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Regiodivergent C—H and Decarboxylative Alkylation by
Ruthenium Catalysis: ortho versus meta Position-Selectivity
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Ackermann*

Dedication ((optional))

Abstract: Ruthenium(ll)biscarboxylate complexes enabled the
selective alkylation of C-H and C-C bonds at the ortho- or meta-
position. ortho-C—-H Alkylations were achieved with 4-, 5- as well as 6-
membered halocycloalkanes. Furthermore, the judicious choice of the
directing group allowed for a full control of ortho-/meta-selectivities.
Detailed mechanistic studies by experiment and computation were
performed and provided strong support for an oxidative
addition/reductive elimination process for ortho-alkylations, while a
homolytic C-X cleavage was operative for the meta-selective
transformations.

Introduction

Methods for the direct modification of otherwise inert C-H bonds
gained enormous attention throughout the last decade.™™ For the
development of synthetically useful molecular transformations,
the full control of positional selectivity is of prime importance for
C-H functionalization reactions.?! One important strategy for site-
selective C-H activations is the use of chelation-assistance
through the introduction of directing groups, thus allowing for
proximity-induced ortho-C-H metalation.®! During the past years,
ruthenium catalysis was particularly recognized as an efficient
tool for C-H functionalizations and a plethora of ruthenium-
catalyzed C-H transformations was developed.! Especially, site-
selective ortho-,® meta-¥! as well as para-alkylations!” of arenes
were devised by ruthenium catalysis, with major contributions by
the groups of Frost,®! and Ackermann,® among others.¥
Typically, secondary and tertiary alkyl halides result in C-H
alkylations at the meta- or para-position with excellent levels of
selectivity. In contrast, ortho-alkylated arenes were thus far
predominantly obtained with primary alkyl halides (Scheme 1a).
Likewise, ruthenium catalysis proved to be powerful for C-C bond
transformations, with notable progress by inter alia Dong and
Hartwig.'Y Inspired by the versatility and robustness of the
ruthenium catalyst, we became intrigued whether this C—C bond
functionalization could be exploited for alkylation with unactivated
alkyl halides.
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Within our program on sustainable C-H activations,*? we have
now unraveled ruthenium-catalyzed ortho- or meta-alkylations
through C-H or decarboxylative C-C/C-H activations (Scheme
1b). Notable feature of our strategy include (i) versatile ruthenium-
catalyzed meta- as well as ortho-alkylations with secondary alkyl
bromides, (ii) functionalization of synthetically useful pyrazoles
through C-H or decarboxylative C-C/C—H activations, (iii) detailed
mechanistic insights by experiment, and (iv) DFT studies for
ruthenium-catalyzed ortho-C—H alkylations.
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Scheme 1. Ruthenium-catalyzed site-selective alkylations.

Results and Discussion

In orienting experiments, we first examined the C-H alkylation of
2-phenylpyridine (1) with bromocyclohexane (2a), which provided
the corresponding meta-alkylated product 4 in moderate yield
(Scheme 2a). However, ortho-C-H alkylated product 6aa was
obtained when pyrazole 5a was reacted with secondary alkyl
bromide 2a (Scheme 2b).
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(a) alkylations of pyridine 1
[RuCly(p-cymene)], (3)
[ (2.5 mol %) [
N~ Br MesCO,H (30 mol %) N~
¥
H \O H
K,COj3, 0-xylene
120 °C, 16 h
H
1 2a 4:51%

[(b) alkylations of pyrazole 5a]
[RuCly(p-cymene)], (3)
(2.5 mol %)

1l \} G\
N, MesCO,H (30 mol %) Ny
K,COg3, o-xylene

N Br.
H H

120°C, 16 h

5a 2a 6aa: 50%

Scheme 2. Site-selective C—H alkylations.

Intrigued by these unexpected results, we became interested in
investigating the C—H alkylation of arylpyrazole 5a. To this end,
different reaction conditions were probed for the ruthenium-
catalyzed C-H alkylation with bromocyclohexane (2a) (Table
1).8% PhCMe;®1 proved to be the optimal solvent (entries 1-2).
Furthermore, carboxylic acids were found to be critical for
achieving high conversions (entry 3). Previously, we and Larrosa
had employed p-cymene-ligand-free ruthenium complexes for C—
H activation.52 151 Cationic ruthenium(ll) complexes could also
here be employed as catalysts (entries 4-8). In addition,
cyclohexyl chloride or iodide also afforded products 6aa and 7aa
with positional selectivity, albeit in somewhat reduced vyield
(entries 9-10).

Table 1. Ruthenium-catalyzed C-H alkylation of pyrazole 5a

[RuCly(p-cymene)]; (3)

H + \O _— + H
o Bow 0 Ol
H PhCMes, 120 °C, 16 h H
5a 2a 6aa 7aa
Entry  Deviation from the standard conditions 6aa [%] Taa [%]
1 none 60 12
2 o-xylene instead of PhCMe3 50 ---
3 without MesCOzH 28 -
4 [Ru(NCt-Bu)e][BF4)2 instead of 3 60 8
5 [Ru(NCt-Bu)e][PFe)2 instead of 3 62 10
6 [Ru(NCt-Bu)s][SbFs]2 instead of 3 63 9
7 [Ru(NCMe)e][PFe)2 instead of 3 65 12
8 [Ru(NCMe)s][PFe]2 instead of 3 and --- -
without MesCO2H
9 Cy—Cl instead of 2a 38 5
10 Cy-l instead of 2a 53 7
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[a] Reaction conditions: 5a (0.5 mmol), 2a (1.5 mmol), [Ru] (5.0 mol %),
MesCO:zH (30 mol %), K2COs (1.0 mmol), PhCMes (1.0 mL), 120 °C, 16 h,
yields of isolated products.

We next examined the effect of the halocycloalkane 2 ring size on
the site-selectivity of the C—H alkylation reaction (Scheme 3). The
reaction  of  unsubstituted phenylpyrazole  5a  with
bromocyclobutane (2b) and bromocyclohexane (2a) afforded the
ortho-alkylated products 6aa and 6ab as the major product,
whereas bromocycloheptane (2d) and bromocyclooctane (2e)
preferentially furnished the meta-alkylated product 7 (Scheme 2a).
In contrast, bromocyclopentane (2c) yielded a mixture of the
ortho- and meta-alkylated products 6ac and 7ac. Then, we
probed the alkylation of arylpyrazoles 5 with primary as well as
secondary alkyl bromides 2 (Scheme 3b). The alkylation reaction
of arylpyrazoles 5 with exo-2-bromonorbornane (2f) or neopentyl
bromide (2i) afforded the ortho-alkylated products 6af, 6ai, and
6bi exclusively. Acyclic secondary alkyl bromides 2g and 2h were
smoothly converted into meta-alkylated products 7ag and 7ah
with excellent levels of positional selectivity.
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[RuCly(p-cymene)], (3)
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N MesCO,H (30 mol %) °N °N
H + Br=Alk AlK + H
K,COs3, PhCMe,
H 120 °C, 16 h H "AlK
5a 2 6 7

(a)

(b)

secondary alkyl bromides
" \ 4
N N )

Gt gt

6ab: 71% 6ac: 22% (27%)M! 6aa: 60% (12%)@ 7ad: 58%

% Et n-Pr
Me Me

Tae: 66% 6af: 54% Tah: 42%

primary alkyl bromides

7ag: 39%

t—Bu/\© t—Bu/\<>

OMe
6ai: 50% (63%)! 6bi: 66%°!

Scheme 3. (a) Site-selectivity of ruthenium-catalyzed C-H alkylations of
pyrazole 5a with various bromocycloalkanes 2, (b) scope for C-H alkylation of
pyrazoles 5. [a] The yield of meta-alkylated product 7 is given in parentheses.
[b] o-Xylene was used as solvent.

Next, the electronic effect on the site-selectivity was studied with
differently substituted arylpyrazoles 5 with cyclohexyl bromide
(2a) (Scheme 4). Electron-donating groups at the para-position
led to a mixture of ortho- and meta-alkylated products 6 and 7,
whereas electron-withdrawing groups exclusively afforded the
ortho-alkylated products (6da—6fa). The connectivity of product
6fa was unambiguously assigned by X-ray diffraction analysis.*¢!
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Scheme 4. Electronic effect on the site-selectivity of ruthenium-catalyzed C-H
alkylations of arylpyrazoles 5 with bromocyclohexane (2a). [a] The yield of meta-
alkylated product 7 is given in parentheses. [b] Dialkylated product was obtained
in 29% yield.

In contrast to arylpyrazoles 5a-5f, the direct alkylation of
3,5-dimethyl-1-phenyl-1H-pyrazole (5g) with cyclic and acyclic
secondary alkyl bromides 2 exclusively provided the meta-
alkylated products 7 (Scheme 4). In addition, the alkylation with
neopentyl bromide (2i) selectively furnished the meta-alkylated
adduct 7gi, albeit in lower yield.
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Scheme 5. Ruthenium-catalyzed C-H alkylation of phenylpyrazole 5g. [a] The
yield of di-meta-alkylated product is given in parentheses.

To understand the nature of the reaction mechanism, the
alkylation reaction was conducted in the presence of typical
radical  scavengers  (Scheme 6a). While 2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO) fully inhibited the catalytic
reaction, the use of 1,1-diphenylethylene significantly reduced the
yield of the corresponding product 6aa. The isolation of adduct 8
was supportive of a homolytic C-X bond cleavage. The reaction
mechanism was further elucidated by the use of
diastereomerically-pure electrophiles 2j and 2k (Scheme 6b). The
reaction with endo-2-bromobornane (endo-2j) provided ortho-
alkylated product endo-6fj as well as a diastereomeric mixture of
meta-alkylated products 7fj. Similarly, the stereochemistry of tert-
butylcyclohexyl bromide cis-2k and trans-2kI°" 71 translated
directly into the corresponding ortho-alkylated products cis-6fk
and trans-6fk, respectively. These findings thus provide strong
support for a concerted oxidative addition/reductive elimination
mechanism to be operative for the ortho-alkylation. In contrast,
the meta-functionalized product 7fk was obtained as cis- and
trans-isomers from the reaction with the single isomer cis-2k,
which is indicative of the formation of an alkyl radical via a single-
electron transfer (SET) process. The stereochemistry and site-
selectivity of products 6 and 7 were confirmed by X-ray
analysis.l
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Scheme 6. Key mechanistic studies: (a) reaction in the presence of radical
scavengers, (b) C-H alkylations with diastereomerically pure alkyl bromides 2.

Furthermore, we prepared the well-defined cationic
cyclometalated ruthenium complexes Ru | and Ru II,% which
showed high catalytic activity in the presence of MesCO.H
(Scheme 7a). In contrast to the standard condition, the reaction of
phenylpyrazole 5g in the absence of an acid additive resulted in
a mixture of ortho- and meta-alkylated products 6ga and 7ga. In
addition, a substantial amount of decoordinated p-cymene was
observed in the initial period of the alkylation reaction (Scheme
7b).
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[(a) reactions with cyclometalated complexes as catalys1s]
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[(b) detection of free p-cymene (9)]

2a
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reaction ime / h

Scheme 7. (a) Reactions with cyclometalated complex as catalyst, (b) detection
of free p-cymene. [a] The yield in parentheses was determined by *H-NMR using
1,3,5-trimethoxybenzene as the internal standard.

Mechanistic studies by means of density functional theory (DFT)
calculations were next conducted at the PW6B95-D3(BJ)/def2-
TZVP+COSMO(o-xylene)//TPSS-D3(BJ)/def2-TZVP  level of
theory.l*8l These findings reveal a facile oxidative addition of
cyclohexyl bromide/reductive elimination process to occur on
biscyclometalated ruthenium(ll) intermediates with an energy
barrier of only 17.6 kcal mol-* (Figure 1). Calculations with various
substituted arylpyrazoles indicated a rather minor influence of the
substrate’s electronic properties on the energy barriers for the
oxidative addition/reductive elimination elementary steps.
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Figure 1. Relative Gibbs free energy profile for the oxidative addition/reductive
elimination elementary step at the PW6B95-D3(BJ)/def2-TZVP+COSMO(o-
xylene)/[TPSS-D3(BJ)/def2-TZVP level of theory.

A distortion energy analysis of TS2 with different directing groups
revealed a substantially increased distortion energy, when the
3,5-dimethylpyrazole was employed (Figure 2).131
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Figure 2. Distortion energy (a) for reductive elimination with different
heterocycles, (b) for radical addition with N-heterocycles.
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Furthermore, the ruthenium(ll)carboxylate catalysis was also
found to facilitate decarboxylative alkylation reactions. Here
various reaction conditions for the envisioned decarboxylative
alkylation reaction of acid 10a with bromocycloheptane (2d) were
tested first (Table 2).1%1 Carboxylate assistance significantly
improved the catalytic efficacy, with MesCO;H being the optimal
acid additive (entry 1-4).124"] The reaction without an acid additive
gave a reduced yield (entry 2), presumably because the substrate
10a can itself act as carboxylate ligand. Control experiments
verified the essential role of the ruthenium catalyst (entry 5).
Furthermore, the well-defined complex
[Ru(O2CMes),(p-cymene)]*! turned out to be a competent
catalyst (entry 6). To our delight, the reaction also proceeded
under arene-ligand-free conditions using ruthenium-nitrile
complexes (entries 7-8). Other ruthenium sources such as
Ru3(CO)12 and RuCls-(H20), failed to facilitate any conversion
(entries 9-10). Moreover, no product formation was observed
when the reaction was attempted with palladium, rhodium, cobalt,
or nickel complexes.[*3

Table 2. Optimization of ruthenium-catalyzed decarboxylative C-C alkylation of
10a

[RuCly(p-cymene)l; (3)

HOJK©\ ' \Q KCO4 :
H o-xylene, 120 °C, 16 h
10a 2d 7ad
Entry  Deviation from the standard conditions Yield (%)
1 none 73
2 without MesCO2zH 39
3 1-AdCO:zH instead of MesCO2H 49
4 PivOH instead of MesCO2H 56
5 without 3 .
6 [Ru(O2CMes)2(p-cymene)] instead of 3 and without 70
MesCOzH
7 [Ru(NCt-Bu)s][BF]z instead of 3 60
8 [Ru(NCt-Bu)s][SbFe)2 instead of 3 49

9 RuClz-(H20)n instead of 3 -
10 Ruz(CO)12 instead of 3 -

11 Pd(OAC)z, [Cp*RhClz]z, [Cp*Co(CO)I2] or [Ni(cod)z] .
as catalysts

[a] Reaction conditions: 10a (0.5 mmol), 2d (1.5 mmol), [Ru] (5.0 mol %),
additive (30 mol %), K2COsz (1.0 mmol), o-xylene (1.0 mL), 120 °C, 16 h,
yields of isolated products.
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Having identified the optimal reaction conditions, we tested the
versatility towards different alkyl bromides 2 (Scheme 8). With
primary alkyl bromides 2i—-2m, the C-H alkylation took place at
the ortho-position with excellent levels of regioselectivity. It is
noteworthy that the reaction of acid 10i and neopentyl bromide
(2i) afforded 40% of the desired product 6ii and 37% of the
ortho-xylylated product 6ii’ as a side-product,'s! which
presumably forms via H-atom abstraction from the o-xylene
solvent followed by benzylation. Similar to the C-H alkylation
reaction (vide supra), the decarboxylative alkylation of
bromocyclohexane (2a) and exo-2-bromonorbornane (2f)
furnished the ortho-alkylated products 6aa, 6af, and 6if with
excellent levels of site-selectivity. In contrast, reactions with a
broad range of acyclic alkyl bromides as well as cyclic alkyl
bromides resulted in a preferred meta-alkylation.!*! Inspired by a
recent meta-selective alkylation with a-bromoesters from our
group,® we probed whether this reaction can be combined with
a C-C cleavage step. Indeed, slightly modified reaction conditions
allowed for the formation of the products 7ap-7jp via C-C/C-H
activation in high yields. Moreover, tertiary alkyl bromides reacted
in the decarboxylative alkylation regime solely with meta-
selectivity.
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Scheme 8. Ruthenium-catalyzed decarboxylative C-C alkylation. [a]
[RuClz(p-cymene)]z (5.0 mol %). [b] HCI adduct. [c] n-Octane instead of o-xylene
as solvent. [d] PPhs (5.0 mol %), PhCMes instead of o-xylene.
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Finally, ozonolysis®? of the alkylated arenes 6 or 7 provided
access to synthetically useful meta-alkylated acetanilides 11 in
remarkably good vyields, highlighting the versatility of the
ruthenium-catalyzed direct C-H alkylation (Scheme 9).1t¢l

1) Oa, CH,Cl,
~78°C, 30 min NHAC
— - &
@—Alk 2) NaBH, Alk
CH,Cly, MeOH
6or7 23°C,16h 1"
NHAc NHAc NHAc
i-Pr = '\
M
11a: 71% X-ray structure of 11a 11b: 65% 11c:61%

CCDC 1979311

Scheme 9. Product diversification by ozonolysis.

Given the broad applicability of this decarboxylative alkylation
reaction, we became interested in unraveling its mode of action.
To this end, detailed mechanistic studies were performed
(Scheme 10). Reactions with radical scavengers led to a complete
or partial inhibition of the catalytic activity (Scheme 10a). In the
presence of TEMPO, the alkyl-TEMPO adduct 12 could be
detected and isolated, which is in line with a radical C—X bond
cleavage. Reactions in the presence of deuterated co-solvents
clearly indicated the organometallic character of the C-C
cleavage (Scheme 10b). In the absence of an alkyl bromide,
almost complete decarboxylation took place and significant
deuterium incorporation was observed at the ortho-position and
partly at the C3 and C5 position of the pyrazole, presumably due
to electrophilic activation. In the presence of alkyl bromide 2d, a
deuterium incorporation of 46% and 47% was observed at the
ortho-position of alkylated product [D],-7ad. A considerable
decoordination of p-cymene was detected during the initial period
of the decarboxylative alkylation (Scheme 10c).

On the basis of our findings, a plausible catalytic cycle for the
ortho-selective alkylation commences by a carboxylate-assisted
C-H ruthenation and dissociation of p-cymene, thereby forming
the cyclometalated complex 14 (Scheme 11, left). A second
molecule of phenylpyrazole 5 coordinates to ruthenium complex
14 and undergoes C-H activation to form biscyclometalated
complex 15. The oxidative addition of alkyl bromide 2 to complex
15 generates the stable ruthenium(lV) intermediate 16/B (Figure
1). Finally, reductive elimination and ligand exchange deliver the
ortho-alkylated product 6 and ruthenacycle 14. In contrast, meta-
C-H alkylation occurs through a SET process from ruthenium(ll)
complex 14 to alkyl bromide 2, forming ruthenium(lll) intermediate
18 and a stabilized alkyl radical 19 (Scheme 11, right).
Subsequently, 19 preferentially attacks the position para to
ruthenium, thus leading to the formation of triplet ruthenium
intermediate 20.°% °d [igand-to-metal electron transfer and
rearomatization furnishes ruthenacycle 21, which undergoes
protodemetalation and C—H activation to furnish the desired meta-
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alkylated product 7 and regenerates the active ruthenium species (=) reactions with radical scavengers)

14. 2d (3.0 equiv)
[RuCly(p-cymene]; (3)

N/@ (2.5 mol %) N//_§
. N

o N MesCO,H (30 mol %)
H
HOJK©\ radical scavenger (1.0 equiv)
K,CO3, o-xylene
H 2003, 0-xyl
120 °C, 16 h TEMPO
10a 7ad

radical scavenger Yield

TEMPO — 12:7%
BHT 55%
air -
o
(b) H/D scrambling 15% D
DH 6% D
[RuCly(p-cymene];, (3)
J (2.5 mol %) 48% D N
o N MesCO,H (30 mol %) N "W THD
D/H
Ho)&ﬁj\ K;CO3 \©
H o-xylene/D;COD 8:1
120 °C, 16 h
10a [D],-5a: 91% 6% D
8%
2d
[RuCly(p-cymenel], (3) DH
N// \\ (2.5 mol %) 46% D N// \\ 47%D  42%D N>/ \\
o N MesCO,H (30 mol %) ; N y NN
D/H H/D + DH
oA oo, \®
H o-xylene/D;COD 8:1
120°C, 16 h
10a [D],-7ad: 11% [D],-5a: 20%

[(c) detection of free p-cymene (9)}

2d
[RuCly(p-cymene)]; (3)

N (2.5 mol %) ) Me
o N MesCO,H (30 mol %) Ny
N
H
HOJK©\ K,CO3, o-xylene
H 120 °C Mo Me
10a 7ad 9
100
®  7ad
90 - LI
-
— — —u
S
<
8
wn
5
>
c
Q
(&
20 4
| ]
104a
0 T T T T T T
1] 4 8 12 16 20 24

reaction time / h

Scheme 10. Key mechanistic findings: (a) reaction in the presence of radical
scavengers, (b) H/D scrambling experiments, (c) detection of free p-cymene.
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Scheme 11. Proposed catalytic cycle for ruthenium-catalyzed ortho- or meta-alkylation.
Conclusion diastereomerically-pure alkyl bromdise unraveled an energetically

favorable novel mechanism for ortho-C—H secondary alkylations.
In summary, we have reported on a ruthenium-catalyzed C-H and
C-C activation allowing for ortho- and meta-alkylations of
synthetically useful pyrazoles. The steric properties of the Acknowledgements
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