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Cross-Coupling: Synthesis of Tri- and Tetra-ortho-Substituted Biaryls
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Palladium-catalyzed cross-coupling of arylmetal reagents and
arylhalides to form biaryl compounds has played a pivotal
role during the past decades in the assembly of C(sp?)—C(sp?)
bonds.!"! Biaryls are important structural motives in organic
materials, chiral ligands, natural products, and pharmaceutical
compounds.” Since the first reports in the 1970s®! on the use
of Pd to catalyze the formation of biaryls, major efforts have
been focussed on tuning the ligand systems to improve
efficiency and selectivity and to achieve cross-coupling under
mild conditions.! Nevertheless, the synthesis of sterically
congested tri- and tetra-ortho-substituted biaryls remains
highly challenging.”! High yields of biaryls have been
reported with organoboron® compounds. Although these
early methods include the use of boron derivatives that are
functional-group tolerant, they featured usually high temper-
atures (80-110°C) and long reaction times.["! Since the first
report of a highly efficient catalyst based on dialkyl biaryl-
phosphines for this type of C—C bond formation by Buchwald
and co-workers in 20027 in particular N-heterocyclic
carbenes (NHCs) have been described as efficient ligands
for the sterically demanding Suzuki-Miyaura cross-coupling
under milder conditions. The research group of Organ
reported in 2009 a general Suzuki-Miyaura cross-coupling
at 65°C (24 h) based on the PEPPSI-IPent catalyst for the
synthesis of tetra-ortho-substituted biaryls and found that the
rate-determining step is likely to be the transmetalation from
the organoboron reagent to palladium.® More recently, the
use of tailored NHC-Pd complexes has allowed the synthesis
of tetra-ortho-substituted biaryls through cross-coupling using
organoboron compounds at room temperature.”) The use of
Grignard and zinc reagents for this transformation has been

[*] M. Giannerini, Dr. V. Hornillos, Dr. C. Vila, Dr. M. Fafiands-Mastral,
Prof. Dr. B. L. Feringa
Stratingh Institute for Chemistry, University of Groningen
Nijenborgh 4, 9747 AG, Groningen (The Netherlands)
E-mail: m.fananas.mastral@rug.nl
b.l.feringa@rug.nl

The Netherlands Organization for Scientific Research (NWO-CW),
the National Research School Catalysis (NRSC-C), the European
Research Council (ERC advanced grant 227897 to BLF), the Royal
Netherland Academy of Arts and Sciences (KNAW), and the
Ministry of Education Culture and Science (Gravity program
024.601035) are acknowledged for financial support. C.V. was
supported by Intra-European Marie Curie fellowship (FP7-PEOPLE-
2011-1EF) (Contract number: 300826).

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201306427.

[7‘: *

Angew. Chem. Int. Ed. 2013, 52, 1332913333

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

scarcely reported.'” In 2008 Wolf and Xu disclosed the
synthesis of tri-ortho-substituted biaryls with Grignard
reagents at room temperature (24 h)'!! but the application
of this protocol to the synthesis of the tetrasubstituted
analogues was not reported.'” The first general report on
sterically demanding cross-coupling reactions with organo-
zinc reagents (70°C, 15 h) was presented by Buchwald and
Milne in 2004.3! Organ and co-workers extended their use of
the PEPPSI catalyst to the Negishi cross-coupling to form
hindered biaryls at temperatures varying from 23 to 70°C and
reaction times ranging from 9 to 24 h (Scheme 1).1'/

Ar'-Li + Ar-Br

Pd-PEPPSI-IPent
toluene, RT
1-4 h

Pd-NHC 1
KOtBu, toluene
O or
R2 R3 Pd-NHC 2

KOH, DME

@)

Negishi CC

Suzuki-Miyaura CC
Pd-PEPPSI-IPent

Ar'-ZnX + ArP-X 1 Ar'-B(OH); + Ar’-X
THF/NMP R R " Rroesc (OH).
Organ¥l2010 | RT1070°C o o4h  |Dorta®l 2011
9-24h Cazin, Nolan® 2012
_ Cyoct Ph Ph
NN O Cyoct Phﬁ/ \'»./Ph
' NN O NN
m—ild—m Cyoct ]; & ) oh ;E on
z | (il % Cyoct Ph |- 2 Ph
X

Pd-PEPPSI-IPent Pd-NHC 1 Ph Pd-NHC 2 Ph

Scheme 1. General procedures in Pd-catalyzed cross-coupling for the

synthesis of tri- and tetra-ortho-substituted biaryls at room temper-
ature. Cyoct = cyclooctyl.

Organolithium compounds are among the most reactive,
readily accessible and commonly used reagents in synthesis.
Moreover, in spite of the recent development of direct access
to various arylmetal species,” aryllithiums are still often
employed as precursors for other organometallic compounds
(B, Sn, Zn) frequently used in cross-coupling processes.'’]
Pioneering studies by Murahashi and co-workers!'” on the use
of organolithium reagents in catalytic cross-coupling reac-
tions showed the limitations associated to their high reactivity.
In alternative approaches, Yoshida and co-workers achieved
the cross-coupling of aryllithium reagents using a flow micro-
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reactor,”® while the group of SmithIII has developed
a method based on a stoichiometric silicon-based transfer
agent."” However, to our knowledge, none of these methods
has been applied to the synthesis of hindered biaryls. Recently
we developed a methodology to perform Pd-catalyzed direct
cross-coupling reactions of organolithium reagents with
(hetero)aryl- and alkenylbromides at room temperature in
short times.””! Despite the important advances achieved in the
cross-coupling of hindered biaryls,"* these protocols usually
require long reaction times. The control over the high
reactivity of organolithium reagents might be advantageous
in facilitating the transmetalation with Pd. In addition, the
easy accessibility of ortho-functionalized organolithium
reagents through direct ortho lithiation®" could make them
particularly useful for the synthesis of ortho-functionalized
hindered biaryls. A notable advantage is the great stability
that ortho substituents, such as alkoxy or amino groups, give
to the lithium reagent in contrast to the corresponding zinc,
and especially organoboron reagents,”™ which suffer from
instability and, as far as we know, these ortho-functionalized
organometallics have not been coupled before at room
temperature. We envisioned that highly hindered aryllithium
reagents might be successfully applied to the synthesis of tri-
and tetra-ortho-substituted biaryls at low temperature and
within short reaction times (Scheme 1). Herein we describe
the successful realization of this fast and mild biaryl
formation.

Initially we applied our reported conditions® for the
coupling of hindered 2,6-dimethoxy-phenyllithium (1a) with
1-bromonaphthalene (2a). The use of the in situ generated
complex from [Pd,(dba);] and P(Bu),,* and slow addition of
1a led to a selective reaction in which common side products
derived from halogen/lithium exchange like dehalogenated
product 4 and homocoupled product 5 were not observed
(Scheme 2). Unfortunately, despite its high selectivity this
catalyst resulted in incomplete conversion (86 % ). To enhance
reactivity we examined Pd-NHC catalysts for this C—C bond
formation. NHC ligands have emerged as attractive ligands in
cross-coupling owing to their specific steric features and
strong o-bond donor capabilities.”! Recently, the group of
Organ introduced highly effective Pd-PEPPSI precatalysts
that are air stable and commercially available.*” The use of
Pd-PEPPSI-IPent (Scheme 1), which is known for its effi-

ow ¥ o 0
. Pd Catalyst  MeO OMe, .
Li OO toluene,
i (0 0
1a 2a 3a 4 5
1.5 equiv
Pd Catalyst Conversionla 3a/4/52
[Pda(dba)s] (2.5 mol%) P(tBu)s (7.5 mol%)  86% 99:1:-
Pd-PEPPSI-IPent (5 mol%) full >99:—:—

Scheme 2. Optimization of the reaction between 1a and 2a. Condi-
tions: to a solution of 2a (0.3 mmol) and Pd catalyst (5 mol %) in
toluene (2 mL) a solution of aryllithium reagent 1a (1.5 equiv; see the
Supporting Information for details regarding the preparation of the
solutions) was added over 1 h by using a syringe pump. [a] GC
analysis.
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ciency in cross-coupling of hindered substrates with other
organometallics,®™'¥ afforded biaryl 3a with full conversion
and >99% selectivity in the cross-coupling of bis-ortho-
methoxy-phenyllithium (1a) and 1-bromonaphthalene (2a) at
room temperature in 1 h (Scheme 2).

After having established Pd-PEPPSI-IPent as a highly
efficient catalyst for the cross-coupling of 1a and 2a, we
studied the scope of the cross-coupling between hindered
aryllithium reagents and aryl bromides for the synthesis of tri-
ortho-substituted biaryls (Table 1). A variety of bulky organo-
lithium reagents could be coupled with excellent yield and
high selectivity at room temperature in most cases within
a reaction time of 1 h. The high selectivity (>98% for cross-
coupling product) indicates that the transmetalation step
takes place rapidly, thus facilitating a fast coupling process.
Mono-ortho-functionalized aryllithium compounds bearing
methoxy (Table 1, entries2 and 3) and phenyl (Table 1,
entry 4) substituents were efficiently coupled with di-ortho-
substituted arylbromides. Moreover, a bulky methoxymethyl
(MOM) protecting group could be tolerated at the ortho
position of the organolithium reagent, thus allowing for an
easy preparation through ortho lithiation® of the corre-
sponding MOM-protected phenol (Table 1, entries 5 and 6).
Taking advantage of the cooperative effect of two different
ortho-directing groups, N,N-dimethyl-3-methoxy-benzyl-
amine was selectively ortho-lithiated and successfully coupled
with 2a affording difunctionalized product 3g, which bears
two distinct functional groups, in excellent yield (Table 1,
entry 7). Highly hindered di-ortho-substituted aryllithium
reagents were coupled as well efficiently (Table1,
entries 1,8-10) at room temperature even when the extremely
bulky 2,4,6-triisopropyl-phenyllithium™! (1h) was used.

Having shown the excellent performance of hindered
organolithium reagents in cross-coupling reactions we further
explored this system for the synthesis of sterically demanding
tetra-ortho-substituted biaryls. The difference in performance
between [Pd,(dba);]/P(Bu); and PEPPSI-IPent was even
higher in the synthesis of the tetra-ortho-substituted biaryl 6a
than that observed for the synthesis of the tri-ortho-substi-
tuted biaryl 3a. In this case, full conversion was achieved with
Pd-PEPPSI-IPent at room temperature in 1.5 h with complete
selectivity and binaphthyl 6a was isolated in 93% yield.
[Pd,(dba);])/P(¢Bu); instead led to reduced conversion (50 %)
under the same conditions (Table 2, entries 1 and 2).

As observed for the synthesis of tri-ortho-substituted
biaryls, a variety of organolithium and aryl bromides could be
successfully employed for the synthesis of the tetra-ortho-
substituted biaryl products. The more cumbersome methoxy
substituent was tolerated also in this case, as demonstrated by
using 2-methoxy-1-naphthyllithium (1g), which could be
coupled efficiently at room temperature with 2-methyl-1-
bromo-naphthalene (2¢) and with 9-bromoanthracene (2f;
Table 2, entries 1 and 3). Exploring the limits of this cross-
coupling further, we used 2,6-dimethoxy-phenyllithium (1a).
The presence of the two methoxy groups allowed for a mild
synthesis of this reagent through ortho lithiation of inex-
pensive 1,3-dimethoxybenzene. This aryllithium reagent read-
ily engaged in cross-coupling with di-ortho-substituted aryl
bromides with total selectivity, thereby affording the corre-
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Table 1: Scope of the cross-coupling of hindered aryllithium reagents

and arylbromides: synthesis of tri-ortho-substituted biaryls.**
Br O
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[a] Conditions: 2 (0.3 mmol) and Pd-PEPPSI-IPent (0.015 mmol) were
dissolved in toluene (2 mL). A solution of aryllithium reagent

1 (1.5 equiv; see the Supporting Information for details regarding the
preparation of the solutions) was added over 1 h by using a syringe
pump. [b] Selectivity >95% in all cases unless otherwise indicated.
[c] Yields of isolated products. [d] Reaction run at 40°C. [e] 10% of
homocoupling derived from bromide 2e.

sponding products with full conversion, high yields, and in
short reaction time (3 h; Table 2, entries 4-7). The reactions
proceeded at room temperature with excellent selectivity,
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Table 2: Scope of the cross-coupling of hindered aryllithium reagents
and arylbromides: synthesis of tetra-ortho-substituted biaryls.**
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[a] Conditions: 2 (0.3 mmol) and Pd-PEPPSI-IPent (0.015 mmol) were
dissolved in toluene (2 mL). A solution of aryllithium reagent

1 (1.5 equiv; see the Supporting Information for details regarding the
preparation of the solutions) was added over 1 h by using a syringe
pump. [b] Selectivity >95 % in all cases. Full conversion achieved unless
otherwise noted. [c] Yields of isolated products. [d] [Pd,(dba);]

(2.5 mol %), P(tBu); (7.5 mol %) used instead of Pd-PEPPSI-IPent, 2% of
dehalogenation and 2% of homocoupling of bromide 2c were observed.
[e] Reaction run at 40°C. [f] Conversion.

although, in some particular cases, it was necessary to use
a slightly elevated temperature (40°C) to reach full con-
version (Table 2, entries 5-7). The fact that 2,6-dimethoxy-
phenyllithium can be used as an efficient coupling partner is
a remarkable finding in light of the fact that the correspond-
ing boronic acid suffers rapid proto-deboronation in the
presence of strong bases at the high temperature generally
required for these couplings,™ while the corresponding zinc
reagent has been scarcely used.'! Moreover, as far as we
know, the use of ortho-alkoxy-substituted organometallic
reagents has not been described before for the synthesis of
hindered biaryls at room temperature. Also alkyl substituents
in the organolithium reagents are well tolerated as is
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illustrated in the coupling of 2-mesityllithium (1i) with 2-
methyl-1-bromonaphthalene (2¢; Table 2, entry 8).

The results obtained in the synthesis of tetra-ortho-
substituted biaryls highlight some of the main advantages
related to the use of lithium reagents: 1) a variety of lithium
reagents can be prepared simply starting from the corre-
sponding bromide and be used in subsequent cross-coupling
with short reaction times and without necessity of purifica-
tion. 2) The ortho metalation procedure allows the direct
formation of the organolithium for cross-coupling from
simple aromatic compounds. 3) Functional groups that gen-
erally are less tolerated in other organometallic reagents (o-
OMe) can stabilize the corresponding lithium reagents with
the advantage of easy preparation, handling and still high
efficiency in the coupling. 4) In virtue of their high reactivity,
the organolithium compounds seem to facilitate the trans-
metalation step affording, as far as we know, the fastest
protocol so far for the synthesis of highly hindered ortho-
substituted biaryls. 5) The present method is more versatile
and can give rise to a wider scope of products than the aryne
coupling,® which can also reach hindered biaryls using
organolithium reagents but is limited to the use of 1,2-
dibromobenzenes at cryogenic temperatures and is usually
associated with regioselectivity problems when dissymmetric
substrates are used.”*!

In conclusion we have demonstrated that the high
reactivity of organolithium reagents is beneficial in cross-
coupling reactions to obtain fast coupling of highly hindered
mono- and di-ortho-substituted aryllithium reagents at room
temperature. The Pd-PEPPSI-IPent complex was shown to be
an extremely efficient catalyst for this C—C bond formation.
In combination with ortho-substituted bromides, a series of
tri- and tetra-ortho-substituted biaryls could be selectively
obtained in high yields at ambient temperatures and in short
reaction time. This methodology is to be considered the
fastest protocol to access tetra-ortho-substituted biaryls at
room temperature to date. Detailed mechanistic studies to
elucidate the key parameters determining this fast and mild
cross-coupling are ongoing.

Experimental Section

Representative example for the synthesis of 3a: in a dry Schlenk flask
PEPPSI-IPent (5 mol %, 0.015 mmol, 11.87 mg) and 1-bromonaph-
thalene (2a; 0.3 mmol, 62.1 mg) were dissolved in dry toluene (2 mL)
and the mixture was stirred at room temperature. A solution of 2,6-
dimethoxy-phenyllithium (1a; 0.75 mL, 0.6M in pentane/THF 2:1,
1.5 equiv) was slowly added over 1 h by using a syringe pump. When
the addition was completed the reaction was stopped, a saturated
aqueous solution of NH,Cl was added, and the mixture was extracted
(3x 5mL) with ether. The organic phases were combined and the
solvent evaporation under reduced pressure afforded the crude
product. Purification by column chromatography (pent/EtOAc 200:1)
afforded product 3a as a white solid in 94 % yield.
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