity, broad substrate scopes, and mild reaction condi-
tions.® In fact, a wide range of arylmetal compounds has been
successfully utilized to date as the nucleophilic partner in
unsymmetrical biaryl coupling reactions (Scheme 1). While
one may use aryllithium,” magnesium,® boron,” silicon,'®
copper,'! zinc,'? or tin compounds,'? arylmagnesium com-
pounds seem ideal for practical synthesis because they are
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Scheme 1. Transition Metal-Catalyzed Biaryl Coupling Reaction

Rl=— 1F{‘i‘— cat. M2 Rl— Ri=—

cross-coupling

X = leaving group; halogen, etc. homocoupling
M! = (mainly) main group metal; boron, magnesium, copper, zinc, tin, etc.
M2 = transition metal catalyst; nickel, palladium, etc.

readily available, cheap and environmentally benign. Despite
these synthetic advantages of arylmagnesium compounds,
there is one serious drawback associated with their use: the
considerable generation of the symmetrical biaryls via
undesired homocouplings of the arylmagnesium compound
and/or the aryl electrophile. This issue often hampers their
general application for industrial production of biaryls.
We have been interested in the development of iron-
catalyzed reactions,'*'® and launched a thorough investiga-
tion of iron catalysis to overcome the above-mentioned
synthetic problem associated with the unwanted homocou-
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Scheme 2. Selective Biaryl Cross-Coupling with an Iron Fluoride
Catalyst

SIPr-HCI FeF3-3H,0 or
(15 mol%) FeCl3 (5 mol%)
O O
THF, 60 °C, 24 h
(2.5 equiv)
FeF3-3H,0 98% yield trace 4% yleld
FeCls 32% yield 2% vyield 32% yield

pling. We recently reported that the combination of iron
fluoride and N-heterocyclic carbene (NHC) ligand is a highly
selective and practical catalyst for biaryl cross-coupling
reaction of arylmagnesium compounds (Scheme 2).'” Metal
fluorides have been known to show unique reactivity and
selectivity in transition metal-catalyzed carbon—carbon bond-
forming reactions such as the asymmetric Mukaiyama— Aldol
reaction (copper),'® allylation reaction (titanium),'® as well
as carbon—heteroatom bond-forming reactions, hydroami-
nation reaction (iridium),>® and hydrosilylation reaction
(titanium).?! While such a “fluoride effect” has attracted
considerable interests in synthetic chemistry®> as well as
inorganic/organometallic chemistry, it remains unstudied in
the field of transition metal-catalyzed cross-coupling reac-
tions.>*?* We have continued careful investigation on the
“fluoride effect” in cobalt-*> and nickel-catalyzed>®
coupling reactions to achieve markedly selective biaryl cross-
coupling of aryl halides with arylmagnesium compounds, and
herein, report on the full details of this synthetically useful

Cross-
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unsymmetrical biaryl synthesis with new catalyst combina-
tions consisting of NHC ligand and the iron-group metal
fluorides.

Results and Discussion

Iron Fluoride/NHC-Catalyzed Biaryl Cross-Coupling Reac-
tion. We began our investigation focusing on the iron-catalysts
because no general and practical method had theretofore been
developed for iron-catalyzed biaryl cross-coupling reactions.'* !’
Whereas efficient homocoupling reactions of arylmagnesium
compounds have been achieved using iron catalysts,”™ only
a few reports were reported for the iron-catalyzed cross-coupling
reactions before our study®’ and a few more®® in the last two
years. We thus conducted a careful and detailed catalyst
screening for the reaction of a simple aryl chloride with an
arylmagnesium reagent. The benchmark coupling reaction was
performed by heating a THF solution of chlorobenzene 1,
p-tolylmagnesium bromide (p-TolMgBr, 2.5 equiv), an iron salt
(5 mol %), and an additive at 60 °C for 24 h (Table 1). Various
additives, including imidazolium and imidazolinium salts (as
shown in Chart 1), as well as typical phosphine ligands, were
studied in combination with a catalytic amount of iron fluorides.

The optimum yield (98%) of 4-methylbiphenyl 2 was
achieved with 5 mol % of FeF;:3H,O and 15 mol % of
SIPr-HCI (entry 1). The undesired homocoupling reaction
occurred only sluggishly and gave a negligible amount of
biphenyl 3 and a small amount of 4,4’-dimethylbiphenyl 4 (0.018
mmol, 4% yield, based on the amount of p-TolMgBr). As shown
in entry 2, when the less sterically demanding NHC was used,
a lower conversion of the starting chlorobenzene 1 was observed.
The unsaturated NHC precursors, [Pr«HCI and I-+-Bu+HCI, were
ineffective (entries 3 and 5). The counteranion of the NHC
precursors has a considerable effect on the reactivity (entry 4).
The use of 10 or 5 mol % of SIPr<HCI resulted in a selective,
but slower, conversion (entries 6 and 7). The reaction was
sluggish without an NHC precursor (entry 8). Tricyclohexyl-
phosphine (PCys) did not accelerate the reaction (entry 9). As
shown in entries 10—13, bidentate phosphine ligands and
nitrogen ligands were found to inhibit the reaction.

Entries 14—21 show a striking contrast in the reactivity of
various iron salts. Iron(I) fluoride tetrahydrate (FeF,<4H,0)
showed a comparable catalytic activity to afford 2 in 96% yield.
The reaction did not complete with anhydrous FeF; or FeF,,
probably due to their lower solubility in THF (entries 15 and
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Table 1. Effect of Iron Salts and Additives on the Cross-Coupling
of Chlorobenzene with p-TolMgBr

iron salt (5 mol%)

additive biphenyl
p-TolMgBr (2.5 equiv) 3

@—CI @—;ﬂol + o .

THF, 60 °C, 24 h 4,4'-dimethylbiphenyl

1 2 4
% ¥elds” peye  pitolyle

entry? iron salt additive (mol %) 2 3 1 4
1 FeF3-3H,0 SIPr-HCI (15) 98 trace O 4
2 FeF;-3H,0 SIMes-HCI (15) 34 trace 64 5
3 FeF;-3H,0 IPr-HCI (15) 25 trace 71 4
4 FeF;-3H,0 SIPr-HBF, (15) 39 trace 48 6
5 FeF;+3H,0 I-+-Bu-HCI (15) 51 trace 48 6
6 FeF;+3H,0 SIPr-HCI (10) 93 trace 5 4
7 FeF;+-3H,0 SIPr-HCI (5) 61 trace 36 5
8 FeF;+3H,0 none 6 trace 93 4
9 FeF;+3H,0 PCy; (10) 5 0 87 4
10 FeF;*3H,O DPPE (10) 0 0 100 3
11 FeF;+3H,0 DPPF (10) 1 0 99 4
12 FeF;:3H,0 phenanthroline (5) 1 0 95 6
13 FeF;:3H,0 TMEDA (2.5 equiv) 1 0 95 8
14 FeF,-4H,0 SIPr-HCI (15) 96 trace 2 4
15 FeF; SIPr-HCI (15) 29 trace 69 2
16 FeF, SIPr-HCI (15) 18 trace 81 1
17¢ FeF; H,O (15), SIPr-HCI (15) 40 trace 57 1
18 FeCl; SIPr-HCI (15) 32 2 10 32
19 Fe(acac); SIPr-HCI (15) 26 2 18 29
20 FeCl; none 17 2 17 33
21 FeCl, KF (20), SIPr-HCI (15) 92 1 0 8

“Reactions were carried out on a 0.4—1.0 mmol scale. ” The yield
was determined by GC analysis using undecane as an internal standard.
“Recovery of starting material. “ Based on the amount of p-TolMgBr
used. “Iron salt and additives were mixed in THF for 10 min at room
temperature prior to the reaction. / FeCl; was treated with KF in MeOH/
THF, which were then removed in vacuo.

Chart 1. Imidazolium and Imidazolinium Salts Examined as NHC

Ligand Precursors
j-Pr Pr Me Me
Lo T
NN N NON cr
Me Me
Me Mg
SIMes-HCI

i-Pr i-Pr

X=Cl: SIPr-HCI
= BF,: SIPr-HBF,

-Pr i-Pr
o
NV/N cr

-Pri-Pr
IPr-HCI I-+-Bu-HCI

—

Me Me

Meﬁ/N\J'//N\fMe cr
Me Me

16). Note that the addition of 15 mol % of water into FeF;
increased the product yield to a limited extent (entry 17). We
assume that water or hydroxide can react with the solid surface
of FeF; and make it partially soluble to promote the generation
of catalytically active species to some extent.”’ In fact, a mixture

(29) In FeF5+3H,0 and FeF,*4H,0, each iron atom is surrounded not only
by fluorine atoms but also by water molecules in the form of a nearly
regular octahedron. It can account for higher solubility of FeF;+3H,O
and FeF,+4H,0 than that of FeF; and FeF,, in which an iron atom is
surrounded by six fluorine atoms: (a) Hepworth, M. A.; Jack, K. H.;
Peacock, R. D.; Westland, G. J. Acta Crystallogr. 1957, 10, 63-69.
(b) Penfold, B. R.; Taylor, M. R. Acta Crystallogr. 1960, 13, 953—
955. (c) Teufer, G. Acta Crystallogr. 1964, 17, 1480. (d) Jgrgensen,
J.-E.; Smith, R. I. Acta Crystallogr. 2006, B62, 987-992.
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of anhydrous FeF; and SIPr-HCI (1:2 ratio), finely ground under
an inert atmosphere, showed the comparable reactivity with the
combination of FeF;+3H,0 and SIPr-HCI (data not shown). In
the presence of FeCl; or Fe(acac);, homocoupling was pre-
dominant with or without SIPr+HCI (entries 18—20). Pretreat-
ment of FeCl; with KF also generated a catalytically active
species, which gave the unsymmetrical biaryl with the same
efficiency of the catalyst prepared from the hydrates of iron
fluorides (entry 21). This experiment indicates that the involve-
ment of HyO or metal hydroxide to the catalytic C—C bond-
forming process is likely very minimal.

Cobalt- and Nickel Fluorides/NHC-Catalyzed Biaryl Cross-
Coupling Reactions. We next focused on cobalt*® and nickel®’
catalysts. Although various salts and complexes of these metals
have been widely used as highly reactive metal catalysts for
various C—C bond-forming reactions, the corresponding metal
fluorides have only been minimally studied in the cross-coupling
field.*> We examined the reaction of chlorobenzene 1 with
p-TolMgBr in the presence of catalytic amounts of cobalt and
nickel fluorides with various NHCs and confirmed that high
selectivity for the unsymmetrical biaryl can also be attained with
these iron-group metal fluorides (Table 2).

The reaction with CoF,+4H,0 (3 mol %) and IPr-HCI (6
mol %) gave 2 in a higher yield than 3 and 4 (95%, 3%, and
11% yields, respectively, entry 1), while the reaction with
CoCl,*6H,0 gave 2 with a considerable amount of 3 and 4
(68%, 11%, and 15% yields, respectively, entry 2). CoF, and
CoF; showed lower catalytic activity that we attribute to their
low solubility, similar to the anhydrous iron fluorides (entries
3 and 4). IPr-HCI emerged as the most effective NHC precursor
rather than SIPr-HCI, as in entry 5. A similar “fluoride effect”
was observed using nickel catalysts. The reaction with NiF, or
NiF,:4H,0 (1 mol %) and IPr-HCl (2 mol %) gave 2
selectively, but using NiCl, or NiCl,*6H,0 resulted in less
selectivity (entries 6—9). In the presence of a reduced amount
of NiF, (0.5 mol %), the reaction was complete after 48 h,
affording 98% yield of 2 (entry 10). In contrast to the iron
catalyst, the counteranion of the NHC precursors did not affect
the product yield (entry 11). Decreasing the steric bulkiness of
the N-aryl substituent led to a decrease in product yield (entries
12 and 13). SIPr-HCI was slightly less effective than IPr+HCI
(entry 14). It is noteworthy that addition of KF to NiCl,
improved the cross-/homo-selectivity in the reaction of bro-
mobenzene with p-TolMgBr (entries 15—17). From these results,
we chose SIPr-HCI for iron fluoride and IPr-HCI for cobalt

(30) Recent reviews: (a) Shinokubo, H.; Oshima, K. Eur. J. Org. Chem.
2004, 2081-2091. (b) Blekkan, E. A.; Borg, O.; Froeseth, V.; Holmen,
A. Catalysis 2007, 20, 13-32. (c) Gosmini, C.; Bégouin, J.-M.;
Moncomble, A. Chem. Commun. 2008, 3221-3233. (d) Hess, W.;
Treutwein, J.; Hilt, G. Synthesis 2008, 3537-3562. (e) Jeganmohan,
M.; Cheng, C.-H. Chem. Eur. J. 2008, 14, 10876—10886.

(31) Recent reviews: (a) Suginome, M.; Ito, Y. J. Organomet. Chem. 2003,
680, 43-50. (b) Montgomery, J. Angew. Chem., Int. Ed. 2004, 43,
3890-3908. (c) Netherton, M. R.; Fu, G. C. Adv. Synth. Catal. 2004,
346, 1525-1532. (d) Tamaru, Y., Ed.; Modern Organonickel Chem-
istry; Wiley-VCH: Weinheim, 2005. (e) Montgomery, J.; Sormunen,
G. J. Top. Curr. Chem. 2007, 279, 1-23. (f) Kimura, M.; Tamaru, Y.
Top. Curr. Chem. 2007, 279, 173-207. (g) Mori, M. Eur. J. Org.
Chem. 2007, 4981-4993. (h) Ng, S.-S.; Ho, C.-Y.; Schleicher, K. D.;
Jamison, T. F. Pure Appl. Chem. 2008, 80, 929-939. (i) Nakao, Y.;
Hiyama, T. Pure Appl. Chem. 2008, 80, 1097-1107. (j) Hirano, K.;
Yorimitsu, H.; Oshima, K. Chem. Commun. 2008, 3234-3241.

(32) Reviews for transition-metal fluoride: (a) Doherty, N. M.; Hoffmann,
N. W. Chem. Rev. 1991, 91, 553-573. (b) Murphy, E. F.; Murugavel,
R.; Roesky, H. W. Chem. Rev. 1997, 97, 3425-3468. (c) Mezzetti,
A.; Becker, C. Helv. Chem. Acta 2002, 85, 2686-2703.
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Table 2. Screening of Cobalt and Nickel Salts in the Presence of
Various NHC Ligands

cobalt or nickel salt

additive biphenyl

Q p-TolMgBr (1.2 equiv) 3

THF, 60 °C, time 4,4'-dimethylbiphenyl

1 2 4
% Yields® psie pitolyie

entry? metal salt (mol %) additive (mol %) tme (h) 2 3 1 4
1 CoF,-4H,0 (3) IPr-HCI (6) 48 95 3 0 11
2 CoCl,*6H20 (3) IPr-HCI (6) 48 68 11 2 15
3 CoF, (3) IPr-HCI (6) 48 21 trace 79 2
4 CoF; (3) IPr-HCI (6) 48 33 1 58 5
5 CoF,+4H,0 (3) SIPr-HCI (6) 48 39 trace 50 5
6 NiF, (1) IPr-HCI (2) 24 98 trace trace 3
7 NiF,+4H,0 (1) IPr-HCI (2) 24 96 trace 1 1
8 NiCl, (1) IPr-HCI (2) 15 64 18 5 23
9 NiCl,+6H,0 (1) IPr-HCI (2) 15 60 18 11 22
10 NiF; (0.5) IPr-HCI (1) 48 98 trace O 2
11 NiF; (0.5) IPr-HBF, (1) 48 98 trace 0 1
12 NiF, (0.5) I-+-Bu-HCI (1) 48 95 trace 3 3
13 NiF, (0.5) IMes-HCI (1) 48 7 trace 92 2
14 NiF, (0.5) SIPr-HCI (1) 48 94 2 4 10
15¢ NiCl, (1) IPr-HCI (2) 1 8 14 0 20
16¢ NiCl, (1) KF (2), IPr-HCI (2) 1 95 3 0 5
17¢ NiCl, (1) KF (4), IPr-HCI (2) 1 96 2 0 4

“ Reactions were carried out on a 1.0—3.0 mmol scale.  The yield
was determined by GC analysis using undecane as an internal standard.
¢ Recovery of starting material. “ Based on the amount of p-TolMgBr
used. “ Bromobenzene was used instead of chlorobenzene.

and nickel fluorides as the standard NHC ligand in the ensuing
investigations.

Biaryl Cross-Coupling Reactions in the Presence of
Phosphine Lignads. Since the seminal work reported by Kumada
and Tamao,?*™“* phosphine ligands such as chelating 1,2-
bis(diphenylphosphino)ethane (DPPE) and 1,3-bis(diphenylphos-
phino)propane (DPPP), have been known to be effective and
widely used in the cross-coupling reactions with nickel as well
as palladium catalysts. We therefore compared these orthodox
diphosphine and monophosphine ligands with the NHC ligands
in the nickel- or cobalt fluoride-catalyzed biaryl cross-coupling
reactions (Table 3).

Cross-coupling reaction between bromobenzene and p-
TolMgBr was catalyzed by NiF, in the absence of an auxiliary
ligand to give a mixture of cross- and homocoupling products
(2, 3, and 4) as in entry 1. Triphenylphosphine (PPh;) did not
accelerate cross-coupling but reduced the amounts of both
homocoupling products 3 and 4 to some extent (entry 2).
Addition of 4 equiv of PPh; to NiF, improved the cross-/homo-
selectivity (entry 3). NiCl, catalyzed the coupling reaction with
a slightly lower selectivity under the same conditions (entry
4). In sharp contrast to the earlier studies on the Kumada
coupling, the chelating diphosphine ligands, DPPE, DPPP, and
DPPB, prevented the cross-coupling reaction in the presence
of NiF, (entries 5—7). These results can be explained by the
“fluoride-effect,” where the strong coordination of two fluoride
ions and bisphosphine to the nickel center occupies four
coordination sites, and therefore, one coordination site remains
as a reactive site, which would be not suitable for the cross-
coupling reaction (see the mechanistic studies below). Note that
the representative nickel catalyst, NiCl,+dppp, gave sufficient

(33) Kumada, M. Pure. Appl. Chem. 1980, 52, 669-679.

Table 3. Fluoride Effect on Ni- and Co-Catalyzed Biaryl
Cross-Coupling in the Presence of Phosphine Ligands

metal salt
ligand
p-TolMgBr biphenyl
(1.2-1.5 equiv) 3
O O seam
THF, 60 °C, time 4,4'-dimethylbiphenyl
2 4
Ve pam bitoly
entry®  metal salt (mol %) ligand (mol %) time (h) 2 3 Ph—-Br %4
1 NiF, (1) none 22 59 32 0 40
2 NiF, (1) PPh; (1) 16 57 15 0 25
3 NiF, (1) PPh; (4) 16 93 6 0 14
4 NiCl, (1) PPh; (4) 1 84 8 7 20
5 NiF, (1) DPPE (1) 16 trace 0 99 3
6 NiF, (1) DPPP (1) 16 trace 0 99 3
7 NiF, (1) DPPB (1) 16 1 1 99 3
8 NiClL,+dppp (1) none 4 92 7 0 13
9 NiF, (0.5) IPr-HCI (1) 3 99  trace 0 2
10 CoF,-H,0 (1) none 16 12 trace 64 20

11 CoF,*4H,O (1) DPPE (1) 16 1 0 93 4
12 CoF,*4H,0 (0.5) IPr-HCl (1) 3 99 0 0 7

“ Reactions were carried out on a 1.0—3.0 mmol scale. ” The yield
was determined by GC analysis using undecane as an internal standard.
“Recovery of starting material. “ Based on the amount of p-TolMgBr
used.

yield of 2 (92%), albeit with a considerable by-production of 3
and 4 (7% and 13% yields, respectively, entry 8). As in entry
9, excellent yield and selectivity were attained by using 0.5 mol
% of NiF, and 1 mol % of IPr-HCI. Analogous to the nickel
fluoride catalysis, DPPE prevented the coupling reaction with
cobalt fluoride, while IPr dramatically accelerated the reaction
(entries 10—12). In combination with the data for the iron
fluoride catalysts (Table 1, entries 8—11), we conclude that the
prevailing chelating diphosphines are ineffective ligands for the
present metal fluoride-catalyzed cross-coupling reactions.
Preparation of Active Metal Catalyst by Pretreatment
with Alkyl Grignard Reagents. Having confirmed the unique
high selectivity of the cross-coupling catalysts consisting of an
iron-group metal fluoride and an NHC, we sought to demonstrate
the synthetic versatility and practicality of this novel biaryl cross-
coupling reaction. The aforementioned procedure requires an
excess amount of arylmagnesium bromide to achieve complete
conversion of aryl halide. For example, the cross-coupling
between chlorobenzene 1 and p-TolMgBr using a reduced
amount of iron fluoride catalysts (3 mol % vs 5 mol %) and
Grignard reagents (1.5 equiv vs 2.5 equiv) did not go to
completion and gave the cross-coupling product in only 72%
yield after 24 h at 60 °C (entry 1 in Table 4 vs entry 1 in Table
1). We assumed that insufficient basicity of the Grignard reagent
toward deprotonation of NHC precursors and hydrates of iron
or cobalt fluorides resulted in the slow conversion of substrate.>*
After screening various bases, MeMgBr and EtMgBr were found
to be suitable for the activation of iron and cobalt composites
(entries 2—8, Table 4). The treatment of FeF;:3H,O and
SIPr-HCI with 18 mol % of MeMgBr to quench all protons
derived from catalyst precursors enhanced the reaction rate to
give 2 in 97% yield with 1% recovery of 1 (entry 2). Additional
MeMgBr slightly enhanced the reaction rate (entry 3). With
EtMgBr (18 mol %), the reaction completed to give 98% yield
using 1.2 equiv of p-TolMgBr (entry 4). When 27 mol % of

(34) In situ generation of NHC ligand: Herrmann, W. A. Angew. Chem.,
Int. Ed. 2002, 41, 1290-1309, and references cited therein.
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Table 4. Effect of MeMgBr and EtMgBr as an Activating Agent

1 (1.0 equiv)
RMgBr -TolMgBr
metalsalt— x mol%) (Y equw)
(S)IPrHCL  THF 0 °C THF QNOI Jr(trfce; 4
thenrt,4h 60 °C, time 2

metal salt (mol %) % yield® RSM°  bitolyl?
entry?  (S) IPr-HCI (mol %) R X Y time (h) 2 1 4
1 FeF;*3H,03) — 0 15 4 32 64 2
SIPr-HCI (9) 24 72 25 3
2 FeF;°3H,0 (3) Me 18 1.2 4 52 45 2
SIPr-HCI (9) 24 97 1 3
3 FeF;+3H,0 (3) Me 27 1.2 4 78 16 1
SIPr-HCI (9) 24 97 trace 3
4 FeF;-3H,0 3) Et 18 1.2 4 92 6 2
SIPr-HCI (9) 12 98 0 3
5 FeF;-3H,0 3) Et 27 1.2 4 89 9¢ 1
SIPr-HCI (9) 24 96 0° 2
6 CoF,*4H,0(3) — 0 15 4 11 84 4
IPr-HCI (6) 24 56 42 7
7 CoF,*4H,0 3) Me 18 1.2 4 68 32 4
IPr-HCI (6) 24 93 4 4
8 CoF,*4H,0 3) Et 18 1.2 4 55 42 3
IPr-HCI (6) 24 98 2 3
9 NiF, (1) - 0 12 4 65 33 1
IPr-HCI (2) 24 98 1 1
10 NiF, (1) Me 2 12 4 60 39 2
IPr-HCI (2) 24 94 2 2

“ Reactions were carried out on a 0.4—2.0 mmol scale. ® The yield
was determined by GC analysis using undecane as an internal standard.
“Recovery of starting material. “ Based on the amount of p-TolMgBr
used. ¢ Ethylbenzene was obtained in 3% yield.

EtMgBr was used for the generation of the active catalyst,
ethylbenzene was obtained in 3% yield via cross-coupling of
the residual EtMgBr and 1 (entry 5). Given the lower yield (2%)
of the homocoupling product 4, we assume that some of the
excess EtMgBr is consumed by the partial reduction of the iron
(IIT) to iron (IT).** Similarly, pretreatment of CoF,+4H,0 (3 mol
%) and IPr-HCIl (6 mol %) with 18 mol % of MeMgBr or
EtMgBr afforded a considerable enhancement of the reaction
rate (entries 6—8). In contrast, NiF, (1 mol %) did not require
the treatment with the alkyl Grignard reagents, and almost
complete conversion of 1 was observed either with or without
pretreatment (entries 9 and 10). Hence, we assume that EtMgBr
is basic enough to react with the water molecules of the metal
fluoride hydrates in the liquid—solid state, assisting in their
dissolution. In the following section, we display the scope and
limitations of the present coupling reactions according to the
procedures presented in entries 4, 8, and 9 respectively.
Selective Biaryl Cross-Coupling Reactions Catalyzed by
Iron-Group Metal Fluorides/NHC: Scope and Limitations. With
the optimal conditions in hand, we examined fluoro-, bromo-,
and iodobenzenes as electrophiles to determine the scope of
the leaving group in the present reactions, (Table 5). Reactions
with p-TolMgBr (1.2 equiv) were conducted at 60 °C in the
presence of FeF;:3H,O and SIPr-HCl (3 and 6 mol %,
respectively), NiF, and IPr-HCI (0.5 and 1 mol %, respectively),
or CoF,+4H,0 and IPr-HCI (0.5 and 1 mol %, respectively).

(35) Although alkyl Grignard reagents possessing b-hydrogens are known
to reduce some iron (III) and also iron (II) salts to zero or much lower
oxidation states (see ref 150 and references cited therein), we are
supposing the coordinating fluoride ion could hamper the full reduction
of the iron salts in the light of the stoichiometric control experiments
and theoretical studies described in the later part of the manuscript.
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Table 5. Leaving Group Capabilities

metal fluoride

(S)PrHCI biphenyl
p-TolMgBr (1.2 equiv) 3
O o oo
THF, 60 °C, time 4,4'-dimethylbipheny!
X=F,Br, | 2 4
o, i b
% Yields” poue bitolyle

entry® metal fluoride (mol %) (S) IPr-HCI (mol %) X time(h) 2 3 Ph—-X 4
1 FeF;-3H,0 3) SIPrHCI(9) F 24 0 0 >99 trace

FeF;+3H,0 (3)
COFZ ¢ 4H20 (05)

SIPr-HCI (9) Br
IPr-HCI (1) Br

28 1
99 trace

2 24 0 36
3 3 0 7
4 NiF, (0.5) IPr-HCI (1) Br 3 99 trace O 2
5 NiF, (0.5) IPr-HCI (0.5) Br 3 98 2 0 4
6° NiF, (0.5) IPr-HC1 (0.5) Br 3 99 trace O 2
7 NiF, (1.0) none Br 22 59 32 0 40
8 NiCl,+dppp (1) - Br 4 92 7 0 13

9 FeF;+3H,0 (3)
10 CoF,-4H,0 (0.5)
1 NiF, (0.5)

SIPr-HC1 (9) I 24 23 2 0 38
IPr-HCI (1) I 3 30 trace 10 44
IPr-HCI (1) I 1 92 1 0 11

“ Reactions were carried out on a 1.0—3.0 mmol scale. ” The yield
was determined by GC analysis using undecane as an internal standard.
“Recovery of starting material. “ Based on the amount of p-TolMgBr
used. ¢ p-TolMgBr was added slowly over 3 h at 60 °C. /3 mol %
MeMgBr was added and stirred for 3 h at 60 °C before addition of
iodobenzene and p-TolMgBr.

Fluorobenzene was fully inert under these conditions (entry
1). While the reaction of bromobenzene with the iron catalyst
afforded predominantly the homocoupling product 4, the reac-
tion with cobalt or nickel catalyst gave 2 selectively (entries
2—4). As shown in entry 5, one equivalent of IPr+HCI for NiF,
was ample for complete conversion, but not for complete
selectivity. Interestingly, the selectivity was improved by the
slow addition of p-TolMgBr to the reaction mixture (3 h at 60
°C, entry 6). The reaction without IPr-HCI was found to be
slower and significantly less selective to give 2, 3, and 4 in
59%, 32%, and 40% yields, respectively (entry 7). Note that
NiCl,+dppp, a representative catalyst for the Kumada coupling,
gave 2 with lower selectivity under the same conditions (entry
8). These results indicate that the NHC ligand (IPr or SIPr) not
only accelerates the oxidative addition step due to its electron
donation toward the metal center but also suppresses the
homocoupling reaction. Bulky NHC ligands, such as IPr or SIPr,
would prevent the formation of Ar;M or rapid transmetalation
(and the following nonselective coupling reaction) due to its
steric hindrance. The reaction of iodobenzene showed the lowest
selectivity in all cases (entries 9—11). Iodobenzene is a stronger
oxidant than bromo- or chlorobenzene and can undergo oxida-
tive addition to form a low-valent metal species that does not
have an NHC ligand, which could subsequently form an Ar;M
species.

Regarding the substrate scope, the metal fluoride-catalyzed
cross-coupling reaction can be widely applicable to a broad
range of substrates (Table 6). We carried out coupling reactions
using iron, cobalt, and nickel catalysts according to the
procedure in entries 4, 8, and 9 in Table 4, respectively.
Electron-rich 4-chloroanisole reacted smoothly with p-TolMgBr
to give the desired product in 92%, 94%, and 88% yields,
respectively (entry 1). Fluorine-substituted biaryls, the repre-
sentative mesogen structure of liquid crystal molecules, can be
synthesized with 1-chloro-4-fluorobenzene, 1-chloro-3,4-di-
fluorobenzene, and 1-bromo-3,5-difluorobenzene in good to
excellent yields with proper choice of a metal catalyst (entries
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Table 6. Biaryl Cross-Coupling Catalyzed by Combinations of an Iron-Group Metal Fluoride and an NHC Ligand
Ar’MgBr catalyst (mol %) - 1ab Ar*MgBr catalyst (mol%) s
1 1
entry” Ar-X (equiv) conditions %yield” ety Arl-X (equiv) conditions % yield
Me
Fe cat. (3)
1 MeO—QCI MeO—MgBr 60 °C. 24 h 92 7 MeOOBr MGQMgBr 8C000ccat.2£‘3%1 84¢
(1.2) ’
Co cat. (3) o04c Me (12)  Ni cat. (1) 08
60 °C,24 h 80°C,12h
Ni cat. (3) ggd Me
60 °C,24 h Fe cat. (3) -
8 @—CI MeQMgBr 120 °C. 24 b 93
Fe cat. (3) 1.2 .
2 FOCI MeOOMgBr 60 °C. 24 h 91 me (1.2) Ni Sat. (1 %
12) 120°C, 4 h*
E OMe
Fe cat. (5) Q MgBr
3 MeOOMgBr 60°C.24h 8l 9 e SR
F cl 80°C.12h c Q ’
(1.5) ’ (1.2)
Co cat. (5) 97
60°C,24 h OMe
. MgBr  Fe cat. (3)
Ni cat. (5) 10 ‘ o | 96
60 °C,24 h 46¢ GCI Q (1.5) 60 °C,24 h
- 80°C,12h Co cat. (3) 70¢
60 °C,24 h
Fe cat. (5 .
4 Br Me MgBr 4060%’ 3(6)h 12¢ Ni cat. (3) Q¢
60 °C,24 h
F (I.2)  Co cat. (D) 20¢
4(.) C,36h " Q—CI MaB Fe cat. (3) 9%
Nicat. (05) o 9T 60°C,24h
40°C, 18 h MeoN (1.2) .
Ni cat. (3) 41¢
E 4 60 °C,24 h
5 BUOCI F MgBr 6oe°°Cat'2(4% 87
> 0 Fe cat. (3)
(1.5)  Co cat. (4) 86° 12 [ >-®;m QMgBr 60°C,24h 88
60 °C,24 h o} 80°C,12h
. (1.35)
Ni cat. (4) 39¢
60 °C,24 h Br Fe cat. (5)
OMe Me 13 : — Me < > MgBr goec,80h 187
6 Fe cat. (3) 90 (12) (o cat. 1) {d
cl MgBr  80°C.24h 60 °C,4 h
(1.2)  Nicat. (1) Ni cat. (1)
60°C.36h 24 60°C.18h

“ Reactions were carried out on a 1.0—3.0 mmol scale following the procedure in entries 4 (Fe cat.), 8 (Co cat.), and 9 (Ni cat.) in Table 4 unless
otherwise noted. ® Isolated yield. € The yield was determined by GC analysis using undecane as an internal standard. ¢ The yield was determined by 'H
NMR analysis using bromoform or 1,1,2,2-tetrachloroethane as an internal standard. ¢ The reaction was carried out in toluene.

2—4). In the case of 1-chloro-3,4-difluorobenzene, the cobalt
catalyst gave a 97% yield of the desired product, but the nickel
catalyst gave a much lower yield with considerable generation
of defluorinated biaryl and tetraaryl compounds via C—F bond
cleavage. On the other hand, 1-bromo-3,5-difluorobenzene
selectively gave the desired product in the presence of the nickel
catalyst owing to much higher reactivity of the C—Br bond than
that of the C—F bond. The iron and cobalt catalysts gave 4,4’
dimethylbiphenyl as the major product via the homocoupling
of p-TolMgBr (35% and 46%, respectively). Electron-deficient
4-fluorophenylmagnesium bromide gave the desired product in
a good yield with the iron and cobalt catalysts, but a much lower
yield with the nickel catalyst (entry 5). In the latter case, 40%
of 1-butyl-4-chlorobenzene was recovered, and 10% of 4-bu-
tylbiphenyl was also obtained via C—F bond cleavage. While
the reactions of o-tolyl- and mesitylmagnesium bromides were
rather slow because of their steric hindrance, elevated reaction
temperatures (80 and 120 °C) gave the corresponding products
in good to excellent yields (entries 6—8). In these cases, the

nickel catalyst showed higher catalytic activity than others.
1-Naphthylmagnesium bromide and 2-naphthylmagnesium bro-
mide took part in the iron-catalyzed coupling reaction (92%
and 96% yields, entries 9 and 10). The reactions of 2-naphth-
ylmagnesium bromide with the cobalt and nickel catalysts were
less selective, giving 70% and 82% yields of the desired product
and 24% and 17% of 2,2’-binaphthyl, respectively. As shown
in entry 11, the dimethylamino group seems to interfere with
the nickel-catalyzed coupling reaction, but not the iron-catalyzed
coupling reaction. Acetal functionality remained intact under
the reaction conditions (entry 12). Whereas the reaction of
1-bromo-2-(but-3-enyl)benzene and p-TolMgBr with the nickel
catalyst selectively gave the desired product, the reaction with
the iron catalyst gave only 18% yield with 68% yield of 4,4’
dimethylbiphenyl via homocoupling reaction (entry 13).
Heteroaromatic nucleophiles, as well as electrophiles, took
part in the selective biaryl cross-coupling reaction (Table 7). In
the presence of the cobalt and nickel catalysts, 2-bromopyridine
reacted with p-TolMgBr at 60 °C to give the desired product in
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Table 7. Biaryl Cross-Couplings of Heteroaromatic Substrates

Ar*MgBr catalyst (mol% Ar’MgBr 1 1%

I yst (mol%) . 1 g catalyst (mol%) b
entry? Ar'-X (equiv) conditions % yield entry  Ar'-X (equiv) conditions % yield
1 OBF Me—@—MgBr 612)60%1t'1(62)h 66¢ 4 Ii>—Br Me—@—MgB éz)eo%it.l(g)h 3¢

(12 o cat. 2) osc A2 Cocat. (2) o3¢
60 °C, 16 h 60 °C, 18 h
Ni cat. (0.5) Ni cat. (0.5)
60 °C. 16 h 3 60°C. 18 h 83
\ )
12D 6 cat. 2) 4¢ mger  Fecat.(3) 82
60°C, 16 h (1 35) 100 °C, 8 h¢
Ni cat. (0.5)
60 °C, 16 h 84
N\ Fe cat. (4) @, E\y Fe cat. (6)
3oL Meo‘@"é‘fi’) 50°C1sh ¥ 6 0 L MgB('l 5 S0°C24h 7
' Co cat. (2) ' Co cat. (6) .
50°C, 15 h 95 80°C, 24 h 9
Ni cat. (1) ) Ni cat. (3) .
50°C, 15h 37° 80 °C. 24 h 9%

“ Reactions were carried out on a 1.0—3.0 mmol scale following the procedure in entries 4 (Fe cat.), 8 (Co cat.), or 9 (Ni cat.), Table 4 unless
otherwise noted. ” The isolated yield. © The yield was determined by GC analysis using undecane as an internal standard. ¢ The reaction was carried out

in toluene.

95% and 93% yields (entry 1). The reaction with the iron
catalyst was less selective, yielding 66% of the desired product
and 30% of 4,4’-dimethylbiphenyl via the homocoupling of
p-TolMgBr. In these cases, 2-bromopyridine was not recovered.
As shown in entry 2, the reaction between 3-bromopyridine and
p-TolMgBr took place selectively with the nickel catalyst, but
not with the iron or cobalt catalysts. The reaction with
p-anisylmagnesium bromide took place selectively with the
cobalt catalyst to give the desired product in 95% yield (entry
3). In the presence of the iron or nickel catalyst, the reaction
did not go to completion, and 2-chlorothiophene was recovered
(ca. 90% and 50%, respectively). 3-Bromothiophene gave the
corresponding coupling product in good yields in the presence
of the cobalt and nickel catalysts (entry 4). The reaction of
2-chloroquinoline with mesitylmagnesium bromide took place
at 100 °C to give the desired product in 82% yield (entry 5). In
the presence of the cobalt and nickel catalysts, the reaction of
2-bromopyridine with 2-thienylmagnesium bromide smoothly
took place at 80 °C to give 2-thiophen-2-yl pyridine in 99%
yield (entry 6).

Arenes bearing more than one leaving group can be
selectively cross-coupled with a suitable catalyst (Tables 8
and 9). In the presence of the iron catalyst, the reaction of
4-chlorothioanisole 5 with p-TolMgBr took place via a
selective C—Cl bond cleavage to give 4-methyl-4’-methyl-
sulfanylbiphenyl 7 in 80% yield. The cobalt- and nickel-
catalyzed reactions were less selective to afford 7 in 55%
and 10% yields, respectively, with considerable amounts of
side products (6, 8, 2, and 1) via C—S bond cleavage.® Next,
we carried out the reaction of 1-bromo-4-chlorobenzene with
p-TolMgBr, as shown in Table 9. The reaction with the iron
catalyst stopped after initial turnovers, with formation of a
considerable amount of homocoupling product 4 and chlo-
robenzene 1. This suggests that 9 served as an oxidant for

(36) Tiecco, M.; Testaferri, L.; Tingoli, M.; Chianelli, D.; Wenkert, E.
Tetrahedron Lett. 1982, 23, 4629-4632.
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Table 8. Selective C—CI Cleavage over C—S by Iron Catalyst

catalyst
(X mol%)
p-ToIIVIgBr
(1.35 equiv)

mOsm Op Tol p-TOIO
THF
60 °C, 24 h

p-Tol@—p-Tol p-ToIO —OH p-Tol—p-Tol

% yields of product?

RSM?
catalyst (X mol %) 7 8 2 1 5 4

6
FeF;+3H,0 (6), SIPr-HC1 (18) 0 80 4 0 O 15 8
CoF,+4H,0 (6), IPr-HC1 (12) 2 55 6 0 O 29 7

NiF, (2), IPr-HCI (4) 2 10 13 6 17 30 10

bitolyl°

“The yield was determined by GC analysis using undecane as an
internal standard. ” Recovery of starting material. © Based on the amount
of p-TolMgBr used.

the homocoupling of p-TolMgBr to give 4-chlorophenyl-
magnesium bromide. The nickel catalyst turned out to be the
best catalyst for the selective coupling to give a 4-chloro-
4’-methylbiphenyl 6 in 96% yield.’ In contrast, the cobalt
catalyst gave a moderate yield and selectivity.

The present method is also useful for multiple arylation
reactions of polychloroarenes. In the presence of the nickel
catalyst prepared from nickel fluoride (6 mol %), [Pr<HCI (12
mol %), and MeMgBr (24 mol %), the reaction between 1,2,4,5-
tetrachlorobenzene 11 and phenylmagnesium bromide (PhMgBr)
at 60—80 °C afforded 1,2,4,5-tetraphenylbenzene 12 in 71%
yield and 1,2,4-triphenylbenzene in 20% yield (eq 1). Note that

(37) (a) Ikoma, Y.; Taya, F.; Ozaki, E.-i.; Higuchi, S.; Naoi, Y.; Fuji-i, K.
Synthesis 1990, 147-148. (b) Littke, A. F.; Dai, C. Y.; Fu, G. C. J. Am.
Chem. Soc. 2000, 122, 4020-4028.
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Table 9. Selective C—Br Cleavage over C—ClI by Nickel Catalyst

catalyst
(X mol%)
p-ToMgBr
(1.2 equiv)
CIOBF p-ToI -Tol Br
THF
9 60 °C, 1-24 h
p-ToIOp-TaI p-ToIO OH p-Tol—p-Tol
% yields of product? RSM?  bitolyl°
catalyst (X mol %) 6 10 8 2 1 9 4
FeF;-3H,0 (6), SIPrHC1 (18) 4 0 3 5 16 62 28
CoF,+4H,0 (6), IPr-HC1 (12) 78 0 3 2 11 0 13
NiF, (2), IPr-HCI (4) 9% 0 2 0 O 0 3

“The yield was determined by GC analysis using undecane as an
internal standard. ” Recovery of starting material. © Based on the amount
of p-TolMgBr used.

the reaction with 6 mol % of NiCl,+dppp was sluggish (12%
yield) under the same conditions.>®3°

iF MeMgBr  ClI Cl PhMgBr

Ni Ph Ph
(6mol%)  (24mol%) 11 (1.0 equiv) (6.0 equiv) j@[ "
(1';’;1"(')?}) THF, 0 °C THF,60°C,3h  pp Ph
°) then 602C, 3 h 80°C, 24 h 1
71% yield

Mechanistic Considerations on the Catalytic “Fluoride
Effect”. To gain mechanistic insights into the origin of the high
cross-/homo-selectivity of the metal fluoride catalysts, we
conducted a series of control experiments and theoretical studies.
The results of control experiments using a variety of metal salts,
NHC ligand precursors (SIPr<HCI or IPr-HCI), p-TolMgBr are
summarized in Scheme 3 and Table 10. The reactions were
carried out in the absence of an aryl halide, which has been
reported to accelerate the reductive elimination of neutral
organonickel compounds,*® and we observed a stark difference
between the reactivities of the metal chloride and fluoride toward
the Grignard reagent. As shown in Scheme 3, treatment of 0.1
mmol of FeCl, with p-TolMgBr (20 equiv) at 0 °C in the
presence of SIPr-HCI (3.0 equiv) gave 0.096 mmol of 4,4’
dimethylbiphenyl 4 (96% yield based on the amount of FeCl,).
Similarly, treatment of FeCl; with p-TolMgBr under the same
conditions gave 1.5 times as much of the stoichiometric amount
of 4 as when FeCl, was treated with the Grignard reagent. These
results clearly indicate that p-TolMgBr reduces the metal
chlorides to give the corresponding metal (0) species and the
biaryl product simultaneously, which corresponds to the initial
activation step in the cross-coupling reaction. On the contrary,
iron (IT or III) fluorides did not afford 4 under the same
conditions. Only a small amount of 4 was formed at 60 °C (with
FeF, and FeF; in 6% and 11% yields, respectively), while the
biaryl cross-coupling reaction took place smoothly at the same

(38) An improved yield (58%) has been achieved using 7.5 mol % of
Ni(acac), and a hydroxyphosphine. See ref 26h.

(39) Palladium-catalyzed tetraarylation of 1,2,4,5-tetrabromobenzene has
been reported. (a) Berthiol, F.; Kondolff, I.; Doucet, H.; Santelli, M.
J. Organomet. Chem. 2004, 689, 2786-2798. (b) Li, Z. H.; Wong,
M. S.; Tao, Y. Tetrahedron 2005, 61, 5277-5285.

(40) Uchino, M.; Yamamoto, A.; Ikeda, S. J. Organomet. Chem. 1970,
24, C63—Co4.

Scheme 3. Reaction of Iron Salts with p-TolMgBr in the Presence
of SIPr-HCI

SIPr-HCI
FeCl TolMgB (8.0 equiv)
e + ol r
L B o W oy
0°C4-12h 4
(0.1 mmol) (20 equiv) = 2; 0.096 mmol, 96% yield
= 3; 0.149 mmol, 99% yield
SIPr-HCI
FeF,xH,0 TolMgBr — 08N M
eF,x + ol r e e
n-XH2 P g ThF
0°C,12h 4
(0.1 mmol) (20 equiv) then ; 0.006 mmol, 6% vyield

=2,x=4;0.0
60°C,1h -3 x=3;0.011 mmol, 11% yield
Table 10. Reaction of Cobalt and Nickel Salts with p-TolMgBr in
the Presence of IPr-HCI

IPr-HCI
metal salt (1.0 equiv) (2.0 equiv)

p-TolMgBr (20 equiv)  THF, 0 to 60 °C

4
bitolyl®
entry? metal salt conditions 4
1 CoCl,*6H,0 0°C,1h 99
2 NiCl, 0°C, 1h 98
3 CoF,+4H,0 0°C, 1h 0
60 °C, 1 h 8
4 NiF, 0°C,1h 0
60 °C, 1h 7
60 °C, 4 h 11

“ Reactions were carried out on a 0.1 mmol scale. ” The yield was
based on the amount of metal salts used and determined by GC analysis
using undecane as an internal standard.

temperature in the presence of an aryl halide. Table 10
summarizes the results of similar control experiments for cobalt
and nickel halides. Treatment of cobalt and nickel chlorides with
p-TolMgBr resulted in the rapid homocoupling of the Grignard
reagents (0 °C, 1 h) to give 4 in quantitative yield as in entries
1 and 2. On the other hand, the corresponding fluorides of these
metals did not react with the Grignard reagent under the same
conditions. Homocoupling product 4 was obtained in 8—11%
yield even at 60 °C.

In light of the thermal instability of homoleptic tetraphenyl-
ferrate species, such as [Ph,Fe]Liy,*" we considered that the
formation of the homoleptic metalate complex via the trans-
metalation and addition of an arylmagnesium reagent is
dominant in the reaction of the metal chlorides. On the other
hand, the sharp contrast observed in the reactivities of metal
fluorides (no significant biaryl formation) suggests that the
fluoride counterion may interfere with the formation of the fully
arylated metalate complex presumably due to its strong coor-
dination of fluoride to the iron-group metal center and high
electronegativity.

The results of the control experiments using the iron-group
metal(IT) fluorides/NHC ligands (SIPr or IPr), and chlorobenzene
1 are summarized in Scheme 4: chlorobenzene 1 was recovered
in 95—99% without any formation of byproducts after 24 h at
60 °C. Notably, oxidative addition of the aryl halide to the
divalent metal fluorides does not occur when a Grignard reagent
is not added, even in the presence of NHC ligands (not the NHC
precursors). These results show that the generation of reactive
intermediates requires the reaction of corresponding metal
fluoride with an arylmagnesium reagent.

(41) Firstner et al. reported that a divalent tetraphenylferrate complex,
[Ph4Fe]Li,, is prone to decompose thermally to give biphenyl in the
presence or absence of an oxidant. See ref 150.
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Scheme 4. Reaction of Metal Fluorides with Chlorobenzene in the
Presence of NHC Ligands

SIPr
(3.0 equiv)
FeF,4H,O0 +  Ph-Cl Ph-CI
THF
) 1 60°C 24 h 1
(1.0 equiv) (1.0 equiv) 96% recovery
IPr
CoFrdHo0 (2.0 equiv)
oF - + Ph-CI Ph-CI
24! -C THE Cl
) 1 60°C 24 h 1
(1.0 equiv) (1.0 equiv) 99% recovery
IPr
NiE e (2.0 equiv) c
I + —_— —
2 Ph—CI THE Ph—CI
) 1 60°C24h 1
(1.0 equiv) (1.0 equiv) 95% recovery

On the basis of these control experiments and the previously
suggested reaction mechanisms involving the organometalate
complexes of iron,'>® cobalt,** and nickel* in cross-coupling
reactions, we propose several plausible mechanisms shown in
Figure 1. A metalate mechanism depicted in the left catalytic
cycle starts with the formation of a heteroleptic metal (II)-ate
complex A from a divalent metal fluoride and an arylmagnesium
reagent (Ar'MgX). The resulting heteroleptic metal (II)-ate
complex A undergoes oxidative addition with an aryl halide to
give an elusive higher-valent (formally IV oxidation state)
species (B) carrying Ar' and Ar2.** Subsequent reductive
elimination to give the unsymmetrical biaryl (Ar'—Ar?) gener-
ates a metal (I) complex C bearing two fluorides and one
halogen ligand derived from Ar?>X on the metal center. The
reaction of C with Ar'MgX regenerates the reactive intermediate
A. A radical-type (II)—(III) mechanism has been reported for
iron-catalyzed cross-coupling reaction of alkyl halides with
arylmagnesium reagents.*> The catalytic cycle depicted on the
right side of Figure 1 shows a canonical “(0)—(II) mechanism”,
which consists of oxidative addition of an aryl halide to the
metal (0) intermediate D, transmetalation between arylmetal
halide E and Ar'MgX, and reductive elimination of Ar!'—Ar?
from diarylmetal(Il) F.** We believe that the present reaction
based on the metal fluoride catalyst does not take place via the
popular (0)—(II) mechanism, but more likely via the higher-
valent metalate mechanism, which is analogous to those of
cuprate-mediated substitution reactions and catalytic cross-
coupling reactions.*” The final reductive elimination process in
the “metalate mechanism” is presumed to be much faster than
that of the “(0)—(II) mechanism” owing to instability of the

(42) Wakabayashi, K.; Yorimitsu, H.; Oshima, K. J. Am. Chem. Soc. 2001,
123, 5374-5375.

(43) (a) Terao, J.; Watanabe, H.; Ikumi, A.; Kuniyasu, H.; Kambe, N. J. Am.
Chem. Soc. 2002, 124, 4222-4223. (b) Terao, J.; Todo, H.; Watanabe,
H.; Tkumi, A.; Kambe, N. Angew. Chem., Int. Ed. 2004, 43, 6180—
6182.

(44) Organometal (IV) compounds: (a) Bower, B. K.; Tennent, H. G. J. Am.
Chem. Soc. 1972, 94, 2512-2514. (b) Byme, E. K.; Theopold, K. H.
J. Am. Chem. Soc. 1989, 111, 3887-3896. (c) Dimitrov, V.; Linden,
A. Angew. Chem., Int. Ed. 2003, 42, 2631-2633. (d) Carnes, M.;
Buccella, D.; Chen, J. Y.-C.; Ramirez, A. P.; Turro, N. J.; Nuckolls,
C.; Steigerwald, M. Angew. Chem., Int. Ed. 2009, 48, 290-294.

(45) Noda, D.; Sunada, Y.; Hatakeyama, T.; Nakamura, M.; Nagashima,
H. J. Am. Chem. Soc. 2009, 131, 6078-6079.

(46) Although the canonical mechanism has been widely accepted for Pd-
catalyzed cross-coupling reactions, several alternatives have been
proposed for the cross-coupling reactions based on the first-row
transition metal catalysts including Fe, Co, and Ni. See refs 14f, 150,
26¢, 42, and 43.

(47) (a) Nakamura, E.; Mori, S.; Morokuma, K. J. Am. Chem. Soc. 1998,
120, 8273-8274. (b) Mori, S.; Nakamura, E.; Morokuma, K. J. Am.
Chem. Soc. 2000, 122, 7294-7307.
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high-valent intermediate B, thereby, prevailing over undesirable
transmetalation or formation of -ate complexes carrying excess
aryl groups (such as Ar'Ar’,M, G).*® The (0)—(II) and (I[)—(IV)
catalytic cycles have identical rate expressions and, thus, are
kinetically indistinguishable as we assumed that the oxidative
addition step is irreversible and the rate-limiting step.

In order to access the above-mentioned mechanistic consid-
erations, we carried out computational studies to evaluate
reaction pathways in the proposed mechanism starting from a
metal (II)-ate complex. We chose a chemical model consisting
of PhMgCl and PhCl, as the nucleophilic and electrophilic
counterparts, and NiF, and I(Me) as the metal catalyst and the
auxiliary ligand (eq 2). A DFT calculation method widely used
for the mechanistic studies of the nickel catalyzed C—C bond
formations were employed. The theoretical model is described
as B3LYP/6-31G*.*

Lo |rF2\ _.OMe; Cl_ ||’F2\ ,-OMe,

NI M 2. i m 1-pp2
Pt NN g\CI * PRl ——= | NS g\CI + Ph'-Ph2 (2)
L = I(Me)

= Me~N_N-Me

We could locate a single reaction pathway that connects the
formation of a o-complex, the oxidative addition of chloroben-
zene (Ph—Cl), and the following reductive elimination of the
biphenyl (Ph—Ph). Figure 2 displays the energy profile for the
reaction pathway and Figure 3 summarizes the obtained
structural information of the equilibrium and transition structures
on the reaction coordinate. Nickelate complex (PhNiF3) interacts
with chlorobenzene to form o-complex (CP1), which is 9.7 kcal/
mol higher in energy (all electron energy, AAE) than the sum
of PhNiF, and Ph—Cl. The higher (uphill) energetics is likely
due to the instability of the distorted square pyramidal structure
of CP1 (angles: F'—Ni—F*> = 76.3°, CI-Ni—F> = 75.0°,
CI—Ni—C' = 175.4° in Figure 3). The bond lengths indicate a
weak electrostatic interaction between the nickel center and the
lone electron pair of the chloride ligand (Ni—Cl = 2.690 A,
C>—Cl = 1.773 A, cf. C—Cl of Ph—Cl = 1.760 A). The
oxidative addition of Ph—Cl via TS1 (C>—Cl = 2.119 A, Ni—C2
=12.107 A, Ni—Cl = 2.313 A) requires a reasonable activation
energy (AE* = +18.3 kcal/mol) to form an octahedral Ni(IV)
intermediate, CP2 (Ni—C? = 1.945 A, Ni—Cl = 2.352 A). This
transformation is endothermic (AAE = +6.2 kcal/mol), mir-
roring the elusive nature of a tetravalent organonickel species.
The reductive elimination of Ph—Ph from CP2 successively
takes place via TS2 (C'—C2 = 2.215 A, Ni—C' = 1.983 A,
Ni—C? = 1.978 A) with a very small activation energy (AE* =

(48) [ArsFe][Li(THF);]: (a) Alonso, P. J.; Arauzo, A. B.; Forniés, J.;
Garcia-Monforte, M. A.; Martin, A.; Martinez, J. I.; Menjon, B.; Rillo,
C.; Sdiz-Garitaonandia, J. J. Angew. Chem., Int. Ed. 2006, 45, 6707—
6711[MeyFe"] [Li(OEt,)],: (b) Fiirstner, A.; Krause, H.; Lehmann,
C. W. Angew. Chem., Int. Ed. 2006, 45, 440-444. Fe—F complex: (c)
Vela, J.; Smith, J. M.; Yu, Y.; Ketterer, N. A.; Flaschenriem, C. J.;
Lachicotte, R. J.; Holland, P. L. J. Am. Chem. Soc. 2005, 127, 7857—
7870.

(49) The DFT calculations were performed using the B3LYP hybrid
functional and the 6-31G* basis set. All stationary points were
optimized without any symmetry assumptions, and characterized all
by normal coordinate analysis at the same level of the geometry
optimization. Details are described in the Supporting Information.
Theoretical studies using DFT method on (0)—(II) mechanism for
nickel-catalyzed cross-coupling and related reactions: Reinhold, M.;
McGrady, J. E.; Perutz, R. N. J. Am. Chem. Soc. 2004, 126, 5268—
5267, and references cited therein. See also a recent paper: Yoshikai,
N.; Matsuda, H.; Nakamura, E. J. Am. Chem. Soc. 2008, 130, 15258—
15259.
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Metalate Mechanism (0)—(1l) Mechanism
MII':'2 . hﬂllx2
L =NHC L =ligand 2 Ar'MgX
L Ar'MgX or solvent L
Ar'—Ar!
F- -MgX MgX, Ar'-Ar?
—M“'F LMO cross-coupling
Ar'MgX i
eductive ¥
ehmmarmn slow Arl—mt
|
1
F ng F--MgX » Ar \
L_Mw_,: L-—M“—F '
LN X—mh Ar'—M” Ar'=Ar!
Al AR X | | homocoupling
B fast c r2 Ar? \\Q i
n
reductive F [
elimination 1 Ar'—m'—Ar!
Ar'= Ar2 Ar'MgX MgXz | :.
cross-coupling G Arz—-MgBr
Figure 1. Plausible mechanism: metal—fluoride-ate complex as a reactive intermediate.
Me 1 ¥
' Ph
N Lol FR
[ > NIl F,MQ t
N Ph2. ¢ _F2_ .OMe,
Me cl Ph N|'V\F;Mg
Cl

PhNiF, + Ph—Cl
()

Relative Electron Energy (AE, kcal/mol)

PD1 + Ph-Ph
(-33.5)

Formation of o-Complex

Oxidative Addition

Reductive Elimination

Figure 2. Energy profiles for the metalate mechanism based on the DFT calculation (B3LYP/6-31G*). Relative electron energies based on PhNiF, plus

Ph—Cl (AE, kcal/mol) are shown in parentheses.

+3.5 kcal/mol) to form a square-planar Ni(II) complex PD1
with a stabilization energy of 49.4 kcal/mol. The calculated low
activation barrier of the reductive elimination and the large
exothermicity suggests that the reductive elimination pathway
should be more favorable than an alternative transmetalation
pathway of CP2 with arylmagnesium reagents (see below). In
light of the low activation barrier, one may expect that the
tetravalent nickel intermediate would not be an equilibrium
structure (a stationary point) when the NHC ligand carries
sterically demanding aryl groups on the nitrogen atoms as in
the real system.

We next examined the reaction of metal fluorides and
arylmagnesium reagents using a chemical model consisting of
a phenylmagnesium reagent, an NHC, and either nickel salts
of NiF, or NiCl,. This system corresponds to the control
experiments described in Scheme 3 and Table 10. We adopted
I(Me)NiX, (X = Cl or F) as the models of the catalyst precursors
and examined the reaction with phenylmagnesium chloride
solvated with two molecules of dimethyl ether
(PhMgCl-2Me,0) at the same level of theory (eq 3).

+2(PhMgCl-2Me,0)

— 2(MgCIX-2Me,O — Ph-Ph
LNi"x ~ 2MgCIX2Me0) Nitph, — Lo (3)
2 Transmetalation Reductive
X=ClorF _ Elimination
L = I(Me) = Me’N N‘Me

In each case of I(Me)NiCl, and I(Me)NiF, (denoted as NiCl,
and NiF,, respectively), a single reaction pathway was obtained
for transmetalation process with PhMgCl+2Me,O (Path-A and
Path-B, respectively) to form I(Me)NiPh, (denoted as NiPh,).
The energy profiles for Path-A and Path-B are shown in black
and blue colors, respectively, in Figure 4. Shown as Path-C is
the subsequent reaction pathway from the common intermediate,
NiPh, via a reductive elimination to give the biphenyl (Ph—Ph)
and I(Me)Ni(0)-biphenyl 7* complex (denoted as Ni’).>

The starting NHC/nickel chloride complex NiCl, and
PhMgCl:2Me,0O formed a nickelate complex (PhNiCl,) after
releasing one molecule of a solvent, Me,O, in a highly
exothermic manner (AAE = —42.7 kcal/mol). The formation
of the neutral phenylnickel species I(Me)PhNiCl (denoted as
PhNiCl), upon the dissociation of MgCl,+2Me,0, was found
to be 10.0 kcal/mol greater in energy.’' The second molecule
of PhMgCl-2Me,0O and PhNiCl formed the nickelate intermedi-
ate carrying two phenyl groups (denoted as Ph,NiCl) in the
same manner as the preceding formation of PhNiCl,. This
process is also exothermic (AAE = —28.7 kcal/mol). Diphe-
nylnickel coordinated by the NHC ligand, (denoted Ph,Ni)
formed upon the dissociation of MgCl,*2Me,0 in an endother-

(50) Molecular structures and all electron energies of the stationary points
are described in the Supporting Information.
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+ PhMgCl
- MgCl,

-

+ Ph—Ph

PD1
(-33.5)

@ nickel @ magnesium @ chioride

"

fluoride (@ nitrogen @ oxygen

Figure 3. Reaction pathway for nickel fluoride-catalyzed cross-coupling based on the DFT calculation (B3LYP/6-31G*). Relative electron energies based
on PhNiF; plus Ph—Cl (AE, kcal/mol) are shown in parentheses. Bond lengths are given in A. Hydrogen atoms are omitted for clarity.

L
| PhMgCl-2Me O
R i P
NIF5 (+59.5)
+ Me,0O
NICl (+50.5) \ — MgCIX2Me,0 .
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2/~ PhNICI (+17.8) \,
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Relative Electron Energy (AE, kcal/mol)
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Figure 4. Energy profiles for the transmetalation and reductive elimination processes based on the DFT calculation (B3LYP/6-31G*). Relative electron
energies based on PhyNi (AE, kcal/mol) are shown in parentheses (Path-A, X = Cl: black; Path-B, X = F: blue; Path-C: black).

mic manner (AAE = +10.9 kcal/mol). The diphenylnickel
species underwent reductive elimination to afford a biphenyl
complex of the nickel (0) species Ni’ via a three-centered
transition structure TS3 with a reasonable activation barrier and
exothermicity (AE* = +15.0 kcal/mol and AAE = —10.7 kcal/
mol, respectively). The whole process starting from NiCl, to
Ni’ is exothermic (AAE = —61.2 kcal/mol) and the transforma-
tion from the initial nickelate complex PhNiCl, into Ni’ is also
found to be exothermic (AAE = —18.5 kcal/mol). Taking the

(51) Other geometrical isomers are less stable than PhNiX,. Details are
described in the Supporting Information.
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whole reaction pathway into consideration, the DFT study
suggests that the reduction of NiCl, with phenyl Grignard
reagent should be facile in the presence of an NHC ligand, which
agrees well with the experimental results described above.

The DFT calculations for the NiF, system provided us with
a similar sequence of transformations from the starting nickel
fluoride into the zero-valent nickel species Ni’, but its energy
profile was notably different from the one obtained for the NiCl,
system (Path-A vs Path-B). Transformation from NiF; into
Ph;,Ni as in Path-B thus consists of four steps: (1) formation of
the monophenyl nickelate complex PhNiF, (AAE = —71.2 kcal/
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mol); (2) formation of a divalent phenyl nickel halide PhNiF
upon the dissociation of MgCIF-2Me,O (AAE = +37.0 kcal/
mol); (3) formation of the diphenylnickelate complex Ph,NiF
(AAE = —43.3 kcal/mol); (4) formation of diphenylnickel
species Ph,Ni upon the dissociation of MgCIF+:2Me,O (AAE
= +17.6 kcal/mol). After the formation of Ph,Ni, each reaction
pathway of NiCl, and NiF, merged into Path-C, resulting in
the formation of Ph—Ph and Ni° from Ph,Ni. Although the
overall process from NiF, to Ni’ (Path-B and Path-C) is
exothermic in total (AAE = —70.2 kcal/mol), energy minima
of Path-B are at the stages of the organonickelate intermediates,
PhNiF, and Ph,NiF (AAE = —1.0 and —6.9 kcal/mol,
respectively). The most significant difference between Path-A
and Path-B is the highly endothermic nature of the formation
of the phenylnickel halide intermediates PhNiF from the
nickelates PhNiF, (AAE = +37.0 kcal/mol vs +10.0 kcal/mol
for the formation of PhNiCl from PhNiCl,). Cleavage of a
strong Ni—F bond is energetically unfavorable and is presum-
ably the origin of the large endothermicity. The large electron
negativity of fluorine may account for the stabilization of the
fluorinated nickelate complex and also contribute in part to the
enhancement of the uphill energy difference. It is noteworthy
that the activation barrier of the reaction of PhNiF,and Ph—Cl
is much lower (AE* = +28.0 kcal/mol as in Figure 2) than the
endothermicity of the PhNiF formation (AAE = +37.0 kcal/
mol). The results of the DFT calculations show that PhNiF; is
a reactive intermediate, which undergoes oxidative addition with
an aryl halide substrate, and hence, a prime candidate of
catalytically active species in the NiF,—NHC-catalyzed selective
biaryl cross-coupling.

We carried out the same DFT calculations adopting similar
chemical models for the iron and cobalt fluorides—NHC-
catalyzed biaryl coupling reactions. Because the difficulty of
the treatment of multiple spin-state systems of these metals has
been well-documented using the DFT method (a divalent iron
can take S = 0, 1, and 2 spin states, and a divalent cobalt can
take S = 1/2 and 3/2 spin states),’> we carefully conducted
computational studies on the critical early steps of the above-
presented metalate mechanism of these metals. We thus
compared the energies associated with the oxidative addition
of chlorobenzene to the heteroleptic metalate complexes (Ph-
MF,, M = Fe or Co as shown in Figures 5 and 6, respectively)
and the transmetalation from the metalates. As shown in Figure
5, we could locate the reaction coordinates of the quintet state
(S = 2) and the triplet state (S = 1), but failed to obtain that of
the singlet state (S = 0) for the iron catalyst. The oxidative
addition of Ph—Cl to the ferrate complex in the quintet state,
PhFeF,_q, took place via TS4_q with a reasonable activation
barrier (AE* = 429.5 kcal/mol) to give the tetravalent inter-
mediate CP3_q. The activation energy is almost comparable
to the endothermicity associated with the formation of the
divalent phenyliron fluoride intermediate PhFeF_q by the

(52) Because the B3LYP functional have been known to overestimate the
stability of high spin states, we examined several functionals including
the one without HF exchange term (BP91) and the other with modified
admixture of HF term (B3LYP*) to obtain the virtually same results.
Further computational study on the present catalytic cross-coupling
reactions waits for the development of multiconfigurational treatment
such as CASSCEF calculation using realistic chemical models, and of
course, it has been so far impractical. Zein, S.; Borshch, S. A.; Fleurat-
Lessard, P.; Casida, M. E.; Chermette, H. J. Chem. Phys. 2007, 126,
014105. For B3LYP* and the coefficient of exact exchange admixture
in DFT calculation affects relative energies of states of different
multiplicity; see: Reiher, M.; Salomon, O.; Hess, B. A. Theor. Chem.
Acc. 2001, 107, 48—55.
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Figure 5. Energy profiles for the oxidative-addition and transmetalation
processes based (B3LYP/6-31G*). Relative electron energies based on
PhFeF,_q plus Ph—Cl (AE, kcal/mol) are shown in parentheses (singlet
state, S = 0: green; triplet state, S = 1: black; quintet state, S = 2: blue).

G f
" ot
- Phe. . F Cl 1
F,Coﬂph Cl L‘éo@FE\ OMe;

PhCoF_d (+43.

PhCoF_.qt+3?.§q

Relative Electron Energy (AE, kcal/mol)

M
b CP4_d (+20.2)
= MgCIx.2| o]
ICKEOC \ ook a3 P
Me (+14.6)
N
L= [ ):
N PhCoF;_q + Ph-CI
Me 0)
Dissociation Oxidative Addition

Figure 6. Energy profiles for the oxidative-addition and transmetalation
processes (B3LYP/6-31G*). Relative electron energies based on PhCoF,_q
plus Ph—Cl (AE, kcal/mol) are shown in parentheses (doublet state, S =
1/2: black; quartet state, S = 3/2: blue).

dissociation of MgCIF+2Me,0 (AAE = +29.6 kcal/mol). In
the reaction coordinate of the triplet state (shown in black line
in Figure 5), it was found that the tetravalent intermediate CP3_t
is slightly more stable than the one in the quintet state (CP3_q,
AAE_ = —5.5 kcal/mol), whereas the other stationary points
(PhFeF_t, PhFeF,_t, and TS4_t) are more unstable than those
in the quintet state (AAE.q = +20.1, +9.6, and +0.1 kcal/
mol, respectively). We could locate only two stationary points
PhFeF_s and PhFeF,_s for the singlet state and confirmed the
relative energy of these structures were much less stable than
the corresponding structures in the triplet and quintet states.>
From these results, it is supposed that the most stable PhFeF, q
should be a reactive intermediate for the oxidative addition and
the cross-coupling reaction should proceed in the quintet state
to form the elusive iron (IV) intermediates tentatively, which
may be prone to undergo a rapid reductive elimination to give
the cross-coupling product (Ph!—Ph?).

We could locate reaction coordinates of the quartet state
(S = 3/2) and the doublet state (S = 1/2) for the cobalt
catalyst to notice that the energy profiles are more compli-
cated. As shown in Figure 6, the potential energy surfaces
of the quartet state and the doublet state cross over during

(53) No reaction pathway for oxidative addition process was obtained in
singlet state.
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the oxidative-addition process (the blue lines and the black
lines, respectively). The cobaltate complex in the quartet state,
PhCoF,_q, is found to be more stable than the one in the
doublet state, PhCoF,_d (AAE. 4 = —14.6 kcal/mol). On
the other hand, at the transition structure of the oxidative
addition, the quartet state TS5_q is much less stable than
the doublet state TS5 _d (AAE.q = +16.6 kcal/mol).
Analogously, at the tetravalent cobaltate intermediate, the
quartet state CP4_q is much less stable than the doublet state
CP4_d (AAE4 = +19.9 kcal/mol). These results indicate
that, during the oxidative addition process, a crossover of
reaction pathways between the quartet and doublet states may
take place with the C—Cl bond cleavage occurring via TS5_d
and leading the formation of CP4_d in the doublet state. The
energy difference between PhCoF,_q and TS5_d (AAE =
+28.7 kcal/mol) is substantially smaller than the endother-
micity of the formation of divalent phenylcobaltale fluoride
intermediate PhCoF_q by dissociation of MgCIF+2Me,O
(AAE = +37.5 kcal/mol). This energy profile suggests that
the initial transmetalation of cobalt fluoride precatalyst is
sluggish and the cobaltate complex PhCoF,_q can be a
reactive intermediate for the cobalt fluoride-catalyzed biaryl
coupling reaction.

On the basis of the results of the control experiments and
the theoretical studies, we conclude that strong coordination of
the fluoride ion to the metal center suppresses the initial
transmetalation and following reduction processes and a result-
ing heteroleptic metalate (II) complex such as PhMF, can
catalyze a biaryl cross-coupling reaction. A low activation
barrier for the reductive elimination in the present metalate
mechanism can account for the characteristically high cross-/
homo-selectivity.

Conclusion

We developed a selective and practical biaryl cross-
coupling reaction catalyzed by iron-group metal catalysts
based on the synergistic modulation by the fluoride counterion
and an NHC ligand. Experimental control reactions and
theoretical calculations suggest that the catalytic “fluoride
effect” underlies the observed high selectivity of cross-
coupling over homocoupling in the reaction. Each of the iron-
group metal catalysts possesses a characteristic catalytic
reactivity profile; the appropriate choice of a metal fluoridle—NHC
ligand combination allows for the efficient coupling of a wide
range of aryl nucleophile and electrophiles in excellent yield
and high selectivity. First, the iron catalyst can achieve highly
selective coupling reactions using various aryl chlorides.
Second, the cobalt catalyst is particularly effective in
heteroaromatic couplings. And third, the nickel catalyst shows
high catalytic activity and a broad substrate scope when aryl
bromides and sterically hindered substrates are employed.
The present biaryl coupling features several synthetic ad-
vantages: (1) The catalytic method can achieve high-yielding
unsymmetrical biaryl synthesis with an excellent cross-
coupling selectivity. (2) The simple and scalable procedures
of this coupling method are suitable for large-scale produc-
tion. (3) This catalyst system is free of both palladium and
phosphine. As for the origin of the catalytic “fluoride effect”,
a noncanonical mechanism is proposed, in which strong
coordination of the fluoride ion to the divalent metal center
suppresses the reduction of the metal via the conventional
transmetalation reduction elimination process, and promotes
the formation of a high-valent heteroleptic metalate complex.
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The resulting high-valent heteroleptic metalate complex
catalyzes the desired biaryl cross-coupling with high selectiv-
ity over the undesired homocoupling. We believe that the
concept of the synergistic effect of a fluoride ion and an
auxiliary ligand will further advance the development of
cross-coupling technologies, as well as relevant carbon—carbon
bond-forming reactions, which are currently under investiga-
tion in this laboratory.

Experimental Section

Synthesis of 4-Methylbiphenyl (2): A Representative Proce-
dure for the Iron-Catalyzed Reaction Shown in Tables 2, 4,
and 6—9. A THF solution of ethylmagnesium bromide (5.00 mL,
1.08 M, 5.40 mmol) was added to FeF;+3H,0 (0.150 g, 0.90 mmol)
and 1,3-bis(2,6-diisopropylphenyl)imidazolinium hydrochloride
(1.15 g, 2.70 mmol) at 0 °C. THF (1.0 mL) was added to rinse the
vessel. After stirring at room temperature for 5 h, chlorobenzene
(3.38 g, 30.0 mmol) and a THF solution of p-tolylmagnesium
bromide (38.7 mL, 1.02 M, 36.0 mmol) was added at 0 °C. The
reaction was carried out at 60 °C for 24 h. After cooling to ambient
temperature, 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 with a pad of Florisil.
GC analysis was carried out (98% yield) using undecane as an
internal standard. After the solvent was removed in vacuo, the crude
product was purified by chromatography on silica gel (pentane) to
obtain the title compound (4.97 g, 98% yield, > 98% pure on GC
analysis) as a white solid.

Synthesis of 3,4-Difluoro-4"-methoxybiphenyl: A Representa-
tive Procedure for the Cobalt-Catalyzed Reaction Shown in
Tables 3—9. A THF solution of ethylmagnesium bromide (0.55
mL, 1.08 M, 0.60 mmol) was added to CoF,+*4H,0 (17.0 mg,
0.10 mmol) and 1,3-bis(2,6-diisopropylphenyl)imidazolium hy-
drochloride (85.4 mg, 0.20 mmol), and THF (1.5 mL) at 0 °C.
THF (0.5 mL) was added to rinse the vessel. After stirring at
room temperature for 4 h, 4-chloro-1,2-difluorobenzene (0.297
g, 2.0 mmol) and a THF solution of 4-methoxyphenylmagnesium
bromide (3.4 mL, 0.88 M, 3.0 mmol) was added at 0 °C. The
reaction was carried out at 60 °C for 12 h. After cooling to
ambient temperature, aqueous ammonium chloride (saturated,
2.0 mL) was added. The aqueous layer was extracted five times
with Et,0. The combined organic extracts were filtered with a
pad of Florisil. After the solvent was removed in vacuo, the
crude product was purified by chromatography on silica gel (0%,
5% toluene in hexane) to obtain the title compound (0.428 g,
97% yield, > 98% pure on GC analysis) as a white solid.

Synthesis of 3,5-Difluoro-4’-methylbiphenyl: A Representa-
tive Procedure for the Nickel-Catalyzed Reaction Shown in
Tables 3—9. A THF solution of p-tolylmagnesium bromide (2.12
mL, 1.13 M, 2.4 mmol) was added to NiF, (0.97 mg, 0.010 mmol)
and 1,3-bis(2,6-diisopropylphenyl)imidazolium hydrochloride (8.52
mg, 0.020 mmol), and 1-bromo-3,5-difluorobenzene (0.386 g, 2.0
mmol) at 0 °C. After stirring at room temperature for 0.5 h, the
reaction was carried out at 40 °C for 18 h. After cooling to ambient
temperature, aqueous ammonium chloride (saturated, 2.0 mL) was
added. The aqueous layer was extracted five times with Et,O. The
combined organic extracts were filtered with a pad of Florisil. After
the solvent was removed in vacuo, the crude product was purified
by chromatography on silica gel (pentane) to obtain the title
compound (0.388 g, 95% yield, > 98% pure on GC analysis).
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