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Abstract

The influence of ligand, stoichiometric base, and additive has been evaluated in the context of intramolecular direct arylation reactions. Under
the optimal conditions, arylation of simple arenes can be performed under very mild conditions, with heating to 50 °C. The role of the pivalic
acid additive is rationalized by invoking a concerted palladation—deprotonation pathway where the pivalate is behaving as either an intramo-
lecular base from the palladium metal or through an intermolecular deprotonation in a similar manner as that previously described by Echavarren

and Maseras.
© 2008 Published by Elsevier Ltd.

1. Introduction

The synthesis of biaryl molecules has been greatly
facilitated through the development of palladium-catalyzed
cross-coupling reactions, of which the Suzuki reaction is
undoubtedly the most renown (Scheme 1, Type 1).' Suzuki
couplings occur between aryl halide and an arylboronic acid
in the presence of a palladium catalyst and base. While wide-
spread, it is important to recognize that both of the arene com-
ponents must be prepared prior to cross-coupling to install the
organometallic and halide moieties. This can involve several
steps and ultimately leads to the formation of additional waste
subsequent to biaryl formation.

Recognizing both the value of biaryl molecules and the po-
tential for improvement, several research groups have been
searching for ways to reduce our reliance on substrate pre-
activation. One approach involves the replacement of the
one of the two pre-activated arenes. In the context of Type 3
biaryl cross-coupling reactions, tremendous success has been
achieved with the use of electron-rich heteroaromatic
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Type 1: Both Arenes are Pre-Activated as a Halide (X) and an
Organometallic (M)
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Scheme 1. Strategies for biaryl synthesis.

compounds.® This can be attributed to the growing apprecia-
tion and application of electrophilic aromatic substitution (or
metalation) reaction pathways in reaction design. Indeed,
from a strategic perspective, replacement of the nucleophilic
aryl organometallic component may best be done with
electron-rich, -nucleophilic aromatic compounds whose
latent reactivity might mimic that of the organometallic at
the transmetalation step of the catalytic cycle. For this reason,
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much less progress has been realized with simple arenes such
as benzene or with electron-deficient arenes/heteroarenes as
coupling partners with the simple, unfunctionalized arene it-
self (Scheme 1, Types 2 and 3).” Since more waste and chal-
lenge is associated with the preparation and use of the aryl
organometallic fragment, it has been most commonly this
component which has been removed (Type 3).

2. Results and discussion

During the course of our methodological work on intramo-
lecular direct arylation reactions, an intriguing effect of fluo-
rine substituents was observed, which appeared incompatible
with an SgAr pathway.* To rationalize the reactivity, we in-
voked concerted palladation—deprotonation pathways where
the acidity of the C—H bond might influence both site selectiv-
ity and reactivity. Such pathways have been proposed and
evaluated by others, including Davies et al.,’> Echavarran
et al.,6 and Sakaki et al.” (Scheme 2). The viability of this al-
ternative pathway as well as computed information regarding
the potential transition states played a large role in reaction de-
velopment efforts, leading to the development of fluorobenz-
ene® and benzene’ arylation reactions. As part of these
studies, the beneficial effects associated with the use of a cata-
lytic quantity of pivalic acid in conjunction with a stoichiomet-
ric and insoluble inorganic base was noted. These results were
rationalized by similar transition states as those proposed for
the intramolecular variants.

Herein, we describe our work in applying these new condi-
tions to the original source of our inspiration, intramolecular
direct arylation reactions of simple arenes. The new conditions
permit a dramatic reduction in reaction temperature. While it
is not atypical to require forcing conditions with heating in ex-
cess of 120 °C for these types of reactions, our new conditions
permit intramolecular direct arylation reactions of simple are-
nes to occur at temperatures as low as 50 °C. The biaryl
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products are isolated in good to excellent yields and a mecha-
nistic proposal is advanced to explain the enhancement in
reactivity.

During the course of our investigations on benzene aryl-
ation,” we found that the combined use of a catalytic amount
of pivalic acid (30 mol %) when used in conjunction with an
excess of K,CO; provided vastly superior outcomes when
compared to the use of K,COs5 alone. These observations
prompted us to reevaluate the intramolecular direct arylation
processes to determine if any benefits would be revealed. Re-
action development efforts focused on the appropriate choice
of ligand in the reaction of 1a to give the biaryl 2a. A variety
of ligands were screened in conjunction with Pd(OAc),
(5 mol %), pivalic acid (30 mol %), K,CO; (3 equiv) in
DMA at 45 °C (Scheme 3). From these experiments, two li-
gands were found to give the highest yields, triphenylphos-
phine 12 and tri(4-fluorophenyl)phosphine 19. Since 19 gave
slightly superior yield, it was taken on for further optimization
work. The observation that electron-deficient phosphines can
provide the optimal outcomes in direct arylation has previ-
ously been noted by Itami et al.,'® Baudoin et al.,'' and by
us.'? It is plausible that the use of such ligands may facilitate
arene binding by creating a more electron-deficient palladium
metal atom or by providing for a vacant site for arene binding
by undergoing more facile displacement from the metal center.

Employing Pd(OAc), with ligand 19 a variety of carbox-
ylic acid additives were evaluated in conjunction with
K>COj as the stoichiometric base (Table 1). There is a marked
increase in conversion as the steric encumbrance of the acid
increases from acetic acid to pivalic acid (entries 2—5). In
contrast the use of adamantylcarboxylic acid results in an in-
ferior conversion (entry 6). The use of more acidic additives,
such as with trifluoroacetic acid does not influence the reac-
tion outcome compared to a control when no additive is em-
ployed (entry 7 vs entry 1). The selection of stoichiometric
base also has a profound effect on the transformation. For
example, use of sodium carbonate provides slightly lower

Carbonate Assisted
Palladation

Carbonate Assisted
Palladation
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Carbonate and Pivalate Assisted Intermolecular
Palladation of Simple and Electron-Deficient
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Scheme 2. Mechanistic possibilities for arene palladation in the context of biaryl synthesis.
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Scheme 3. Ligand evaluation in intramolecular direct arylation reactions.

conversions than the potassium salt while use of cesium car-
bonate results in very low conversions after the same reaction
time (Table 2, entries 1—3). The use of a catalytic quantity of

Table 1
Effect of carboxylic acid additives on direct arylation®

Pd(OAc),, P(p-FPh),

S - )
o Additive, K,COs, O
DMA, 45 °C o

1a 2a
Entry Additive Conv.’ (%) Entry Additive Conv.® (%)
(6]
1 None 31 5 OH 100
CO,H
o 2
2 )J\ 32 6 @ 56
F (¢}
3 P 36 7 F%OH 28
F
(e}
4 \HLOH 63

pivalic acid (which generates potassium pivalate in situ when
treated with potassium carbonate) is also superior to simply em-
ploying potassium pivalate as the terminal stoichiometric base
as illustrated by entries 4 and 5. The enhanced reactivity associ-
ated with the presence of 30 mol % potassium pivalate in the
reaction mixture can be partially gained through the use of
a palladium pivalate catalyst precursor. With Pd(OPiv), and
potassium carbonate as the base, a 71% conversion is observed
after 12 h compared to the use of Pd(OAc),, which provides
only 32% (entry 7 vs entry 2).

Table 2
Influence of stoichiometric base on direct arylation®

©\ Br Pd(OR), P(p-FPh),, O
PN i Addltlve Base,
DMA 45 °C
0 2a
Entry Pd source Additive Base Conv.® (%)
1 Pd(OAc), None Na,COs3 22
2 Pd(OAc), None K>CO;5 32
3 Pd(OAc), None Cs,CO;5 5
4 Pd(OAc), None KOPiv 22
5 Pd(OAc), PivOH K,CO3 100
6 Pd(OPiv), None K,CO3 71
7 Pd(OPiv), PivOH K,CO3 100

# Conditions: substrate 1a, Pd(OAc), (5 mol %), P(p-FPh); (5 mol %), addi-
tive (30 mol %), and K,COj3 (3.0 equiv) are dissolved in DMA (0.25 M) and
heated to 45 °C for 12 h.

® Determined by GC—MS.

* Conditions: substrate 1a, Pd(OR), (5 mol %), P(p-FPh); (5 mol %), addi-
tive (30 mol %), and base (3.0 equiv) are dissolved in DMA (0.25 M) and
heated to 45 °C for 12 h.

® Determined by GC—MS.
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Scheme 4. Ligand evaluation in intramolecular direct arylation reactions.

The acceleration in product formation over time resulting
from the addition of pivalic acid is illustrated in Scheme 4. Af-
ter 6 h, a reaction performed under the standard conditions in

Table 3
Substrate scope in intramolecular direct arylation®
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the absence of pivalic acid provides approximately 30% con-
version while an identical reaction performed with 30 mol %
pivalic acid reached 100% conversion. A similar, albeit less
pronounced, acceleration is also observed using palladium piva-
late as the catalyst precursor in place of palladium acetate.

Application of these optimized reaction conditions to
a range of substrates is included in Table 3. A variety of acti-
vated and deactivated aryl bromides are compatible including
reactions for the formation of sterically encumbered biaryls.
These are rare examples where the arylation of a broad range
of simple arenes can be achieved under such mild conditions.
A range of substitution patterns are compatible including elec-
tron-donating (entries 3, 5, and 6) and withdrawing groups
(entries 4, 9, and 10). Reaction at more sterically encumbered
positions can also occur in high yield (entries 1, 3, and 5).
More highly functionalized substrates can also be employed
as illustrated by the use of a precursor for aporphine synthesis
in entry 5.

The presence of primary kinetic isotope effects is strong
evidence for a mechanism where the C—H bond cleavage is a ki-
netically significant step in the catalytic cycle—a feature, which
is inconsistent with electrophilic aromatic substitution path-
ways. Under the current reaction conditions, reaction of 11 re-
veals the presence of a pronounced primary intramolecular

Entry Substrate Product Yield® (%) Entry Substrate Product Ratio®  Yield® (%)
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# Conditions: substrate, Pd(OPiv), (5 mol %), P(p-FPh); (5 mol %), PivOH (30 mol %), and K,CO; (3.0 equiv) are dissolved in DMA (0.25 M) and heated to

50 °C for 12 h.
" Isolated yield.
¢ Ratio of regioisomers formed at the ortho positions.
4 Reaction performed at 60 °C.
¢ Reaction performed at 70 °C.
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Scheme 5. Proposed catalytic cycle.

hydrogen/deuterium kinetic isotope effect of 5.4. This magni-
tude of KIE is in line with our previously observed KIE of
3.5' for similar reactions performed in the absence of pivalic
acid and of 3.0% and 5.5° for intermolecular direct arylation
reactions with perfluorobenzenes and benzene, respectively. It
is also consistent with KIEs reported by Echavarren and Maseras
with similar substrates for intramolecular reactions.® Pro-
nounced KIEs are compatible with, and characteristic of, mech-
anisms where C—H bond cleavage is occurring simultaneously
with carbon—palladium bond formation."?

In line with Echavarren’s and Maseras’s proposed mecha-
nism for intramolecular direct arylation® and our own work
in intermolecular processes* we favor the involvement of a cata-
Iytic cycle similar to that illustrated in Scheme 5. Subsequent
to oxidative insertion into the carbon—halide bond, two path-
ways may be followed. The first involves an anion exchange of
a pivalate for the bromide ligand to give 21. This species can
then undergo a concerted deprotonation—palladation to give
the biarylpalladium(II) intermediate 23, which will reductively
eliminate to give the observed product and regenerate the cata-
lyst. Alternatively, the pivalate may be acting as an external
base at the C—H bond cleaving transition state via 24 to inter-
cept intermediate 23 of the other pathway. The reason for the
superior reactivity of pivalic acid as an additive in these reac-
tions compared to other carboxylic acids may be related to
both its steric bulk and the increased basicity of its conjugate
base. The ability to control the amount of pivalate present is
crucial to achieve maximal reactivity. It is also noteworthy
that some bidentate ligands such as 9 and 10 exhibited moder-
ate reactivity under these conditions. This may indicate the in-
volvement of a pentacoordinate pathway'® or a cationic
manifold may be operating with an intermolecular deprotona-
tion such as that illustrated by 24.

While evidence points to the involvement of concerted
palladation—deprotonation pathways in the present reactions,
insufficient data exists to state whether one, the other, or
both of these pathways are responsible for the observed reac-
tivity. Indeed, as previously pointed out,® the intimate reaction
mechanism may change from reaction to reaction as the sub-
strate, solvent, base, and additives are changed. If accurate,
such a flat thermodynamic landscape can make a detailed un-
derstanding of the exact mechanism for any precise reaction
elusive. Nonetheless, we have, and are continuing, to use these
transition states and reaction pathways as an enabling technol-
ogy in the development of other, novel carbon—carbon bond
forming processes.

3. Conclusion

These reactions, and more importantly, the reaction condi-
tions that enable them should be of use in the synthetic com-
munity for the preparation of biaryl molecules. The particular
mildness of these conditions with respect to the base and tem-
perature should enable an application to more complex mole-
cules that may be prone to decomposition under more forcing
reaction conditions and the commonly employed elevated re-
action temperatures that are commonly associated with direct
arylation protocols.

4. Experimental section
4.1. General methods
N,N-Dimethylacetamide was purchased from commercial

sources and degassed with argon prior to every use. Pd(OPiv),
was synthesized according to the known literature procedure.'*
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All other solvents or chemical were purchased from commercial
sources and used as received. Experiments were carried out un-
der an atmosphere of argon. '"H, '°F, and '*C NMR were
recorded in CDClj solutions using a Bruker AVANCE 400 or
500 MHz spectrometer. 'H and '*C chemical shifts were deter-
mined relative to internal tetramethylsilyl at 6=0. NMR
high-resolution mass spectra were obtained on a Kratos
Concept ITH. Infra red analysis was performed with a Bruker
EQUINOX 55.

Bromoether 1a,* 1b,* 1¢,'? 1d,* 1£, 1g,* 1h,* 1i,* 1j,* 1k*
were prepared accordingly and exhibited spectral data identi-
cal to literature. Tricyclic compound 2a,* 2b,* 2¢,'% 24°
2,0 2g % 2h,* 2i,* 2j,* 2k* were prepared using the general cy-
clization procedure and exhibited spectral data identical to
literature.

4.2. 1-(2-(2-Bromo-5-nitrophenoxy)propan-2-yl)benzene le

To a flask containing a suspension of potassium hydride
(0.27 g, 2.0 mmol, 1.1equiv) in THF (3 mL) at 0°C was
added slowly the 2-phenylpropan-2-ol (0.4 g, 2.0 mmol,
1.1 equiv) and the solution was stirred for 10 min. This solu-
tion was then added slowly to a solution of 2-bromo-1-
fluoro-4-nitrobenzene (0.4 g, 1.8 mmol, 1.0 equiv) in THF
(9 mL) at 0°C. The solution was then allowed to warm to
room temperature and was stirred for an additional 2 h. Satu-
rated aqueous ammonium chloride was then added and the so-
Iution was extracted with DCM and dried over magnesium
sulfate. Compound le was then purified by column chroma-
tography on silica gel using 3% ether/hexanes as the eluant.
Yield 83%: R~0.30 (SiO,, 5% ether/hexane); IR (Vpax/
cm ™ h): 2984, 1516, 1473, 1341, 1275, 1138; 'H NMR
(400 MHz, CDCl;, 293 K, TMS): 1.85 (6H, s), 6.36 (1H, d,
J=9.2Hz), 7.28-7.41 (5H, m), 7.80 (1H, dd, J=9.2,
2.8Hz), 842 (IH, d, J=2.8Hz); "*C NMR (100 MHz,
CDCl;, 293 K, TMS): 29.3, 83.9, 114.5, 116.8, 123.4, 124.9,
127.8, 128.9, 128.9, 141.0, 144.1, 158.4; HRMS calcd for
C;5sH403NBr (M™) 335.0157, found: 335.0105.

4.3. General cyclization procedure

K,COs5 (1.7 mmol, 3.0 equiv), Pd(OPiv), (0.03, 0.05 equiv),
P(p-FPh); (0.03 mmol, 0.05 equiv), and pivalic acid (0.17 mmol,
0.3 equiv) were weighed to air and placed in a screw capped
vial (4 mL) with a magnetic stir bar. The reaction vessel was
evacuated and backfilled with argon three times. The cyclization
precursor (0.57 mmol, 1.0 equiv) was then added to the reaction
vessel as a solution in N,N-dimethylacetamide (3 mL). The reac-
tion was heated to 50—60 °C for 12 h. Upon completion, the
reaction was cooled to room temperature. The products were
loaded directly onto a silica gel packed column and eluted using
ether/hexane mixtures.

4.4. 6,6-Dimethyl-2-nitro-6H-benzo[c]chromene 2e

The compound was prepared following the general cycliza-
tion procedure at 50 °C. Yield 94%; mp=92—95 °C(ether);

R=0.23 (SiO,, 3% ether/hexane); IR (Vmax/cmfl): 2982,
1518, 1339, 1266, 1106; 'H NMR (400 MHz, CDCls, 293 K,
TMS): 1.67 (6H, s), 7.00 (1H, d, /=8.9 Hz), 7.25—7.27 (1H,
m), 7.36—7.43 (2H, m), 7.76—7.79 (1H, s), 8.10 (1H, dd,
J=89, 27Hz), 8.64 (IH, d, J=27Hz); “C NMR
(100 MHz, CDCls, 293 K, TMS): 27.9, 79.5, 118.4, 118.9,
122.4, 122.5, 123.4, 1249, 126.3, 128.2, 1294, 138.7,
142.2, 158.2; HRMS calcd for C;sH;30;N (M*) 255.0895,
found: 255.0873.
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