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Direct arylation of arenes by C—H bond cleavage, which is
attractive because of its ecologically and economically benign
nature, is an increasingly viable alternative to conventional
cross-coupling reactions with stoichiometric amounts of
organometallic reagents."? However, while the development
of stabilizing ligands allowed for the use of unactivated alkyl
halides in traditional cross-coupling chemistry,”>! generally
applicable methodologies for intermolecular’® regioselective
direct alkylations of arenes!”! with alkyl halides®® by C—H
bond cleavage have proven elusive.

Recently, we reported on the beneficial effect of carbox-
ylic acids® as additives in ruthenium-catalyzed direct aryla-
tion"™ with aryl bromides, chlorides, or tosylates."” Given
the significantly improved activity of the in situ generated
catalytic system, we became interested in exploring its use for
unprecedented ruthenium-catalyzed direct alkylations™® with
unactivated alkyl halides!"'*! as electrophiles. Herein, we
report our findings on the development of such C—H bond
functionalization reactions, which allowed for the efficient
conversion of primary and secondary alkyl halides and proved
applicable to neopentyl-substituted electrophiles.

At the outset of our studies, we probed various additives
in the ruthenium-catalyzed direct alkylation of 2-pyridyl
benzene (1a), employing unactivated alkyl bromide 2a in
NMP as solvent (Table 1). Different phosphines did not
significantly affect the outcome of the envisioned reaction
(Table 1, entries 1-4). On the contrary, more promising
results were obtained when catalytic amounts of carboxylic
acids were used as additives (Table 1, entries 5-9). The alkyl-
substituted, sterically hindered acid 1-AdCO,H gave the best
results (Table 1, entry 9).

Reactions performed in toluene!™® as solvent proceeded
less efficiently (Table 1, entry 10), and other solvents, such as
THE, 1,4-dioxane, DMSO, or N,N-dimethylacetamide, gave
considerably lower yields of desired product 3a. As an
economically attractive alternative, RuClyn H,0!"! could be
employed as catalyst precursor (Table 1, entry 11).* Impor-
tantly, direct alkylation of pyridine derivative 1a could be
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Table 1: Optimization of ruthenium-catalyzed direct alkylation.”!

A X
| KRuCl,(p-cymene)},] (2.5 mol %) ||
N L (30 mol %) N
+  nHex—Br
K,CO,, solvent nHex
7,20 h
1a 2a 3a

Entry L Solvent T[°C Yield [%]
1 - NMP 120 -
2 - NMP 120 13
3 PPh, NMP 120 21
4 PCy, NMP 120 23
5 MesCO,H NMP 120 33
6 MeCO,H NMP 120 45
7 nPrCO,H NMP 120 53
8 iPrCO,H NMP 120 61
9 1-AdCO,H NMP 120 69
10 1-AdCO,H toluene 120 51
11 1-AdCO,H NMP 120 499
12 1-AdCO,H NMP 100 68
13 1-AdCO,H NMP 80 68
14 1-AdCO,H NMP 60 73
15 1-AdCO,H NMP 23 17
16 1-AdCO, (nHex) NMP 100 -

[a] Reaction conditions: 1a (1.0 mmol), 2a (3.0 mmol), [{RuCl,(p-
cymene)},] (2.5mol%), L (30 mol%), K,CO; (2.0 mmol), solvent
(4.0 mL), 20 h, yield of isolated product. NMP = N-methylpyrrolidinone;
Ad=adamantyl. [b]In the absence of [{RuCl,(p-cymene)},].
[c] RuCl;:nH,0 (5.0 mol %) instead of [{RuCl,(p-cymene)},].

performed at reaction temperatures as low as 60°C with
comparable efficiencies (Table 1, entries 13-15). Finally, the
use of independently prepared carboxylic ester 1-AdCO,-
(nHex) clearly indicated that its formation was not relevant to
the generation of the catalytically active ruthenium species
(Table 1, entry 16).

We then explored the scope of the optimized catalytic
system in the direct alkylation of pyridine derivatives 1
(Table 2). A variety of unactivated alkyl bromides bearing f3-
hydrogen atoms enabled regioselective direct alkylations
(Table 2, entries 1-8). While an alkyl iodide also led to an
acceptable yield of product 3a (Table 2, entry 9), the corre-
sponding alkyl chloride turned out to be a more challenging
substrate (Table 2, entry 10). Notably, our in situ generated
catalytic system was not limited to the use of primary alkyl
halides but also enabled the conversion of sterically more
congested secondary alkyl halides, albeit with lower yield
(Table 2, entry 11). Importantly, neopentyl bromide also
served as starting material for a direct alkylation (Table 2,
entry 12), which indicated that mechanisms relying on either a
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Table 2: Ruthenium-catalyzed direct alkylation of pyridine derivatives 1.

A X
| [{RuCl,(p-cymene)},] (2.5 mol %) ||
2 1-AdCO,H (30 mol %) =N
+ Ralky\_x
N K,CO;, NMP Xy R
R'T T,20h R

=

1 2 3
Entry Ray—X T1°q] 3 R Yield [94]
1 nBu—Br 100 3b H 74
2 nPent—Br 60 3c H 69
3 nOct—Br 60 3d H 80
4 nDec—Br 100 3e H 81
5 nDodec—Br 60 3f H 78
6 nTetradec—Br 100 3g H 80
7 nHex—Br 100 3h 4-Me 52
8 nHex—Br 100 3i 4-MeO 53
9 nHex—l 100 3a H 61
10 nHex—Cl 100 3a H 31
11 Q’BT 100 3j H 51

Me Me

12 Me)x/ Br 100 3k H 57
[a] Reaction conditions: 1 (1.0 mmol), 2 (3.0 mmol), [{RuCl,(p-

cymene)};] (2.5 mol%), 1-AdCO,H (30 mol %), K,CO; (2.0-3.2 mmol),
NMP (4.0 mL), 20 h, yield of isolated product. [b] GC analysis.

simple nucleophilic substitution or electrophilic aromatic
substitution (Friedel-Crafts reaction) are not operative.
Furthermore, a mechanism involving initial f-elimination
of HX from the alkyl halide, along with a subsequent
ruthenium-catalyzed hydroarylation,™ could be ruled out,
as alkene 4 yielded only trace amounts of pyridine derivative

3a under otherwise identical reaction conditions
(Scheme 1).1!
X
\ N KRUCly(p-cymene)},] (2.5 mol %) || N
Z A~ 1-AdCO,H (30 mol %) Z
+
nBu” N K,COs, NMP nHex
100 °C, 20 h
5% (GC)
1a 4 3a

Scheme 1. Attempted alkylation with alkene 4.

The catalytic system was not restricted to pyridine
derivatives as pronucleophilic substrates. Indeed, efficient
alkylation of pyrazole derivatives was also viable (Table 3).
Interestingly, initial optimization studies showed that aro-
matic solvent meta-xylene!’® enabled more efficient and
selective C—H bond functionalization. Thus, various primary
(Table 3, entries 1-8) and secondary (Table 3, entry 9) alkyl
bromides could be converted, including one functionalized
derivative (Table 3, entry 6) and neopentyl bromide (Table 3,
entries 7 and 8). Moreover, direct alkylation with a meta-
substituted arene proceeded with high regioselectivity at the
sterically less hindered ortho-position, thereby yielding pyr-
azole derivative 6h as the sole product (Table 3, entry 8).

Remarkably, a comparable reactivity profile was observed
when using ketimine 7a as substrate. Thus, chemo- and
regioselective alkylations occurred, and subsequent reduction
yielded secondary amines 8a and 8b (Scheme 2).?"
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Table 3: Ruthenium-catalyzed direct alkylation of pyrazole derivatives

5 [
U \\N [{RuCl,(p-cymene)},] (2.5 mol %) {/ \\N
N’ 1-AdCO,H (30 mol %) N’
+ Ralky\_Br
N K,CO;, m-xylene o R
R'Tt 100 °C, 20 h Rt

= =

5 2 6
Entry Ry~ Br 6 R' Yield [%]
1 nPent—Br 6a H 89
2 nDec—Br 6b H 87
3 nUndec—Br 6c H 87
4 nDodec—Br 6d H 92
5 nTetradec—Br 6e H 91

0
6 Eio BT 6f H 75
Me Me
7 M B 6g H 58
Me Me

8 ME)Q/Br 6h 5-Me 56
9 O>8r 6i H 43
[a] Reaction conditions: 5 (1.0 mmol), 2 (3.0 mmol), [{RuCl,(p-

cymene)},] (2.5 mol %), 1-AdCO,H (30 mol %), K,CO; (2.0-3.2 mmol),
meta-xylene (4.0 mL), 20 h, yield of isolated product.

Ar Ar
Me /,{l 1) [RuCl,(p-cymene)},] (2.5 mol % '

)
1-AdCO,H (30 mol %) Me. ~NH
K,CO;, m-xylene, 120 °C, 20 h Ryl

2) NaBH,CN, ZnCl,
THF/MeOH, 23 °C, 16 h

+  Ryy—Br

Ar = 4-MeOC¢H,

7a 2 Ray = nHex (8a):  73%

Raiy = nDec (8b):  73%

Scheme 2. Ruthenium-catalyzed direct alkylation of ketimine 7a.

Finally, we became interested in probing the nature of the
catalytically active species. Under the optimized reaction
conditions of catalytic C—H bond functionalization, ruthe-
nium(II) carboxylate complex 9 was formed quantitatively,
even at ambient temperature.'””! Importantly, well-defined
complex 9 displayed a catalytic activity comparable to that
observed when using the in situ generated system (Scheme 3
vs. Table 1, entry 12).

Me—C_—iPr

K,CQ;, toluene |

AdCO,H + 1/2 [{RuCl,(p-cymene)},] ———— Ru:
: {RuClp-oymenelld =3¢, 2n Adcor NS
0~ Ad
97%
9
| = 9 (5.0 mol %) | =
~N AdCO,H (20 mol %) 2N
+ nHex—Br e —
K,CO;, NMP nHex
100 °C, 20h
62%
1a 2a 3a

Scheme 3. Synthesis of ruthenium complex 9 and its use in catalytic
direct alkylation.
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In summary, we report the development of the first
ruthenium-catalyzed direct alkylation of arenes with unac-
tivated alkyl halides bearing f-hydrogen atoms. A catalytic
system derived from carboxylic acid 1-AdCO,H enabled
regioselective intermolecular alkylation of pyridine, pyrazole,
or ketimine derivatives with primary as well as secondary
alkyl halides, and the method proved amenable to the use of
neopentyl bromide as electrophile. Additionally, a ruthen-
ium(IT) carboxylate complex was identified as being catalyti-
cally competent.

Experimental Section

Representative procedure for ruthenium-catalyzed direct alkylation:
3a (Table1, entry12): A suspension of [{RuCl(p-cymene)},]
(15.4 mg, 0.025 mmol, 2.5 mol%), 1-AdCO,H (54.1 mg, 0.30 mmol,
30 mol % ), K,CO; (276 mg, 2.00 mmol), 1a (155 mg, 1.00 mmol), and
1-bromo-n-hexane (495mg, 3.00mmol) in NMP (4 mL) was stirred for
20h at 100°C under N,. EtOAc (50 mL) and H,O (50 mL) were added
to the cold reaction mixture. The aqueous phase was extracted with
EtOAc (2 x50 mL). The combined organic layers were washed with
H,0 (50 mL) and brine (50 mL), dried over Na,SO,, and concen-
trated in vacuo. The remaining residue was purified by column
chromatography on silica gel (n-hexane/EtOAc 15:1) to yield 3a
(163 mg, 68 %) as a colorless oil.
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