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ABSTRACT: Conversion of a C(spz)—H or C(sp3)—H
bond to the corresponding C—Me bond can be achieved
by using AlMe; or its air-stable diamine complex in the
presence of catalytic amounts of an inorganic iron(1II) salt
and a diphosphine along with 2,3-dichlorobutane as a
stoichiometric oxidant. The reaction is applicable to a
variety of amide substrates bearing a picolinoyl or 8-
aminoquinolyl directing group, enabling methylation of a
variety of (hetero)aryl, alkenyl, and alkyl amides. The use
of the mild aluminum reagent prevents undesired
reduction of iron and allows the reaction to proceed
with catalyst turnover numbers as high as 6500.

hile methyl groups on arenes and olefins play significant

roles in the regulation of protein—ligand binding and
drug design," the synthetic repertoire for direct methylation of a
C—H bond has found a limited number of literature examples,
which involve the use of methyl organometallics (magnesium,”
tin, boron,* zinc reagentss) and electrophiles.6 At this juncture,
we focused on organoaluminum reagents, which to date have
been neglected in C—H activation chemistry, and we report
here that readily available AIMe; and its air-stable derivative, the
bis(trimethylaluminum)-1,4-diazabicyclo-[2.2.2]octane adduct
(DABCO-2AIMe;),” act as an effective methyl donor in iron-
catalyzed activation of C(sp*)—H and C(sp®)—H bonds (cf.
Scheme 1). (Z)-1,2-Bis(diphenylphosphino)ethene (dppen)
and (Z)-1-phenyl-1,2-bis(diphenylphosphino)ethene (Ph-
dppen)® were the ligands of choice, and 2,3-dichlorobutane
(2,3-DCB) was used as mild oxidant to regenerate the reactive
iron species.” The catalytic system showed catalyst turnover
numbers (TONs) as hi%h as 6500, a value rarely achieved in
C—H functionalization.'® The reaction is effective for the
methylation of an aromatic C(sp*)—H bond in naphthylamine-
and benzylamine-type compounds activated by a picolinoyla-
mide (PA) group11 (Scheme 1a) as well as in benzamide- and
pivalamide-type compounds bearing an 8-aminoquinoline
(NH-Q) group'® (Scheme 1b). The reaction bears mechanistic
similarity to our previously reported C—H activation reaction
with a borate reagent.

We recently reported'? that an organoborate anion is capable
of C—H bond cleavage and subsequent C—R bond formation
via an R—Fe(Ill) intermediate that participates in the reaction
without significant interference of homocoupling reactions.'*
This led us to consider that a mildly reactive organoaluminum
reagent may also act as a selective alkyl donor to Fe(III)."* To
this end, we first examined a C—H methylation reaction with
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Scheme 1. Iron(III)-Catalyzed Methylation of (a) N-
(Naphthalen-1-yl)picolinamide and (b) N-(Quinolin-8-
yl)furan-2-carboxamide and a Mechanistic Hypothesis

(a) X | X
| _N Fe(acac)s (1 mol %) _N
Ph-dppen (1.1 mol %)

O“"NH + AlMe; ————————>= 07 NH Me

2,3-DCB (20 mmol)
THF (10 mL), 70 °C, 24 h
10 mmol
2Min hexane
2,95%,1.24 g

1, 5 mmol 7 )
| X
Me,Fe L%\ o N / L-Fe!

\
— (1}
MeH N—Fell_ 1) 2,3-DCB

Me,Felll-L

(b)
Fe(acac)z (1 mol %)
C\Q O dppen (1?1 mol %) C\Q O
=N ﬁ% v AMe, —— = oy H&j
Me 7

2,3-DCB (2.0 mmol)
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AlMe; using a stoichiometric amount of Fe(acac);. Mixing
Fe(acac);, a diphosphine ligand, N-(naphthalen-1-yl)-
picolinamide (1), and AlMe; at 70 °C in a molar ratio of
1:1:2 resulted in the formation of the desired methylation
product 2 in 85% yield (Table 1, entry 1). The high-yield
conversion of this stoichiometric reaction suggests that a
methyliron reactive intermediate stabilized by the bidentate
directing group and the diphosphine ligand was generated and
underwent C—H cleavage16 and C—Me bond formation to
generate an iron(I) species as an end product, as has also been
shown for the borate reaction.” The use of 6.0 equiv of
MeMgBr instead of 2.0 equiv of AlMe; as the methyl source in
the stoichiometric experiment in entry 1 gave the desired
methylation product in less than 10% yield, likely because of
premature reduction of the reactive iron species by the highly
reductive MeMgBr."* The reaction intrinsically requires 3 equiv
of the methyl nucleophile for removal of H atoms from the
amide and arene and for C—Me bond formation (see the next
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Table 1. Directed C—H Methylation with Stoichiometric and
Catalytic Amounts of Iron”

Fe(acac)3 (x mol %)

NHPA dppen (y mol %) NHPA
O +  AM
®  2.3-DCB (z mol %) O Me
THF (0.5 mL), 70 °C, 24 h
2M in hexane
1, 0.2 mmol 0.4 mmol 2
Fe(acac), dppen 2,3-DCB yield of 2
entry (x mol %) (y mol %) (z mol %) (%)
1 100 100 0 8s?
2 10 11 400 99®
3 1 1.1 400 91°¢
4 0.1 0.11 400 44°
S 0 S.5 400 0°
6 S 0 400 24°¢

“The reaction was performed on a 0.2 mmol scale following the
procedure described in the text. PA = picolinoyl. “The yield was
determined by 'H NMR analysis using 1,1,2,2-tetrachloroethane as an
internal standard. “The yield was estimated by GC using tridecane as
an internal standard.

paragraph for discussion). As shown in Scheme 1a, the putative
Fe(I) end product can be reoxidized to Fe(IIl) with 2,3-DCB, ?
allowing catalytic activation of the C—H bond. As shown in
entries 2 and 3, the catalytic cycle operates in excellent yield
with 1—-10% catalyst loading. The iron catalyst (entry S) and
the ligand (entry 6) are mandatory for the reaction (for an
investigation of ligands, see the Supporting Information (SI)).
As we previously suggested,"® the dppen or Ph-dppen ligands
may stabilize the intrinsically unstable Fe(I) catalytic end
product by metal-to-ligand charge transfer (MLCT)."

A typical synthetic procedure is described for the catalytic
reaction in Scheme 1a. A solution of Fe(acac); (1.0 mol %) and
Ph-dppen (1.1 mol %) in THF was added to an anhydrous
THF solution of 1 (1.24 g, 5 mmol), which was followed by
slow injection of a commercially available solution of AlMe; in
hexane (2.0 equiv) at room temperature. The reaction mixture
changed from light orange to dark green after addition of the
AlMe; solution. After gas evolution (methane) ceased in 10
min, 2,3-DCB (4.0 equiv) was added, and the mixture was
stirred at 70 °C for 24 h. Aqueous workup followed by column
chromatography gave the desired product 2 in 95% yield (1.24
g). The methylation took place exclusively at the 8-position of
the naphthyl ring. The use of 1 equiv of AlMe; resulted in a
34% yield. The use of the related diphosphine ligand dppen
instead of Ph-dppen gave a slightly lower yield (91%). The
same conditions can also be applied to methylation of
furancarboxamide 4 with high TON (Scheme 1b).

The scope of the methylation reaction is illustrated in Table
2. In addition to 1, N-benzylpicolinamide also took part in the
reaction in good yield but gave ortho-dimethylated product S as
the major product. A meta substituent on the phenyl ring (cf.
7) suppresses the methylation at the neighboring ortho
position and gives exclusive monomethylation at the less
congested ortho position. An a-substituent at the benzyl
position is tolerated, as shown for 6 and 8. The enantiopurity of
the chiral center at the benzylic position can be retained in
>99% ee (8). 1,2,3,4-Tetrahydronaphthalen-1-amine-derived
amide can also be methylated in high yield (9). S-
Quinolylamide underwent methylation at the 4-position in
64% vyield (10), while S-isoquinolylamide did not (11),

Table 2. Products of the Iron-Catalyzed C—H Methylation”

Me Me
. NHPA : NHPA : NHPA : NHPA
Me

2, 97% 5, 78%" 6, 79%° 7, 96%
(1 mol % of Fe) (3 mol % of Fe) (3 mol % of Fe) (2 mol % of Fe)

NHPA Me Me
NHPA NHPA — NHPA
N

8, 95% 9, 88% 10, 64% 11, <5%
3 mgol % of Fe) (3 mol % of Fe) (5 mol % of Fe) (5 mol % of Fe)

9% ee
o Q o Q o Q o Q
NH NH NH NH
\ \
Me (0] Me 3C Me /N Me
12, 94% 13, 87% 14, 95% 15, 93%
( mog;’/:/of Fe) (1 mol % of Fe) (1 mol % of Fe) (1 mol % of Fe)
A

(0.1 mol % of Fe)

Q o Q o Q
NH NH NH
(e}
Cl Me Me
—0
16, 71%7 17, 96% 18, 77% 19 96%

(2 mol % of Fe) (1 mol % of Fe) (1 mol % of Fe) (1 mol % of Fe)
Q o Q

o] o Q o Q
NH —0 NH Me NH Me NH
Me Me Me Me
F
20, 95% 21, 59% 22, 91%° 23, 90%"
(1 mol % of Fe) (1 mol % of Fe) (8 mol % of Fe) (8 mol % of Fe)

o a o a o a
Me NH NH NH
S 0]
'/\‘ _\ Me N > Me N > Me
4, 99%

24, 48% 25, 98% (1 mol % of Fe) 26, 87%
(2 mol % of Fe) (1 mol % of Fe) 65%9 (1 mol % of Fe)
(0.01 mol % of Fe)

o a o a
NH NH
<:§:Me 3 Me
o
27, 81% 28, 96%
(1 mol % of Fe) (1 mol % of Fe)
“The reaction was performed on a 0.5 mmol scale following the
procedure described in the text for a gram-scale experiment. For
dimethylation, 3 equiv of AlMe; was used. Yields of isolated products
are shown. PA = picolinoyl; Q = 8-quinolyl. See the SI for details.
The monomethylated product was obtained in 5% yield. “The
monomethylated product was obtained in 11% yield. “A 5% yield of
debromination byproduct was observed “The monomethylated
product was obtained in 6% yield. SThe monomethylated product

was obtained in 7% yield. The yield was determined by 'H NMR
analysis using 1,1,2,2-tetrachloroethane as an internal standard.

suggesting that this C—H functionalization is very sensitive to
the electronic property of the reactive center.

In the 8-quinolylamide series of compounds (cf. Scheme 1b),
ortho-dimethylated products were obtained as major products
for unsubstituted or para-substituted benzamides. Similar to the
benzylamide series described above, a meta substituent on the
phenyl ring (cf. 12—19) suppresses the methylation at the
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neighboring ortho position and gives exclusive monomethyla-
tion at the ortho position opposite to the meta group.

Functional groups such as ether, trifluoromethyl, tertiary
amine, ester, fluoro, and chloro are well-tolerated (compounds
13-18, 23). A bromo-substituted benzamide was also
methylated (16), accompanied by a small amount of
debrominated product (5% yield). Ortho-substituted benza-
mides took part in the reaction smoothly, producing ortho-
dimethylated products in good yields (cf. 20 and 21).
Heteroaryl benzamides such as pyridine- (24), thiophene-
(25), furan- (4) and indolecarboxamide (26) gave the expected
methylated products in moderate to excellent yields.

Alkenyl amides also serve as suitable substrates, as illustrated
for cyclohexene- (27) and pyrancarboxamide (28). For acyclic
alkenecarboxamides such as (E)-2,3-diphenylacrylamide and
(E)-2-methylbut-2-enamide, Z-to-E isomerization of the
starting materials and of the initial products took place to
generate a mixture of isomers. Simple N-methylbenzamide and
benzoquinoline gave less than 5% yields of the methylation
products, indicating the importance of bidentate chelation for
the stability of the iron intermediate.'>"¢

The present iron-catalyzed reaction with AlMe; showed a
very high TON compared with those reported for a variety of
C—H functionalizations, which are typically less than 100.'>'®
Thus, 1 mol % catalyst was generally enough to obtain high
yields, and 0.1 mol % often gave a satisfactory yield (e.g,, 81%
for 12), where the TON was 810. For 2-furancarboxamide, 0.01
mol % iron catalyst still gave a 65% yield of the desired product,
where the TON reached 6500.

For reasons yet unclear, the trialkylaluminum reagent is more
sensitive to the size of the alkyl substituents than organozinc
reagents.”* Thus, ethylation using AlEt; took place as smoothly
as methylation with AlMe; (Scheme 2), yet the reactions of 1
with isobutyl- and trioctylaluminum did not give the desired
product at all (see the SI).

Scheme 2. Ethylation with Triethylaluminum
(0] Fe(acac)s (5 mol %) (0]

.Q dppen (5.5 mol %) Q
N+ AR N
2,3-DCB (400 mol %)
THF, 70 °C, 24 h Et

1.0 mmol 82%
1M in toluene

0.5 mmol

Direct methylation of a C(sp®*)—H bond can also be achieved
with the AlMe,;/Fe(IlI) system.'® Thus, a 2,2-disubstituted
propionamide bearing an 8-aminoquinolyl group (Table 3) can
be methylated under essentially the same conditions as those
employed in Table 1 but at higher catalyst loading (10 mol %).
Ph-dppen enables higher conversion than dppen, likely because
of spin delocalization of the putative low-valent iron
intermediate.'>'” Propionamide derivatives disubstituted at
the a-position react smoothly to produce 29—31 in good yields,
whereas the a-unsubstituted propionamide expected to
produce 32 is unreactive. Notably, the a-phenyl-substituted
butyramide leading to 31 was unreactlve under the previous
conditions using an arylzinc reagent'” but is reactive toward
AlMe;. The catalyst activated only the C—H bond of a methyl
group to produce 31, without activating any of the C—H bonds
on the phenyl ring.

Finally, we describe the reaction of the bis-
(trimethylaluminum)-1,4-diazabicyclo[2.2.2]octane adduct, a
solid, air-stable, and commercially available methyl source’

Table 3. Methylation of a C(sp*)—H Bond”

Q Fe(acac)z (10 mol %)
Os_NH ligand (11 mol %)

+ AlMeg
Ph 2,3-DCB (400 mol %) Ph
THF, 70 °C, 24 h

0.5 mmol 1.0 mmol Ph-dppen 84% 11%
2M in hexane dppen 66% 5%
Q Q Q Q
O~ _NH Os_NH O~_NH O+_NH
\lMe %Me Pthe IMe
29, 64%P 30, 82% 31, 58%° 32, 0%

“The reaction was performed on a 0.5 mmol scale following the
procedure described in the text for a gram-scale experiment using 10
mol % catalyst and Ph-dppen as a ligand. Yields of isolated products
are shown. Q = 8-quinolyl. See the SI for details. ®The dimethylated
product was obtained in <5% yield.

(Scheme 3). The reaction is slower than that with AlMe;, and S
mol % Fe(III) catalyst is necessary to complete the reaction in
24 h.

Scheme 3. Methylation Using Air-Stable
Bis(trimethylaluminum)-1,4-diazabicyclo[2.2.2]octane

. NHPA
conditions O
N-AMe; —— Me

NHPA
+ MezAl—N __
J = J

0.5 mmol 0.5 mmol 86%
(o] (0]
N Q I\ conditions N Q
H + MesAl-N__N-AMe; ———» H
M
e
0.5 mmol 0.5 mmol 84%

Conditions: Fe(acac)z (5.0 mol %), dppen (5.5 mol %), 2,3-DCB (400 mol %),
THF, 70 °C, 24h

In conclusion, we have achieved a directed C—H methylation
reaction of anilides and carboxamides bearing a picolinoyl or 8-
aminoquinolyl group with trimethylaluminum or air-stable
bis(trimethylaluminum)-1,4-diazabicyclo-[2.2.2.]octane adduct
as the methylating reagent using an iron/diphospine catalyst
and inexpensive 2,3-dichlorobutane as an oxidant. The mildly
reactive aluminum reagent prevents premature reduction of an
organoiron reactive species and realizes a robust catalytic cycle
that shows much higher TONs than previously reported iron-
catalyzed C—H functionalization®® and related catalysis by
noble metals.'*'®

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures and physical properties of the
compounds. The Supporting Information is available free of
charge on the ACS Publications website at DOI: 10.1021/
jacs.5b04818.

B AUTHOR INFORMATION

Corresponding Authors
*laur@chem.s.u-tokyo.ac.jp
*nakamura@chem.s.u-tokyo.ac.jp

DOI: 10.1021/jacs.5b04818
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.5b04818
http://pubs.acs.org/doi/abs/10.1021/jacs.5b04818
mailto:laur@chem.s.u-tokyo.ac.jp
mailto:nakamura@chem.s.u-tokyo.ac.jp
http://dx.doi.org/10.1021/jacs.5b04818

Journal of the American Chemical Society

Communication

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank MEXT for financial support (KAKENHI 1SH05754
to EN. and 26708011 to L.I). R.S. thanks the Japan Society for
the Promotion of Science for a Research Fellowship for Young
Scientists (26-04342).

B REFERENCES

(1) (a) Schénherr, H,; Cernak, T. Angew. Chem,, Int. Ed. 2013, S2,
12256. (b) Leung, C. S; Leung, S. S. F.; Tirado-Rives, J.; Jorgensen,
W. L. J. Med. Chem. 2012, S5, 4489. (c) Barreiro, E. J.; Kiimmerle, A.
E.; Fraga, C. A. M. Chem. Rev. 2011, 111, 5215. (d) Yan, B.; Nakanishi,
K.; Spudich, J. L. Proc. Natl. Acad. Sci. U.S.A. 1991, 88, 9412.

(2) Chen, Q; Ilies, L.; Yoshikai, N.; Nakamura, E. Org. Lett. 2011, 13,
3232.

(3) Chen, X; Li, J.; Hao, X;; Goodhue, C. E.; Yu, J.-Q. J. Am. Chem.
Soc. 2006, 128, 78.

(4) (a) Giri, R; Maugel, N; Li, J.; Wang, D.; Breazzano, S. P,;
Saunders, L. B; Yu, J-Q. J. Am. Chem. Soc. 2007, 129, 3510.
(b) Romero-Revilla, J. A;; Garcia-Rubia, A; Arrayas, R. G.; Fernandez-
Ibafiez, M. A, Carretero, J. C. J. Org. Chem. 2011, 76, 9525.
(c) Neufeldt, S. R;; Seigerman, C. K.; Sanford, M. S. Org. Lett. 2013,
15, 2302. (d) Dai, H-X,; Stepan, A. F.; Plummer, M. S.; Zhang, Y.-H;
Yu, J.-Q. J. Am. Chem. Soc. 2011, 133, 7222. (e) Wang, D.; Wasa, M,;
Giri, R;; Yu, J.-Q. J. Am. Chem. Soc. 2008, 130, 7190.

(5) (a) Tlies, L.; Ichikawa, S.; Asako, S.; Matsubara, T.; Nakamura, E.
Adv. Synth. Catal. 2015, DOI: 10.1002/adsc.201500276. (b) Ilies, L.;
Matsubara, T.; Ichikawa, S.; Asako, S.; Nakamura, E. J. Am. Chem. Soc.
2014, 136, 13126.

(6) (a) Tremont, S. J.; Rahman, H. U. J. Am. Chem. Soc. 1984, 106,
5759. (b) Zhang, Y.; Feng, J.; Li, C.-J. J. Am. Chem. Soc. 2008, 130,
2900. (c) Zhang, S. Y.; He, G.; Nack, W. A; Zhao, Y.; Li, Q; Chen, G.
J. Am. Chem. Soc. 2013, 13S, 2124. (d) Shabashov, D.; Daugulis, O. J.
Am. Chem. Soc. 2010, 132, 3965. (e) Aihara, Y.; Wuelbern, J.; Chatani,
N. Bull. Chem. Soc. Jpn. 2015, 88, 438.

(7) (a) Biswas, K.; Prieto, O.; Goldsmith, P. J.; Woodward, S. Angew.
Chem., Int. Ed. 2005, 44, 2232. (b) Cooper, T.; Novak, A.; Humphreys,
L. D.; Walker, M. D.; Woodward, S. Adv. Synth. Catal. 2006, 348, 686.

(8) For the synthesis of this compound, see: Kondoh, A.; Yorimitsu,
H.; Oshima, K. J. Am. Chem. Soc. 2007, 129, 4099.

(9) (a) Cheung, C. W.; Zhurkin, F. E.; Hu, X. J. Am. Chem. Soc. 2015,
137, 4932. (b) Fiirstner, A,; Martin, R; Krause, H.; Seidel, G;
Goddard, R; Lehmann, C. W. J. Am. Chem. Soc. 2008, 130, 8773.
(c) Adams, C. J.; Bedford, R. B; Carter, E.; Gower, N. J.; Haddow, M.
F.; Harvey, J. N,; Huwe, M,; Cartes, M. A; Mansell, S. M.; Mendoza,
C.; Murphy, D. M,; Neeve, E. C.; Nunn, J. J. Am. Chem. Soc. 2012, 134,
10333. (d) Bedford, R. B.; Brenner, P. B.; Carter, E.; Clifton, J;
Cogswell, P. M,; Gower, N. J,; Haddow, M. F.; Harvey, J. N,; Kehl, J.
A.; Murphy, D. M,; Neeve, E. C.; Neidig, M. L,; Nunn, J.; Snyder, B. E.
R,; Taylor, J. Organometallics 2014, 33, 5767.

(10) Recently, an example of TON = 2200 was reported for Co(III)-
catalyzed C—H allylation. See: Yu, D. G.; Azambuja, T.; Vasquez-
Céspedes, S.; Glorius, F. J. Am. Chem. Soc. 2014, 136, 17722.

(11) (a) Zhang, S. Y.; He, G.; Zhao, Y.; Wright, K;; Nack, W. A,;
Chen, G. J. Am. Chem. Soc. 2012, 134, 7313. (b) Zaitsev, V. G,
Shabashov, D.; Daugulis, O. J. Am. Chem. Soc. 2005, 127, 13154.
(c) Grigorjeva, L.; Daugulis, O. Angew. Chem,, Int. Ed. 2014, 53, 10209.

(12) (a) Daugulis, O.; Roane, J.; Tran, L. D. Acc. Chem. Res. 20185, 48,
1053. (b) Rouquet, G.; Chatani, N. Angew. Chem., Int. Ed. 2013, 52,
11726.

(13) Shang, R; Ilies, L.; Asako, S.; Nakamura, E. J. Am. Chem. Soc.
2014, 136, 14349.

(14) (a) Nagano, T.; Hayashi, T. Org. Lett. 2005, 7, 491. (b) Cahiez,
G.; Moyeux, A.; Buendia, J.; Duplais, C. J. Am. Chem. Soc. 2007, 129,
13788.

(15) (a) Yamamoto, A.; Morifuji, K; Ikeda, S.; Saito, T.; Uchida, Y.;
Misosno, A. J. Am. Chem. Soc. 1968, 90, 1878. (b) Necas, D.; Kotora,
M.; Cisarova, L. Eur. J. Org. Chem. 2004, 1280. (c) Necas, D.; Drabina,
P.; Sedldk, M.; Kotora, M. Tetrahedron Lett. 2007, 48, 4539. (d) Wang,
Y.; Fordyce, E. A. F.; Chen, F. Y.; Lam, H. W. Angew. Chem., Int. Ed.
2008, 47, 7350.

(16) (a) Asako, S.; lies, L.; Nakamura, E. J. Am. Chem. Soc. 2013,
135, 17755. (b) Matsubara, T.; Asako, S.; llies, L.; Nakamura, E. J. Am.
Chem. Soc. 2014, 136, 646. (c) Monks, B. M.; Fruchey, E. R;; Cook, S.
P. Angew. Chem., Int. Ed. 2014, §3, 11065S. (d) Fruchey, E. R;; Monks,
B. M,; Cook, S. P. J. Am. Chem. Soc. 2014, 136, 13130. (e) Gu, Q; Al
Mamari, H. H.; Graczyk, K; Diers, E.; Ackermann, L. Angew. Chem,,
Int. Ed. 2014, 53, 3868.

(17) Blanchard, S.; Derat, E.; Murr, M.; Fensterbank, L.; Malacria,
M.; Mouries-Mansuy, V. Eur. J. Inorg. Chem. 2012, 376.

(18) Handbook of C—H Transformations; Dyker, G., Ed.; Wiley-VCH:
Weinheim, Germany, 2005.

(19) Shang, R; Ilies, L.; Matsumoto, A.; Nakamura, E. J. Am. Chem.
Soc. 2013, 135, 6030.

(20) For selected reviews, see: (a) Bolm, C.; Legros, J.; Le Paih, J;
Zani, L. Chem. Rev. 2004, 104, 6217. (b) Iron Catalysis in Organic
Chemistry; Plietker, B., Ed.; Wiley-VCH: Weinheim, Germany, 2008.
(c) Enthaler, S.; Junge, K.; Beller, M. Angew. Chem., Int. Ed. 2008, 47,
3317. (d) Sherry, B. D.; Fiirstner, A. Acc. Chem. Res. 2008, 41, 1500.
(e) Czaplik, W. M.; Mayer, M.; Cvengros, J.; Jacobi von Wangelin, A.
ChemSusChem 2009, 2, 396. (f) Nakamura, E.; Yoshikai, N. J. Org.
Chem. 2010, 75, 6061. (g) Sun, C.-L.; Li, B.-J.; Shi, Z.-J. Chem. Rev.
2011, 111, 1293. (h) Ilies, L.; Nakamura, E. Iron-Catalyzed Cross-
Coupling Reactions. In The Chemistry of Organoiron Compounds;
Marek, I, Rappoport, Z., Eds.; John Wiley & Sons: Chichester, UK.,
2014. (i) Nakamura, E.; Hatakeyama, T.; Ito, S.; Ishizuka, K.; Ilies, L.;
Nakamura, M. Org. React. 2014, 83, 1. (j) Bauer, 1; Knolker, H.-J.
Chem. Rev. 2015, 115, 3170.

DOI: 10.1021/jacs.5b04818
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1002/adsc.201500276
http://dx.doi.org/10.1021/jacs.5b04818

