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ABSTRACT: Using 8-aminoquinoline-based aryl carbox-
amides, the direct ortho-alkylation can be achieved in high
yields in the presence of an iron source, 1,2-bis(diphenyl-
phosphino)ethane (dppe) and phenylmagnesium bromide.
The reactions proceed without overalkylation and provide
high levels of regioselectivity. The benzylation reactions
can be performed in air with reagent-grade THF, while the
alkylation works well with unactivated secondary bromides
and iodides in 2-methyltetrahydrofuran. Moreover, the
reactions only require 5−10 min.

The introduction of an alkyl group ortho to a carboxylic acid
derivative is not trivial. Recently transition-metal-

catalyzed, directed C−H bond functionalization has emerged
as an attractive method for this bond construction.1 While Csp

2

C−H alkylation examples exist with alkyl electrophiles using
Pd,2 Ru,3 Co,4 and Ni,5 these approaches remain limited in
electrophile scope. Furthermore, there exists a need to develop
robust alkylation reactions capable of large-scale implementa-
tion (Scheme 1a).6 While pioneering work by Nakamura et al.
has enabled C−H functionalization with nucleophiles,7 their
investigations of electrophiles have just begun.8 We recently
reported a system to allow the use of primary electrophiles;9

however, unactivated secondary electrophiles represent im-
portant coupling partners that currently require relatively harsh
conditions or long reaction times with Pd,2e Co,4b,c and Ni5c

(Scheme 1b). Here we report easily tunable conditions to allow
the directed ortho-alkylation of 8-aminoquinoline-based10 aryl
carboxamides 1 to products 2 using inexpensive and benign
iron salts under mild conditions in ≤10 min (Scheme 1c).
The iron-catalyzed ortho-benzylation of benzamides was

optimized through the systematic evaluation of pertinent
reaction parameters (see Supporting Information (SI)). A
Grignard reagent proved uniquely effective as a base/reductant
for the reaction, while zinc salts8a,c shut down the desired
reaction, providing the direct coupling of the Grignard and
benzamide substrate.7,11 The reaction is performed by
combining Fe(acac)3 (10 mol %), dppe (15 mol %), and a
benzylating agent (3 equiv) in reagent-grade THF at 65 °C,
followed by the slow addition of the Grignard (usually 7 min,
Table 1). Unlike most Pd,2a,d,e,g Co,4a and Ni5a,b methods, the
reaction provided the monosubstituted products without any
detectable bis-substitution (entries 1−11, 13−14, Table 1). As
found previously,9 meta substituents provided alkylation at the
less hindered position. Impressively, even m-fluorobenzamide 7
provides product 23 with >20:1 regioselectivity (entry 5, Table

1). While highly selective for monoalkylation, this prevents the
use of ortho-substituted benzamides (see SI), except in the case
of o-fluorobenzamide 17 (entry 15, Table 1). Additionally, the
benzylation reaction functions well with thiophene and pyrrole
(entries 12 and 16, Table 1). Another significant finding of this
work is the success of the reaction in the presence of aryl
halides (entries 3−5, 8, and 15, Table 1), as such functional
groups are incompatible with previously reported methods.12

The reaction proceeds well on gram scale, providing 20 in 82%
yield with 85% conversion (entry 2, Table 1). Importantly, the
reaction proved particularly robust with all reactions perform-
ing well open to air (Table 1).
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Scheme 1. (a) A Process-Scale Example of C−H
Benzylation; (b) Alkylation of C−H Bonds with Secondary
Electrophiles Remain Rare; (c) This Work Demonstrates
How Iron Catalysis Can Be Used for a Range of Alkylationsa

aDG = directing group; Q = 8-quinolinyl; BDMAE = bis(2-
dimethylaminoethyl)ether; DME = dimethoxyethane.
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To test the scope of electrophiles in the benzylation, various
benzyl electrophiles were evaluated under our optimized
reaction conditions (Table 2). To our surprise, benzyl chloride
35 was significantly better than benzyl bromide 36 (entries 1
and 2, Table 2), while benzyl iodide 37 (entry 3, Table 2)
provided only a trace yield of desired product 41. Moreover,
benzyl mesylate 38, tosylate 39, and phosphate 40 proved
competent in the reaction, delivering low yields of desired
product 41 (entries 4−6, Table 2). While this demonstrates the
breadth of electrophiles competent in the reaction, they may be
proceeding through a common intermediate.13

Next, various benzyl chloride derivatives were evaluated in
the reaction (Table 3). While the reaction provided moderate-
to-high yields with 10 mol % iron loading, the products proved
difficult to separate from the starting m-tolylbenzamide 4. The
use of a higher catalyst loading and additional phenyl-
magnesium bromide, however, provided complete conversion
(entries 1−3 and 5, Table 3). Interestingly, the reaction appears

particularly sensitive to steric encumbrance at the benzylic
center. For example, while p-methylbenzyl chloride 45
produced a 97% yield of 52 with 10 mol % iron, o-methylbenzyl
chloride 46 provided only a 52% yield of 53 with 20 mol %
catalyst (entries 5 and 6, Table 3). Additionally, the more
sterically hindered mesitylbenzyl chloride 47 yielded only 48%
of product 54 (entry 7, Table 3).
Interestingly, secondary benzyl chloride 1-chloroethyl-

benzene provided product 54 without isomerization (eq 1).
This represents the first example of directed C−H function-
alization with a secondary benzylic electrophile. Moreover,
starting benzamide 3 underwent a dehydrogenative biaryl
coupling to form 55 in 33% yield. Dimer 55 was not detected in
any previous reaction, suggesting a unique mechanistic pathway
for secondary benzylic chlorides. Future efforts will be
dedicated to unraveling the unique reactivity in eq 1.

Table 1. ortho-Benzylation of Various Benzamides with p-
Methoxybenzyl Chloride (PMB-Cl)

aIsolated yields after silica chromatography. bOpen flask. cConditions
B: Fe(acac)3 (20 mol %), dppe (30 mol %), PMBCl (3.5 equiv),
PhMgBr (4.1 equiv). dReaction run on 1.0 g scale of 4 yielded 82%
(1.19 g, 85% conv) of 20 PMB = p-methoxybenzyl, Q = 8-quinolinyl.

Table 2. Comparison of Different Benzyl Electrophiles

aConditions same as described in Table 1 except reaction performed
over 10 min. b1H NMR yields calculated using 1,3,5-trimethoxy-
benzene as internal standard. Q = 8-quinolinyl.

Table 3. ortho-C−H Functionalization of m-Tolylbenzamide
3 with Benzyl Chloride Derivatives

aConditions same as described in Table 1 except reaction performed
over 10 min. b1H NMR yields calculated using 1,3,5-trimethox-
ybenzene as internal standard. cIsolated yields after silica chromatog-
raphy. dFe(acac)3 (10 mol %), dppe(15 mol %), PhMgBr (4.25 equiv).
Q = 8-quinolinyl.
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Attempts to expand this chemistry to unactivated alkyl
chlorides proved unviable. Bromocyclohexane, however,
showed product formation along with significant overalkylation
products. Since the overalkylation products could stem from
formation of transient secondary radicals, the radical inhibitor
butylated hydroxytoluene (BHT) was added to the reaction.
With one equivalent of BHT, overalkylation was suppressed.
Moreover, simply switching the solvent to 2-methyltetrahydro-
furan, increasing the concentration to 1 M, and shortening the
addition time of phenylmagnesium bromide provided generally
useful yields across a variety of secondary bromides (Table 4).

Interestingly, some substrates produced a mixture of linear and
branched products (entries 7−9, Table 4). To probe the origin
of this effect, the reaction was run in the presence of various
olefins. While no crossover products were observed, β-hydride
elimination products may not escape the coordination complex.
To gain insight into the course of the reaction, we conducted

a series of competition experiments. As expected, benzyl
chloride outcompetes bromocyclopentane under either of our
standard reaction conditions (Scheme 2a). Moreover, the
intermolecular KIE for benzylation is 2.4 while the intra-
molecular KIE is 3.3. Similarly, the intermolecular KIE for

bromocyclopentane is 1.9 while the intramolecular KIE is 2.9.
Collectively, these data suggest that C−H cleavage is the
product-determining step for both reactions. Since it is unlikely
that C−H cleavage is reversible, the primary KIE values suggest
that either C−H cleavage is the turnover-limiting step or the
turnover-limiting step occurs prior to C−H cleavage and does
not involve the carboxamide.14

In summary, we have developed a unified strategy for C−H
alkylation reactions. The iron-catalyzed conditions can be
rapidly tuned to accommodate a range of important electro-
philes. The reactions generally proceed in high yields with
exceptional regioselectivity on gram scale. The reaction is
complete in ≤10 min, and the benzylations and can be
performed in air with reagent-grade solvent. Further efforts will
be directed toward understanding the reaction mechanism and
expanding the scope of this interesting transformation.
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Table 4. ortho-C−H Functionalization of Benzamide 3 with
Secondary Electrophiles

aIsolated yields after silica chromatography. b7 min addition leads to a
38% yield of 62 (b:l = 1.00:0.55) Q = 8-quinolinyl, b:l =
branched:linear.

Scheme 2. (a) Competition Experiments between Benzyl
Chloride and Bromocyclopentane; (b) Intermolecular KIE
for PMB-Cl and Cyclopentyl Bromide; (c) Intramolecular
KIE for PMB-Cl and Cyclopentyl Bromide

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja506823u | J. Am. Chem. Soc. XXXX, XXX, XXX−XXXC

http://pubs.acs.org
mailto:sicook@indiana.edu


■ ACKNOWLEDGMENTS

We acknowledge generous start-up funds from Indiana
University in partial support of this work. We also gratefully
acknowledge the American Chemical Society Petroleum
Research Fund (PRF52233-DNI1) and Eli Lilly & Co. for
the Lilly Grantee Award used to support this work. We would
also like to thank Prof. Gojko Lalic for insightful discussions on
kinetics.

■ REFERENCES
(1) (a) Arndtsen, B. A.; Bergman, R. G.; Mobley, T. A.; Peterson, T.
H. Acc. Chem. Res. 1995, 28, 154. (b) Shilov, A. E.; Shul’pin, G. B.
Chem. Rev. 1997, 97, 2879. (c) Labinger, J. A.; Bercaw, J. E. Nature
2002, 417, 507. (d) Godula, K.; Sames, D. Science 2006, 312, 67.
(e) Colby, D. A.; Bergman, R. G.; Ellman, J. A. Chem. Rev. 2010, 110,
624. (f) Ackermann, L. Chem. Commun. 2010, 46, 4866.
(2) (a) Tremont, S. J.; Rahman, H. U. J. Am. Chem. Soc. 1984, 106,
5760. (b) McCallum, J. S.; Gasdaska, J. R.; Liebeskind, L. S.; Tremont,
S. J. Tetrahedron Lett. 1989, 30, 4085. (c) Zhang, Y.-H.; Shi, B.-F.; Yu,
J.-Q. Angew. Chem., Int. Ed. 2009, 48, 6097. (d) Shabashov, D.;
Daugulis, O. J. Am. Chem. Soc. 2010, 132, 3965. (e) Zhao, Y.; Chen, G.
Org. Lett. 2011, 13, 4850. (f) Xiao, B.; Liu, Z.-J.; Liu, L.; Fu, Y. J. Am.
Chem. Soc. 2013, 135, 616. (g) Nadres, E. T.; Santos, G. I. F.;
Shabashov, D.; Daugulis, O. J. Org. Chem. 2013, 78, 9689.
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