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interfering solvent in C-H activation
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The functionalization of simple arenes without coordinating directing groups is a challenge. Besides facing the task of

cleaving the sluggish C-H bond, the process is hampered by the weak coordinating ability of the arene m-system to the

metal, which results in reactions that need a large excess of the reactant arene. Using a well-defined palladium complex

with the ligand [2, 2’-bipyridin]-6(1H)-one, we have found that the use of a moderately coordinating solvent allows a

decrease of the amount of arene used. Moreover, for the least coordinating arenes, the co-solvent produces a significant

accelerating effect by altering the concentration and relative stability of relevant metal species in the catalytic cycle as well

as the catalyst resting state. t-Butyl methyl ketone (pinacolone) is one of the most effective co-solvents: Even if the ketone

C-H bond cleaves easily, the final products are determined by the reductive elimination step (the product-forming step) so

the target biaryl products are selectively observed.

Introduction

The molecular complexity by direct

functionalization of C-H bonds of hydrocarbons is the ideal

build up of

approach to a sustainable and green chemical synthesis. The
enormous success and great utility of the large family of
palladium-catalyzed cross coupling reactions encouraged many
groups to develop reactions that use hydrocarbons instead on
Pd-catalyzed coupling

and a

one, or two, of the conventional
(typically an aryl halide
organometallic derivative). The effort paid and great advances

partners main-group
in the field have been made in the last years.1 Now, the
functionalization of C-H bonds can be made regio-,2 and
stereoselectively,3 both for C(spz)-H (arenes),4 and C(sps)-H
bonds.’

These successful reactions rely on the installation of suitable
directing groups on the hydrocarbon that guarantee the
preorganization for the required selectivity. They also increase
the reactivity of the C-H bond by making the activation
paying the entropy price through pre-
coordination of the directing group and lowering the overall

intramolecular,

energy requirements for C-H cleavage (Scheme 1). This
strategy is very precise and efficient but needs a
prefuctionalization of the substrate and subsequent

elimination of the directing group, therefore seriously eroding
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the sustainability and atom economy of the process even in
the case of transient directing groups.6

The functionalization of hydrocarbons, and in particular
arenes, without directing groups (sometimes called non-
directed or rather non-chelate-assisted C-H functionalization)
the
regioselectivity, the reactivity of simple arenes is much lower.
and the

substitution of almost any ligand by the weakly coordinating m-

is more challenging.7 Letting aside subject of

The arene needs to coordinate to the metal

arene is not easy (Scheme 1). As a result a large excess or high
concentrations of the arene (often as solvent) are frequently
used to favor this step.8 Once coordinated, the C-H cleavage
follows and this is usually the highest energy step in the
reaction profile. Both coordination issues and the actual C-H
activation need to be tackled to increase the reactivity of
arenes with no directing groups.

Accesible
Dy ]
R~
DG Yo /X C-H activation
[PdL,XY] Pd - =
2L /N
pal /1
_ R
X 7
R L /X C-H activation
[PdL,XY] == Pd -
Y \/3
solvent \: S
\ Arene/« R/ 55 Jow concentration
solvent
[PdL(solv)XY]

Important equilibria

Scheme 1. Arene complexes formed before the actual C-H cleavage
and differences between non-chelate assisted coordination and arenes
with directing groups (DG).
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In the case of the coupling reactions of ArX with arenes, few
cases have been reported where the arene is either the
limiting reactant or it has been used in moderate excess (two

. 9
to fivefold).
stoichiometric reagent,

Many reactions of this type use a silver salt as a
10 but, as elegantly proved by Larrosa,
Sanford, and others, the silver salt can actually be responsible
for the C-H activation and form AgAr derivatives that
transmetalate to palladium, in a type of reaction close to the
conventional C-C couplings.11 Some functionalizations of
polyfluoroarenes (CgF,He.,, N = 3) are quite efficient with
amounts of the fluorinated arene not too far from the
stoichiometric ratio.” However, it is necessary to point out
that the C-H cleavage of these arenes can occur without the
involvement of the metal, just in the presence of base,13 so the
formation of the Pd-fluoroaryl bond could occur by a attack of
a transient carbanion to the metal.

The C-H cleavage can be accelerated by the use of ligands that
cooperate in this step through the assistance of a basic group
in their structure in a CMD-type transition state (Fig. 1). We
demonstrated this effect for the ligand [2, 2’-bipyridin]-6(1H)-
one (bipy-6-OH) and showed the acceleration of the arylation
of pyridine with arylhalides (Fig. 1, a).14 This effect is also at
play in the Pd-catalyzed functionalization of hydrocarbons with
other pyridone derivatives as Iigands,15 and with the N-mono-
protected aminoacid ligands (MPAA) extraordinarily developed
by the group of J. —Q. yu.'®

lower energy transition

The cooperating ligand leads to a
state and does not need the
precoordination of a base, such as a carboxylate, to the metal
to reach it (Fig. 1, b).17
ligands that compete with the arene for coordination to the
the

This is important to minimize the

metal and it can be an additional advantage for

functionalization of simple arenes.
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Fig. 1. Representation of CMD transition states for a C-H activation by
the basic group of bipy-6-O (a) or a carboxylate (b).

The election of a suitable solvent needed for the arylation of
simple arenes using low or no-excess of arene is not trivial.
Many of the commonly used solvents are usually better ligands
than the arene and could be more reactive towards C-H
activation. However, we disclose here how an apparently
troublesome solvent such as a methyl ketone (pinacolone) can
be useful and even accelerate some of these reactions. Using
the Pd-(bipy-6-OH) catalytic system we have studied the
arylation of monosubstituted arenes devoid of chelate-
assisting groups in the absence of silver salts. We showed
before that this ligand enables the reaction for a few arenes as
reactants and solvents.’® We show now that these reactions
can be carried out with a lower concentration of the arene, an
important issue for less available substrates, and we have

found an unprecedented accelerating effect upon the addition
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of a solvent such as pinacolone. This effect can be only be
understood by looking into the mechanism aspects of the
arylation reaction.

Results and Discussion
Arylation of arenes catalyzed by palladium bipy-6-OH complexes

The reaction of an aryl iodide and different arenes enabled by
the ligand [2, 2’-bipyridin]-6(1H)-one (bipy-6-OH) was probed
using toluene as substrate and solvent. The reaction shown in
Eq. 1 catalyzed by [Pd(bipy-6-OH)Br(C¢Fs)] (1) gives a 61 %
yield after 6 h (entry 1, Table 1). The mixture of equimolar
amounts of Pd(OAc), and bipy-6-OH can also be used as
precatalyst and, even if a slower reaction is observed, high
yields are eventually obtained (entry 2, Table 1). The reaction
needs the presence of bipy-6-OH (entry 3, Table 1) and other
complexes with chelating N-donors, including the analogous
bipy-4-OH, are completely inefficient (entries 5-8 Table 1).
Cs,CO3 was the base of choice since it works better that the
soluble (NBu,),CO; or the weaker CsF (Table S2, ESI).
y CFs4

|
— [Pd] (5 mol%) —/Q/
\ / + + Cs,CO3 W N\ / + Csl + CsHCO;4 (1)
FsC
C6F5 B N HN N HN

N N= bipy-6-OH (1)  bipy-6-OH bipy-4-OH bipy-6- OMeOMe

bipy-4-OH
bipy-6-OMe
bipy

phen

Table 1. Arylation of toluene with p-CF;CsH,l using different catalysts
according to Eq. 1.°

Crude yield, % Crude yield, %

Entry [Pdl (conv., %) 6 h°  (conv, %) 24 h°
1 [Pd(bipy-6-OH)Br(CsFs)] (1) 61 (68) 90 (100)°
2 [Pd(OAC),]+ bipy-6-OH 20 (22) 91 (100)
3 [Pd(OAC).] 0(0) 0(0)
4 - 0(0) 0(0)
5 [Pd(bipy-4-OH)Br(CeFs)] 0(0) 0(0)
6 [Pd(bipy-6-OMe)Br(CsFs)] 0(0) 0(0)
7 [Pd(bipy)Br(CeFs)] 0(0) 1(5)
8 [Pd(phen)Br(CeFs)] 0(0) 1(2)

? Reaction conditions: p-CF3CgHal (51 L, O 34 mmol), toluene (3 mL), [Pd] (5 mol
%), Cs,C03 (222 mg, 0.68 mmol); 130 °C. ® Crude yields determined by * °F NMR of
1:11:5. The reduction
product of the aryliodide (ArH) and the homocoupling derivative (Ar-Ar) are the

the reaction mixture. Mixture of regioisomers o:m:p =

observed byproducts. “Total conversion after 8 h; isolated yield: 85 %.

The cooperating role of bipy-6-OH can be independently
tested heating complex 2,14 bearing the deprotonated ligand
(bipy-6-0), in toluene (Scheme 2). The formation of the
coupling product CgF5s-CgH,-Me supports that the oxygen of the
pyridone fragment is capable of producing the C-H activation
in the absence of carbonate. The acid generated after the C-H
cleavage is responsible for the C¢sFsH formed. The same result

was obtained for benzonitrile.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2. C-H activation by the bipy-6-O ligand.

Using complex 1 and the conditions of Eq. 1, a range of arenes
can be functionalized (Scheme 3). Five of these examples were
reported by us before.™
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Scheme 3. Direct arylation of arenes by complex 1.

The work was carried out using p-CF3CgHyl, which allows the
easy monitorization and analysis of the reactions with different
arenes by ®F NMR. Nonetheless two other aryl iodides with
(R = CN, OMe) were

results.

different electronic features p-RCgHyl
tested with toluene, giving good Two or three
regioisomers were obtained and the formation of the new C-C
bond in the meta position is preferred in most cases. Since the
arenes tested are electronically very different the preference
for the meta position might be steric in origin. Two exceptions
of high the ortho
fluorobenzene and aniline. In the first case this fact has already
been described and it has been attributed to the stronger M-C

bond formed ortho to a fluorine atom.®

selectivity for isomer were noted:

The second case,
aniline, is currently under study in our group. It is clear and
interesting that using complex 1 as catalyst no chelate-
assistance occurs for the arenes, Ph-R, that bear substituents
that could play that role and be ortho-directing: R = COOEt and
CH,COOEt. Both arenes give meta (major) and para derivatives
and no or a very little amount of the ortho regioisomer
(Scheme 3).

In order to achieve the arylation reaction using a lower
amount of arene we need a suitable solvent that does not

This journal is © The Royal Society of Chemistry 20xx

the reaction
conditions. Several high boiling solvents were tested and

interfere with the target reaction under
remarkable results were obtained (Table 2). A 1:1 (v/v) mixture
of toluene and one of the amide or ketone solvents or DMSO
leads to a faster reaction than using just toluene. It has to be
noted that some of these solvents, specially DMF and the
ketones, react at high temperatures with the arylhalide to give
the reduction product CF3;C¢Hs and other decomposition
products, whereas DMA and DMSO are less reactive. This can
be seen in Table S10 (ESI) and has been studied in detail
before." So, the most convenient solvent is not necessarily the
least reactive and, regardless their intrinsic reactivity with the
Arl, the target arylation of toluene is faster and produces the

biaryl cross coupling product in good yields.

Table 2. Direct arylation of toluene with p-CF;C¢Hyl catalyzed by 1
using a co-solvent.’

Entry Solvent (1:1) Ar-Tol (%), 90 min®  Ar-Tol (%), 6 h°

1 Ph-Me - 61
2 Ph-Me/Pinacolone 89°

3 Ph-Me/DMSO 74 90
4 Ph-Me/DMA 81 94°
5 Ph-Me/DMF 83°°

6 Ph-Me/butanone 73 86
7 tert-AmylOH 18 37

? Reaction conditions: 1 (0.017 mmol), Cs,CO; (0.68 mmol), p-CF3CeHsl (0.34
mmol), toluene (1.5 mL), co-solvent (1.5 mL); 130 °C. ® Crude yields determined
by F NMR (CF5 region) of the crude mixture. © Total conversion. 4 Isolated yield
90% (o:m:p = 1:4:3). © Isolated yield 77% (o:m:p = 1:2:1.5). fIsolated yield 80%
(o:m:p = 1:4:2)

From the solvents in Table 2, tert-butyl methyl ketone
(pinacolone) was chosen for our studies since it leads to the
most efficient reaction (entry 2, Table 2) and it is
environmentally friendlier than the amides or DMS0.”° The
behavior of pinacolone is also intriguing since this solvent may
seem the poorest choice in arene activation, the C-H bond of a
methylketone breaking easily just by deprotonation with base.
Indeed, this happens in the absence of toluene and
ArCH,C(0)'Bu was observed (see ESI). However, this product
was not found in the arylation of arenes in arene/pinacolone
(1/1). We believe the reason for this selectivity is the higher
energy of the reductive elimination C(spa)-C(spz), the product-
forming step, as will be analyzed below.

Table 3 collects the yields and reaction times of the arylation
of different arenes with p-CF3CgHyl (p-CF3CgH4Br for entries 3
and 4) using the arene as solvent or a 1:1 (v/v) mixture of
arene:pinacolone. All the reactions give good yields using
pinacolone as a component of the solvent mixture and the
isomer distribution in the coupling products is similar to that
obtained when the arene is used as the only solvent. However,
whereas the reaction rate is significantly increased for those
that substituents than
pinacolone (entries 1-10, Table 3), the reaction times cannot

arenes bear less coordinating

be reduced for the most coordinating arenes (entries 11-18,

J. Name., 2013, 00, 1-3 | 3



Table 3). The accelerating effect of the addition of pinacolone
is not caused exclusively by an increase of the polarity of the
reaction media, as it happens for toluene/pinacolone vs
toluene, for example: The polarity of PhCF3 (ET3o = 38.5) and
PhCOOEt (ET30 = 38.1) is similar and the addition of pinacolone
accelerates the reaction only in the first case (entries 9 and 10
vs entries 13 and 14, Table 3).21

Table 3. Direct arylation reaction of arenes (Ph-R) with p-CF3;CsHal
catalyzed by 1 using the arene as solvent vs a mixture of

arene/pinacolone.’

Entry Solvent Crude yield % (h)° Isolated yibeld
(o:m:p)

1 Ph-Me 90 (8 h) 85 (1:11:5)
2 Ph-Me/pinacolone 89 (1.5 h) 86 (1:5:3)
3° Ph-Me 35(6 h), 56 (24 h) 50 (1:6:3)
4° Ph-Me/pinacolone 40 (0.5 h), 90 (6 h) 88 (1:5:3)
5 Ph-OMe 19 (2 h), 96 (6 h) 90 (2:4:1)
6 Ph-OMe/pinacolone 94 (2 h) 90 (1.5:2:1)
7 Ph-F 30(1h), 77 (6 h) 74 (20:5:1)
8 Ph-F/pinacolone 85 (1 h) 84 (13:2:1)
9 Ph-CF, _e 95 (48 h) (0:2:1)

10 Ph-CF3/ pinacolone

d

95 (24 h) (0:2:1)

11 Ph-CN 31(2h),83(6h) 80 (6:3:1)
12 Ph-CN/pinacolone 18 (2 h), 80 (24 h) 78 (6:3:1)
13 Ph-CO,Et 60 (0.5 h), 84 (6 h) 80 (1:35:24)
14  Ph-CO,Et/pinacolone 44 (0.5 h), 81 (6 h) 75 (1:6:2)
15 py 57 (0.5h), 94 (1 h) 90 (3:33:1)
16 py/pinacolone 50 (0.5 h),95 (1 h) 90 (3:33:1)
17 Ph-NH, 40 (6 h), 92 (24 h) 90 (12:1:2)
18 Ph-NH,/pinacolone 57 (6 h), 98 (24 h) 92 (18:1:1)

? Reaction conditions: 1 (0.017 mmol), Cs,CO3 (0.68 mmol), p-CF3CeH4l (0.34
mmol); arene (1.5 mL), pinacolone (1.5 mL); 130 °C; py = pyridine. ® Yields and
regioselectivities were determined by integration of the CF; signals in F NMR. ©
CF3CgH4Br (0.34 mmol) was used. 4 The large amount of PhCF; does not allow to
determine the crude yields.

Further reduction of the amount of arene is possible to almost
the stoichiometric ratio for the coordinating aniline and also
for phenol (Eq. 2). For other arenes 10 equivalents are needed.
In most cases the yields are just slightly lower that those
collected in Table 3 for the 1:1 arene/pinacolone ratio (i.e.
about 40 equivalents of arene), so the reactions are

synthetically useful (see ESI for details).

CF4CaHdl + X R +Csl (2
364 \_/ 052003,130 °’C Q +65H003 @
pinacolone

x=1,1 R = OH, NH, 40-60 % vyield
x=10 R = CN, COOEt, OMe, pyridine, CHz 56-84 % yield
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C-H activation of the solvent vs the arene and C-C bond formation.

A methyl ketone such as pinacolone, is a more reactive
substrate than the arene towards C-H activation. However, the
ketone coupling product, Ar-CH,C(O)'Bu is not formed in the
reactions in Table 3 and, in the case of toluene, only when a
lower amount the arene is present, Ar-CH,C(O)'Bu is detected
as a minor product (toluene/pinacolone volume ratio < 1/4 or
toluene/ArX mol ratio < 16/1). The reason for the selective
formation of the arene arylation products must be in the
product-forming step from an intermediate complex
Cs[Pd(bipy-6-0O)(p-CF3CgH4)R]  bearing  both
fragments as shown in Fig. 2, a. The reductive elimination
reactions that involve M-C(sps) bonds are generally slower that
those for M-C(spz) bonds,22 and Fig. 2a shows a comparison of
the calculated barrier for the reductive elimination of the
arylated toluene or the arylated pinacolone products where a
higher barrier was found for the C(spz)-C(sp3) bond formation.
The same trend was also observed for the barrier of the
reductive elimination from a neutral complex bearing the
ligand [Pd(bipy-6-OH)(p-CF3CsH4)R] (see ESI).
Moreover, the protonation of the enolate moiety is an easy
process,23 and this can occur faster than the C-C bond
formation, making the ketone C-H activation unproductive.

hydrocarbyl
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Fig. 2. Free energy barriers for the reductive elimination step. Energies
in kcal mol™.

Ar = p-CF3CgH,
Ar=CgFs

Taking advantage of this, we carried out the experiment shown
in Eq. of toluene in a mixture of
toluene/acetone-dg

possible H/D scrambling.

(5 mol%) CgF X
/ <\ ;+CSZCO mol%) Cd 5\< ; +Fac‘©7| @)
acetone- d6 P

130°C 5% +Csl + CsHCOg
tquene.acetone-dG =11

3. The arylation
provides a deuterium source and a

m/z = 262

The reaction leads to the p-CF3-CgH,4-Tol coupling product with
no deuterium incorporation, showing that the toluene C-H
activation is irreversible in the catalytic reaction and that the
reductive elimination occurs efficiently. However, the product
C¢Fs-Tol, formed by the transformation of the precatalyst, is
completely deuterated in the ring. The reason for this is a
higher reductive elimination barrier for the CgFs and tolyl
fragments (Fig. 2b, blue); because of this higher energy barrier,
the protonation of the tolyl group in the electron rich bisaryl

This journal is © The Royal Society of Chemistry 20xx



complex Cs[Pd(bipy-6-0O)(Tol)(CsFs)] can be competitive making
the C-H activation of toluene reversible in this case.

This experiment unequivocally shows that the ketone C-D
bond is reversibly cleaved but the C(spz)-C(sp?’) reductive
elimination does not occur and the aryl-ketone coupling
product was not observed.

Experimental information on the catalytic reaction and relevant
palladium species under catalytic conditions.

In order to understand the accelerating effect of pinacolone,
we gathered some experimental information on the arylation
of toluene both in toluene as solvent or in the mixture

toluene/pinacolone (Eq. 4).
1 (5 mol%) —

X
+ +Cs,C05 —— >
C; #7U8 q30°C W

R Solvent

+Csl + CsHCO; (4)

Solvent = toluene or toluene/pinacolone (1/1)

We could not collect exhaustive kinetic data by monitorization
of these reactions at short time intervals. The reactions are
carried out at 130 °C in tightly closed or sealed flasks and we
could not sample the reactions often enough without seriously
disturbing the system. Therefore, the kinetic information given
here corresponds to parallel experiments with different initial
concentrations of the components, checked at the same
reaction times (see ESI for details). However limited, the
results are quite clear. In both solvents, the arylation of
toluene with complex 1 is first order in catalyst (Tables S5 and
S6, ESI) and independent of the arylhalide concentration
(Table S3, ESI). The latter was tested for different ArX, from p-
CF3CgHyl, prone to undergo oxidative addition, to the more
reluctant bromide p-CF3C¢H4Br or p-OMeCgH,l. Experiments
showed that
the reaction rate increases in an almost linear fashion upon

changing the relative ratio toluene:pinacolone

increasing the amount of toluene from an ArX:toluene ratio
8:1 to 25:1 indicating a first order dependence in this range. A
further
increase in the rate as expected from a saturation behavior
(Table S7, ESI). We checked how the free halide concentration
affects the reactions and found that the addition of a small

increase of the toluene concentration shows no

amount of NBuyl (about 10 mol %) has a stronger decelerating
effect in toluene than in toluene/pinacolone where the
decrease in rate is almost negligible. These are qualitative
results since the presence of cesium salts in the reaction
medium may lead to ion exchange and the formation of some
insoluble Csl which makes the actual concentration of iodide
different from the intended one. In any case, an excess of
halide (2 equivalents) halts the reaction in both solvents and
drives the transformation of the aryl halide to ArH and Ar-Ar
decomposition products (Table S8, ESI). The kinetic isotope
effect was determined in parallel experiments in separate
flasks using toluene in one of them and deuterated toluene in
the other. A distinct KIE was observed in the experiments
showing that the C-H cleavage is the rate-limiting step of the
reaction (Eq. 5). However, the experimental KIE values are

This journal is © The Royal Society of Chemistry 20xx

lower than the expected one for the C-H activation as the only
rate-limiting step (KIE.;. = 3.64, by DFT methods, see Sl),
especially in toluene. This is an indication that there is a step in
the reaction before the actual C-H cleavage also important in
controlling the rate (see below).24

| CHg
- 1 (5 mol%) N
\ £\ 7 +Cs,CO03 ——————> F304©7;/ (5)
CDs 130 °C L
FsC = solvent G4+ CsHCO, D8
\ \/
D Solvent  KIE (separate flasks)
5 Arene 1.5+0.2
Arene/pinacolone 2.8+0.3

We also gathered information about the behavior of complex 1
in different conditions. This is the precatalyst we used but it is
also a good model to analyze the species that are formed in
the When aryls, the
pentafluorophenyl group imparts a higher stability to its

catalysis. compared to other
palladium derivatives while still showing the same reactivity
towards C-C bond formation. This has been shown for a variety
of Pd-mediated processes,25 and also in our former work on
the direct arylation of pyridine (see also Scheme 2).14

When a

toluene/pinacolone is treated with Cs,CO;, a mixture of the

solution of complex 1 in a 1:1 mixture of
putative solvento complex 3 and 4 is formed (3:4 = 11:1 mol
ratio) (Scheme 4 and Fig. S5, ESI). Small amounts of water in
the solvent account for the formation of the dimer 4, which is

less soluble and crystallized as a yellow solid upon attempts at

isolation of 3.

7\
/Ni
Pd.  OH
£ Br

PhCN
_/ R\ Fﬂz 1 Nizcos
\ N N pinacolone

F F
s toluene -
Pd O Cs,COs 7N\
2 Cs,CO
CeFs O\ / 23 \ N, N
3 |y yellow solid CeFe  NCPh
7
pinacolone

l +4
3+4

3:4 =11:1 mol ratio

Scheme 4. Relevant palladium species from complex 1.

The X-ray molecular structure of 4 is depicted in Fig. 3 and
shows a dimeric structure with a C, symmetry. This is
consistent with the solution *H and °F NMR spectral patterns,
the latter showing restricted rotation of the CgFs groups (Fig.
S39, ESI). The bridging group could be described as a water
molecule H-bonded to the oxygen atoms of the pyridone
ligands, which is an unprecedented arrangement in palladium
chemistry. However, in the solid state the O(pyridone)-H-
O(water) distances for both water O-H bonds are different, so
the structural motive could also be described as a hydroxo
bridge H-bonded to a bipy-6-0 ligand and a protonated bipy-6-
OH. Be as it may, the symmetric structure in solution points to
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an H-bonded water or a fast H exchange between O(pyridone)
and O (water) leading to a sharp resonance at 13.5 ppm in the
'H NMR. The presence of additional water in a
dichloromethane solution of 4 brings about the cleavage of the
bridge and the formation of [Pd(bipy-6-0)(CeFs)(H,0)] (5, see
ESI).

Fig. 3. Molecular structure of 4 (ORTEP plot, 30% probability).
Hydrogen atoms, except for those of the bridging fragment, and the
two CH,Cl, molecules that co-crystalize are omitted for clarity.

Cleavage of the water bridge occurs only upon addition of a
large excess of pinacolone to a solution of complex 4 in CD,Cl,
and the new species formed was attributed to the pinacolone
aduct 3 (Fig. S6-S8, ESI). The large excess of pinacolone does
not allow to identify the coordinated ketone, which may even
undergo fast exchange with the free ketone. When the
isolated 4 was dissolved in toluene/pinacolone, the mixture of
3 and 4 was formed in the same ratio as observed in the
experiment in Scheme 4. Therefore the pentafluorophenyl
complex 3 at the beginning of the reaction and the analogous
[Pd(bipy-6-O)Ar(pinacolone)] intermediate, are the likely
predominant species under catalytic conditions in the mixture
toluene/pinacolone.

The formation of the pinacolone complex is driven by the
In fact, the equilibria depicted in
Scheme 5 favors the halogen complex. Thus, the mixture of 1
with (NBu,),CO3 as a base in toluene/pinacolone leads to
complex 6, as observed by F NMR.%® However, when Cs,CO;
was used, the formation of the insoluble CsBr shifts the
equilibrium towards 3 (and 4) (Scheme 5, a). An estimate of
the equilibrium constant for the iodo case was made by
preparing complex 3 in a toluene/pinacolone solution and
adding a known amount of the soluble iodide salt (NBuy)l as
shown in Scheme 5, b. This leads to a value of K = 1.6+0.1x107*

insoluble byproduct CsBr.

1+ M,CO3

O e | OO0
N\ /N N\ /N
Pd{ O +pinacolone ==——= Pd\ O +4+MBr
CgFs Br C5F5
6  M+=NBug* ] M+ = Cs*
’Bu
b) — -
& ) 4 \_| NBu,* A 7 N\
N\ /N K N\ /N
Pd_ O+ pinacolone Pd_ O+ (NBuy)!

CeFs I CeFs O
2

. — I B
Scheme 5. Halide-solvent coordination equilibria Y
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Complex 1 is soluble in toluene only at temperatures higher
than 90 °C, so it is not possible to get much information in this
medium. Nonetheless the mixture of 1 and Cs,CO; in toluene
was sonicated and the pale yellow complex 1 transformed into
in the
supernatant solution. Upon addition of pinacolone the yellow
solid dissolved and the mixture of 3 and 4 (3:4 = 11:1 mol
ratio) was identified (Scheme 4). This is consistent with the
formation of complex Cs[Pd(bipy-6-O)Br(CsFs)] (Cs-6) as the
bright yellow solid. The addition of Cs,CO; to 1 was also

a bright yellow solid. Complex 4 was detected

carried out in benzonitrile where the formation of a new
complex, 7, was observed, as well as complex 4 and other
F NMR (see Fig. S10, ESI).
Complex 7 was tentatively assigned to the benzonitrile

minor unidentified species by

solvento complex (Scheme 4); the addition of a silver salt does
not produce any change in the spectrum, which supports the
absence of the halide in the palladium coordination sphere.

All these experiments show that the formation of the solvento
complexes with pinacolone or a moderately coordinating
arene is favorable in the presence of a cesium cation (leading
to the insoluble CsX salts) and these are the expected main
palladium species under catalytic conditions. It is worth
noticing that this behavior was previously observed for
pyridine where complexes [Pd(bipy-6-O)Ar(pyridine)] (Ar =
CsFs, 2; p-CF3CgH,4) were characterized." Although minor, the
water complex 4 is ubiquitous, the high water coordination
affinity probably derived from the formation of stabilizing H-
bonds. We learnt that 4 is catalytically competent and when it
was used as precatalyst (4, 2.5 mol %) under the conditions of
Eq. 1, it gave 45% of the coupling products after 6 h. The ligand
in complex 4 also enables the C-H activation step as shown in
Eqg. 6.
reactions they will most probably be outside the catalytic cycle

If species analogous to 4 are formed in the catalytic

but, according to these experiments, they are not a dead end
and can reenter the cycle.

Oa/ﬁ/

Cef's d Toluene Cer
|- u
T 7 FsH 6
y N/F;d H 7d\N N\ TE s Th130C + CoFs (6)
Y N O  Céfs so % 40%
.
| 4
Y

Modeling the arylation of toluene with complex 1 using DFT and a
microkinetic simulation: Influence of the reaction media.

All the experimental data are consistent with the mechanism
for the arylation of arenes, using toluene as a model, depicted
in Scheme 6. This is a Pd(0)/Pd(ll) cycle analogous to the one
that operates in the arylation of pyridine with the Pd-bipy-6-
OH system that we have studied before.® Intermediates B and

C are analogous to complexes 6 and 3 respectively.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4. Free-energy profile for the Pd-catalyzed arylation of toluene assisted by the ligand bipy-6-O in toluene as solvent. Energies in kcal mol™
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Scheme 6. Proposed catalytic cycle for the arylation of arenes in
different solvent media.

The reaction profile in just toluene as solvent (black cycle in
Scheme 6) was calculated using DFT methods at the M06 level
(see ESI for details), starting from intermediate B since the
oxidative addition step (A to B, Scheme 6) is fast and kinetically
irrelevant (the rate of the reaction is independent on the Arl
concentration). Fig. 4 shows a high-energy span in the profile
on going form the strongly stabilized ionic complex c1 (B) to
the TS corresponding to the C-H cleavage assisted by the

ligand (TS c2-c3). After that, consistent with the observation of
a KIE and an irreversible C-H activation (Eq. 3), the subsequent
processes have lower activation energies and should be fast.
As shown in Fig. 4, the deprotonation of the ligand followed by
reductive elimination is the least energy demanding pathway
vs. the reverse order of events, i.e reductive elimination in the
neutral complex first (red in Fig. 4).

The relative energies of the basic steps in the profile shown in
Fig. 4 fit our experimental observations but the calculated
energetic span, 36.4 kcal mol_l, is too high and predicts a much
lower conversion rate than the one observed in the catalysis.
However, it is important to consider that the concentrations of
the species in the experimental conditions are very different
from 1 M, the standard value used in the calculations, and this
is crucial when insoluble cesium salts are formed in the cycle.
Microkinetic modeling has proved useful to analyze these
situations,27 and using the COPASI software the kinetic model
(black) the

. . . . 28 .
concentration-time evolution was examined.” Experimental

shown in Scheme 6 was simulated and

initial concentrations were used and the concentration of the
halide (X
and fixed according to the solubility of Csl (10_4 M). The values

= 1) was considered constant throughout the reaction

of K, (K, = ky/k_;) and ks were calculated from the DFT energy
values and the other kinetic constants were given arbitrary
Rate
constants k, and k_, were fitted to conform to K, and

values corresponding to fast steps (see ESI for details).29

reproduce the observed conversions. From the microkinetic
model the energy profile shown in Fig. 5a can be extracted.



a) solvent: toluene b) solvent: toluene/pinacolone
TS (C-Hact) TS (C-Hact)
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Fig. 5. Free energy profile from microkinetic models for the arylation of
toluene in a) toluene as solvent, b) a mixture or toluene/pinacolone

(1/1).

the
substitution of toluene for iodide (31.5 kcal mol_l) and just a

It shows a rather high-energy transition state for
slightly higher energy difference between B and D than the
one based on DFT calculations (1.3 kcal mol™ higher). The
resting state of the catalyst is the halide complex B (Fig. S41,
ESI). Thus, the

energetically demanding and controls the concentration of D,

toluene coordination equilibrium s
influencing the rate of the reaction along with the C-H
cleavage, the higher energy step, leading to a lower KIE (Eq. 5
and Fig. S42, ESI). Keeping the concentration of free iodide low
is crucial to shift the equilibrium B==D and to the success of
the reaction: It is achieved by the formation of an insoluble
iodide salt and this is the important role of the cesium cation.
If the halide concentration is not fixed in the microkinetic
model, it increases as the reaction progresses and makes it
very slow. This is shown experimentally and, as mentioned
above, the addition of free iodide or the use of a base that
leads to a soluble iodide salt, such as (NBu,),CO3, slow the
reaction down.

Alkali metal bases, very often cesium salts, are common in
palladium-catalyzed C-H activation reactions and the role of
the cation has been the subject of discussion.® A low free
halide (iodide) concentration and its control by the choice of a
suitable cation has been found important in other palladium
catalytic systems to avoid sequestering the catalyst as
palladium iodide.’ The effect of free halide can be manifold
but,
groups, its effect in the ligand substitution equilibria is most

in the functionalization of arenes with no-directing

detrimental.

Considering the same mechanistic framework, the microkinetic
simulation for the arylation of toluene in a mixture
toluene/pinacolone = 1/1 was carried out. In these conditions,
the model needs to include the solvento complex C and the
two equilibria that connect intermediate C with B and D
(Scheme 6, black and blue). Experimental initial concentrations
were used and the concentration of iodide was fixed according
to the solubility of Csl determined in the solvent mixture
(2.4x10_4 M, see ESI). Based on the experimental value of the
equilibrium constant in Scheme 5b at 298 K (1.6x10_4) a value
of AGyeg = 5.2 kcal mol™ can be estimated for the analogous
equilibrium B==C. Assuming a small entropy change in this

equilibrium this AG value was used to determine Ks (K3 = ks/k_
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3) in the simulation at higher temperature. Only the value of ks
was taken form DFT calculations, since we observed that the
energy difference between c2 (D) and TS c2-c3 is almost
insensitive to the solvent (same calculated value in toluene or
in acetone: 11.3 kcal mol™ by DFT). Equilibrium and rate
constants K,, ks, k.4 were fitted to reproduce the observed
conversions. The energy profile that can be deduced from this
microkinetic model is shown in Fig. 5b.*' The concentration
change of the different species over time shows that the
solvento complex C is the resting state of the catalyst (Fig. S43,
ESI). The use of pinacolone as a co-solvent decreases the
energy difference between B and D, and the overall activation
energy of the reaction (from B to TS(C-Hact) in Fig. 5) in 4.1
kcal mol™. This results in the observed acceleration of the
process. In this solvent mixture the C-H cleavage is the
turnover limiting step of the reaction, the toluene coordination
exerting a small influence. Thus, the microkinetic model shows
a KIE value of 3.2 (Fig. S44), slightly lower than the calculated
one (3.64) as it was also observed experimentally (Eq. 5). The
reaction in these conditions is less sensitive to the amount of
free halide, as observed experimentally and reproduced by the
microkinetic model. It is faster even if the solubility of Csl is a
bit higher and the amount of free halide is twice the amount
than that expected in just toluene. Nonetheless, it is still
necessary to generate an insoluble halide since the reaction
upon halide
concentration above 10 mol %.

also slows down increase of the free
As shown in Table 3 (entries 11-18), the accelerating effect of
pinacolone is not observed for the arenes bearing coordinating
groups. In these cases the substrate arene could produce both
effects observed upon using pinacolone in the toluene
arylation i.e. the coordination of the solvent to the metal
(intermediate analogous to C) and the change in the relative
energy of the anionic B and the neutral intermediate D. If the
substituent of the arene is more coordinating than the solvent
(a ketone in this case) the presence of the latter will not be
important. This occurs for the cyano, ester and amino groups
and pyridine. However, the less coordinating ether (anisole,
entries 5, 6, Table 3) benefits form the use of the co-solvent.
We can speculate that the change in energy of the reaction
intermediates upon changing the solvent is more likely to
affect the anionic B. Since the polarity or dielectric constant of
the medium are not the cause of the observed solvent effect
(cf. entries 9 and 10 vs. 13 and 14, Table 3 for arenes with
similar polarity), it seems that a hard donor atom (O, N in the
arene substituents or the solvent) could interact with Cs* and
modify the anion-cation interactions in B and its relative

32
energy as a result.

Conclusions

The arylation of arenes with no directing groups (non-chelate
assisted) can be carried out using the cooperating ligand 2, 2’-
bipyridin]-6(1H)-one (bipy-6-OH). The this
transformation is very dependent on the coordination

success of

equilibria that control de concentration of the m-coordinated
arene complex. In the arylation of arenes with arylhalides, the

This journal is © The Royal Society of Chemistry 20xx



formation of an insoluble halide salt is crucial for the shift of
the halide substitution by arene equilibrium and this is the
main beneficial role of the cesium bases (most often
carbonate). The study of the arylation of toluene using it as
solvent shows that the formation of the arene complex is
strongly influencing the reaction rate along with the C-H
cleavage, it still being the higher-energy transition state in the
reaction profile.

The arylation of arenes with non- or weakly coordinating
groups can be strongly accelerated by the use of a moderately
coordinating solvent (a methyl ketone or an amide) instead of
using neat arene, which is a counterintuitive procedure. The
study of the arylation of toluene with pinacolone as co-solvent,
using microkinetic modeling and stoichiometric studies on
model compounds, shows that the presence of the co-solvent
changes the resting state of the catalyst from the palladium
halide complex to the solvento complex. It also alters the
relative energy of the intermediate complexes in the cycle
leading to a decrease of the activation energy for the reaction.
The C-H activation is the most influential rate-determining
step.

The use of a co-solvent exerts an acceleration effect and leads
to the efficient arylation of non-coordinating arenes but this
does not mean that the solvent is inert. In fact, a methyl
ketone such as pinacolone undergoes C-H activation, which is
unproductive since the aryl-enolate coupling (C(spz)-C(sp3)
reductive elimination) is slower than the target C(spz)-C(spz)
coupling. This allows a selective reaction and the possibility of
using pinacolone as an unobtrusive reagent. Non-directed
arene functionalization is a challenging task and it is difficult to
think
substrate. The results here show that this is not a mandatory

in suitable reaction media less reactive than the
requirement since even a more reactive solvent can be
extremely useful as long as the byproduct forming step has a
The
understanding of the steps involved in the catalysis is certainly

substantial kinetic disadvantage. mechanistic

crucial to be able to make the right choice.
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the rate constant derived from the DFT deprotonation
barrier (see ESI). As predicted by the DFT calculations, the
deprotonation step is kinetically irrelevant and the amount
of base present does not affect the reaction rate.
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DFT calculations could not be performed in the actual
toluene/pinacolone solvent mixture to compare the relative
energies of intermediates B-D with those obtained from the
microkinetic model in Fig. 5b. Nonetheless, the microkinetic
simulation is very sensitive to the values of K, and ks, k4
(small changes make a huge difference in the conversion-
time curves) leading to a resulting model with a high level of
confidence.
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32 Regardless its low charge to radius ratio, Cs' is a hard acid, as

all the other alkali metal cations. Both the chemical behavior
and the hardness parameters identify this closed shell cation
as hard: (a) A. F. Holleman, E. Wiber “Inorganic Chemistry”,
Academic Press, 2001, p. 229. (b) G. L. Miessler, D. A. Tarr,
“Inorganic Chemistry”, 2" Ed. Prentice-Hall, 1999. (c) H. Xu,
D. C. Xu, Y. Wang, ACS Omega, 2017, 2, 7185-7193.
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