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The iron-catalyzed C(sp?)—C(sp3) cross-coupling provides a highly
economical route to exceedingly valuable alkylated arenes that
are widespread in medicinal chemistry and materials science.
Herein, we report an operationally-simple protocol for the
selective C(sp2?)—C(sp3) iron-catalyzed cross-coupling of aryl
chlorides with Grignard reagents at low catalyst loading. A broad
range of electronically-varied aryl and heteroaryl chlorides
the using challenging alkyl
organometallics possessing B-hydrogens with high efficiency up to
2000 TON. A notable feature of the protocol is the use of
environmentally-friendly cyclic urea ligands. A series of guidelines

underwent cross-coupling

to predict cross-coupling reactivity of aryl electrophiles is provided.

iron-catalyzed cross-

couplings have been established as an attractive alternative to

Spurred by environmental issues,
precious metals.13 In particular, this type of catalytic cross-
coupling technology is of paramount importance in the
synthesis of valuable alkylated arenes that are widespread in
drug discovery and materials science,** wherein other metals
fail in the cross-coupling of
challenging alkyl organometallics possessing 3-hydrogens due

to provide high efficiency

to competing B-hydride elimination, self-coupling and slower
transmetallation.® High abundance of iron in the Earth’s crust
notwithstanding, these technologies are extensively utilized in
the synthesis of pharmaceuticals at high catalyst loadings,>
which does not meet current demands of atom-economic and
operationally-simple processes.”

Following our interest in iron-catalyzed cross-couplings,?
we recently questioned whether this cross-coupling strategy
might be extended to operate at operationally-practical low
catalyst loadings. In general, iron-catalyzed C(sp?)—C(sp3) cross-
couplings are performed at high loadings (5 mol% or more),%10
with very few reports existing in this area at low catalyst
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Herein, we report an efficient and operationally-simple
protocol for the selective C(sp2)—C(sp3) iron-catalyzed cross-
coupling of aryl chlorides with Grignard reagents at low
catalyst loading. Specifically, a broad range of electronically-
varied aryl and heteroaryl chlorides underwent the cross-
coupling using challenging alkyl organometallics possessing -
hydrogens with high efficiency up to 2000 TON. A notable
feature of the protocol is the use of environmentally-friendly
cyclic urea ligands.1! We provide a series of guidelines to
predict cross-coupling reactivity of aryl electrophiles. We fully
expect that the findings reported herein will be of high value
to practitioners involved in iron catalysis as well as in the
synthesis of vital classes of alkylated arenes.

Our investigation began by evaluating of the cross-coupling
of a non-coordinating arene, 4-chloro-4-(trifluoromethyl)
benzene, with tetradecyl magnesium chloride (Table 1). While
our previous studies established that this challenging substrate
serves as a competent model system at high iron loading (5
mol%),8 from the outset it was unclear whether the coupling
would occur at operationally-practical low catalyst loadings.
Our initial attempts where thwarted by low conversions and
excessive homocoupling of the alkyl Grignard reagent (for
example, Table 1, entry 1). A major enhancement of the
catalytic efficiency was realized by changing the reaction
concentration (Table 1, entry 2). Additional efforts at reaction
optimization established that DMI is required for the efficient
coupling (entries 3-4). Examination of other additives, such as
DMPU (entry 5) and carcinogenic yet the most frequently used
in iron-catalyzed cross-couplings, NMP1&12 (entry 6) resulted in
diminished yields. Interestingly, the use of bioderived 2-
MeTHF as a solvent8®13 (entry 7) provided a comparable
reaction efficiency. Under these conditions, a TON of 1360 was
determined at 0.05 mol% loading (entry 8), thus representing a
rare example of iron-catalyzed cross-coupling at low loading.

Importantly, control reactions established that all reaction
components were required for the coupling, and no reaction
was observed in the absence of iron catalyst both in the
absence (entry 9) and the presence of DMI (entry 10).14
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Table 1. Optimization of Iron-Catalyzed Cross-Coupling at Low Table 2 Scope of Iron-Catalyzed Cross-Coupling at Low Catalyst

Catalyst Loading?®

/©/CI Fe(acac); C1aflae
F3C * CraftaomMaCl conditions F3C
1 2

entry Fma:;)b ligand mol%  time »;L/eol)g
1 0.10 DMI 200 10 min 31
2 0.10 DMI 200 10 min 93
3 0.10 DMI 100 10 min 67
4 0.10 DMI - 10 min 61
5 0.10 DMPU 200 10 min 50
6 0.10 NMP 200 10 min 64
7¢ 0.10 DMI 200 10 min 90
8d 0.05 DMI 200 10 min 68
9 - - - 60 min <2
10 - DMI 200 60 min <2

aConditions: ArCl (0.50 mmol), Fe(acac)s (x mol%), THF, C14H29MgCl
(1.20 equiv, 1.0 M, THF), 0 °C, 10 min. RMgCl added dropwise over
1-2 s. bDetermined by 'H NMR. Entry 1: THF (0.15 M). Entries 2-10:
THF (0.50 M). €2-MeTHF. 9THF (0.80 M). DMI = 1,3-dimethyl-2-
imidazolidinone. DMPU = 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-
pyrimidinone. NMP = N-methyl-2-pyrrolidone.

With optimized conditions in hand, we next changed our
focus to examine the scope of the reaction (Table 2). In
particular, we were interested to determine the scope of
electrophilic functional groups on the arene that serve as
valuable synthetic handles and are typically not tolerated in
other catalytic cross-coupling technologies using cheap and
readily available Grignard reagents.1> Notably, a wide range of
electrophilic functional groups was found to be competent
substrates in this protocol, providing alkylated arenes with
excellent efficiency. First, we tested arenes with carboxylic
acid derived functional groups. As mentioned above, our
model substrate 4-chloro-4-(trifluoromethyl)benzene could be
routinely cross-coupling with TON exceeding 1,000 (Table 2,
entries 1-3). Although 4-chlorobenzonitrile proved to be a
challenging substratel® (entries 4-6), we determined that
increasing the amount of the co-solvent delivered the desired
coupling product with TON of 740 at 0.10 mol% loading,
however, this appears to be the limit under these conditions as
a further decrease of the catalyst loading resulted in lower
reaction efficiency. Importantly, the cross-coupling could be
carried out in the presence of a highly electrophilic ester group
(entries 7-9). Extensive optimization established that a
combined use of a slow addition protocol (60 min addition)
and close to a stoichiometric amount of the Grignard reagent
(1.05 equiv) prevented the undesired nucleophilic addition to
the ester group,!? delivering the cross-coupled product in 90%
yield at 0.05 mol% loading. However, we note that a further
decrease of the catalyst loading was ineffective for this
substrate (not shown). Furthermore, as an important synthetic
consideration the cross-coupling at 0.50 mol% delivered the
product in quantitative yield (not shown); however, the slow
addition is required to prevent alcohol formation. Next, a

2 | Catl. Sci. Technol., 2018, 00, 1-3

Loading®
Fe(acac);
Ar(Het)—Cl + Cq4Hpg—MgCl ———— = Ar(Het)=Ci4Hao
DMI
1 THF, 0 °C 2
Yield
Entry Substrate 2 Fe(acac)s
(mol%) (%)
1 . 2a 0.10 93 (930)
2 /©/ 005  68(1360)
FsC
3 - <2
4p o 2b 0.10 74 (740)
5b /©/ 0.05 23 (460)
NC
6b - <2
7¢ o 2 0.10 91 (910)
8 /©/ 0.05 90 (1800)
MeO,C
9¢ - <2
104 o 2d 0.10 99 (990)
114 Q 0.05 78 (1560)
i-PerOZS
124 - <2
136 o 2e 0.50 81 (160)
140 /©/ 010  39(390)
cl
156 . <2
16¢ 2f 0.10 78 (780)
X
17¢ | 0.05 50 (1000)
N Cl
18¢ - <2
19f 2g 0.10 99 (990)
cl N
207 \C(j 0.05 94 (1840)
N
21/ - 12
22f 2h 0.10 99 (990)
23f B 0.05 99 (1980)
240 MeO” N7 el 0.01  37(3300)
25f - <2

91 (0.50 mmol), Fe(acac)s (x mol%), DMI (200 mol%), CiaH29MgCl
(1.20 equiv, 1.0 M, THF), THF (0.50 M), 0 °C, 10 min. TON is given in
brackets. 18 h, DMI (600 mol%). <Ci4H29MgCl (1.05 equiv), slow
addition, 60 min. 43 h, DMI (200 mol%), ¢C14H29MgCl (2.0 equiv), 18
h, DMI (600 mol%). f18 h, DMI (200 mol%). See ESI for details.

sulfonamide bearing aryl chloride proved to be an
exceptionally reactive substrate for the cross-coupling (entries
10-12), affording the product in quantitative yield at 0.10
mol% loading and 78% vyield at 0.05 mol% loading. The
cleavage of the reactive Ar—SO; and SO>—N moieties8 was not
observed, consistent with the mild conditions of this protocol.
Furthermore, we were pleased to find that a sensitive aryl

chloride could be tolerated under the reaction conditions

This journal is © The Royal Society of Chemistry 2018
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Fe(acac);
| N (0.05 mol%) | N
P2 + R—-MgCl — P2
MeO N Cli DMI MeO N R
1h THF, 0 °C
2i: R = Cy, 95% yield (TON = 1900)
_______________________________ 2i: R = i-Pr, 58% yield (TON = 1160)
B. Fe(acac);
N (0.05 mol%) N
| — + /\/MgCI —_— | —
MeO N cl Ph DMI MeO N Ph
1h THF,0°C  2j: 99% yield
(TON = 1980)

Scheme 1. Cross-coupling of Grignard reagents at low catalyst
loading.

: Cl
i-PerOZS

1d: 1.0 g, 3.63 mmol

C14H29—MgCl
Fe(acac)s

Ci4H
(0.10 mol%) @’ 14729
_ >
i-PerOZS

DMI
THF, 0 °C
2d: 95% yield, 1.51 g
(TON = 950)

Scheme 2. Large scale cross-coupling at low catalyst loading.

(entries 13-15), providing a synthetic handle for subsequent
cross-coupling by established methods.” As expected, this
substrate proved more challenging, requiring 0.50 mol%
loading to achieve synthetically useful conversion. Moreover,
this protocol is not limited to aromatic substrates and can also
be applied to synthetically valuable heterocycles® such as
pyridines (entries 16-18) and quinolines (entries 19-21). We
determined that cross-coupling of 2-chloropyridine proceeds
in 78% yield at 0.10 mol% loading, while further decrease of
the loading resulted in an inferior efficiency (entries 16-18).
Interestingly, 6-chloroquinoline proved to be much more
reactive substrate. In this case, after brief optimization of the
reaction conditions, we found that, after extending the
reaction time, the cross-coupling afforded the desired
alkylated product in 94% vyield at 0.05 mol% loading (entries
19-21). Furthermore, we were pleased to find that the cross-
coupling of 6-methoxy-2-chloro-pyridine delivered the
biologically-relevant?® 6-methoxy-2-alkyl-pyridyl scaffold with
excellent efficiency (entries 22-25). Cross-coupling of this
system proceeded in quantitative yield at 0.05 mol% loading,
while further decrease of catalyst loading resulted in lower
conversions.

Next, we turned our attention to demonstrate the cross-
coupling of challenging alkyl Grignard reagents under low
catalyst loading conditions (Scheme 1). As demonstrated in
Scheme 1, these conditions are amenable to the cross-
coupling of secondary Grignard reagents prone to B-hydride
elimination, such as cyclohexyl Grignard as well as the more
challenging isopropylmagensium bromide. It is noteworthy
that under these low loading conditions, isomerization was not
observed (b:l >20:1). Moreover, the cross-coupling of 2-
phenethyl Grignard, which is susceptible to styrene formation,
proceeded without any modification of the reaction
conditions, attesting to the generality of this protocol.

This journal is © The Royal Society of Chemistry 2018
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Iron-catalyzed cross-coupling at low catalyst loading

Il 0.10 mol%

0.05 mol%

yield [%]

Fig 1. Graphical representation of iron-catalyzed cross-coupling at
low catalyst loading. 2e: columns correspond to 0.50 and 0.10 mol%
loading, respectively.

C14H29—MgClI
cl Fe(acac)s C.H
/©/ (0.025 mol%) /©/ 14729
B —
R"R'NOC DMI R"R'NOC
THF, 0 °C

1i: R7R" = Me, 2j: 90% yield (TON = 3600)
1j: RYR" = i-Pry 2k: 89% yield (TON = 3560)

1k: R'/R" = (CH,CH,),0 2I: 86% yield (TON = 2440)

Scheme 3. Cross-coupling of 4-chlorobenzamides at low catalyst
loading.

To demonstrate the synthetic utility of this cross-coupling
protocol at low catalyst loading, a gram scale reaction was
performed at 0.10 mol% loading (Scheme 2). The alkylated
benzenesulfonamide was obtained in excellent yield after
direct recrystallization, highlighting the synthetic potential of
this operationally-simple protocol. Alkylated benzene-
sulfonamides represent key pharmacophores in medicinal
chemistry due to their diverse biological properties.2!

To further expand the scope of the cross-coupling at low
catalyst loading, we examined the reactivity of representative
4-chlorobenzamides (Scheme 3). The iron catalyzed cross-
coupling of these substrates provides access to alkylated
benzamides and related functional groups, which have found
wide applications as bioactive compounds and functional
materials.8d We were pleased to find that the coupling of three
representative 4-chlorobenzamides, including a model N,N-
Me, amide, a sterically-hindered N,N-i-Pr, amide and a
chelating, modifiable N-morpholinyl amide proceed in 86-90%
yields at 0.025 mol% loading, which to our knowledge is the
highest TON recorded in iron-catalyzed cross-coupling to date.

While the present catalytic manifold is distinguished by its
superb functional group tolerance to electrophilic functional
groups, which are not compatible with other iron-catalyst
systems, a short discussion of limitations is in order. It is
established than nitro, ketones and imines are not tolerated by
the system. Ethers are tolerated, however, cannot be used as
activating groups in this catalytic manifold. For example,

Catl. Sci. Technol., 2018, 00, 1-3 | 3
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experiments with 4-PhO-CgH4-Cl under high catalyst loading
resulted in <10% conversion. However, our preliminary studies
indicate that even highly unstable OPh groups are tolerated by
the system. For example, the cross-coupling of an activated
phenolic ester, 4-Cl-C¢H4-C(O)-OPh, proceeds in an unoptimized
54% vyield at 0.10 mol% loading. Furthermore, electron-rich
heterocycles are not compatible with the system. However,
electron-deficient heterocycles are compatible and highly
active. Our preliminary studies indicate that the reaction
efficiency can be correlated with stabilization of the negative
charge. Studies to expand the scope and even further improve
catalytic performance are ongoing. All substrates selected for
the study were used on purpose to cover the range of
electrophilic functional groups and allow benchmarking
against other conditions for iron-catalyzed cross-coupling.

It is also important to emphasize the role of DMI (1,3-
dimethyl-2-imidazolidinone) as an efficient ligand to iron. Cyclic
ureas are vastly preferred due to lack of toxicity associated with
NMP. Furthermore, cyclic ureas are more strongly O-donating due
to Nlp to C=0 conjugation from both nitrogen atoms. Ongoing
studies are focused on further ligand optimization and development
of improved understanding of this cross-coupling manifold.

The study reported herein not only establishes a low-
loading, operationally-simple technology for C(sp2)—C(sp3)
cross-coupling, but also provides valuable data into the order
of reactivity of aryl electrophiles in iron catalyzed cross-
coupling (Fig. 1).%2b On the basis of our data, the following
order of reactivity of activating groups is established: Cl < CN <
CF3 < CO3R = SO3R; < pyridine < quinoline. We believe that the
guidelines to predict cross-coupling reactivity of aryl
electrophiles will contribute to improving the practicality of
iron catalyzed cross-coupling technologies in organic synthesis
using challenging alkyl organometallics.*®

In conclusion, have reported an efficient protocol for
selective C(sp?)—C(sp3) iron-catalyzed cross-coupling of aryl
chlorides with Grignard reagents at low catalyst loading. The
reaction demonstrates a broad substrate scope with respect to
electrophilic functional groups that can be used as handles for
further functionalization and are typically not tolerated using
other cross-coupling technologies. The study gave valuable
insight into the order for reactivity of activating groups in iron-
catalyzed cross-coupling. We believe that the compatibility of
iron-catalyzed cross-coupling with operationally-practical low
catalyst loading could lead to the development of improved
methods of high value to practitioners involved in iron
catalysis as well as in the synthesis of various classes of
alkylated arenes. Studies to establish better understanding of
the mechanistic details and on related cross-coupling protocols
are currently underway and will be reported in due course.

We gratefully acknowledge Narodowe Centrum Nauki
(grant no. 2014/15/D/ST5/02731), Rutgers University and the
NSF (CAREER CHE-1650766) for generous financial support.
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Iron-catalyzed C(sp?)—C(sp°®) cross-coupling at low catalyst loading

Fe catalysis

Ar(Het)=Cl + R—MgX Ar(Het)=—R

low loading
[® benign, sustainable urea ligand] [® broad tolerance]

[® mild conditions] [® large scale] [® high chemoselectivity]
[m challenging alkyl organometallics]
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