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ABSTRACT
X 2-5 mol% Pd(OAc), - R
| A 2-5 mol% P{o-tol); or As{o-tol)s |
S hydroquinone | RN
R Cs,C0, DMA S
R

A convenient new procedure is described for both inter- and intramolecular homocoupling of aryl halides (Ullmann reaction) using catalytic
palladium in the presence of hydroquinone, a homogeneous reductant. Optimal conditions for the reductive coupling include the use of a 1:1
molar ratio of Pd(OAc), and As(o-tolyl); in catalytic amounts under basic conditions.

The importance of the biaryl matif in biologically significant
natural products as well as its pivotal role in unnatural
systems of interestparticularly as the chiral scaffold of
many asymmetric catalystshas stimulated the development
of numerous methods for its constructibmhe original and
most widely used route to biaryls is via the Ullmann reaction,
the copper-mediated homocoupling of aryl haliél@ae need

to avoid the harsh conditions typically required for Ullmann
couplings (neat,>200 °C) has motivated the search for
milder variations*® Of particular significance are methods
that utilize zerovalent nickel catalysts, wherein a co-reductan

catalytically active speciésThe relatively few palladium
mediated homocouplings reported to date have either not
been general or, as with the nickel procedures, require
inconvenient reaction conditions to regenerate the actife Pd
specied:® In connection with our interest in aryl coupling
reactions, we have examined many different conditions for
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Table 1. Effect of Changing Reagents and Reaction Conditions on the YieRhof

entry Pd(OAc), ligand reductant method? temp time 1a:2a° (yieldyf recovd
(mol%) (5 mol%) (mol%) (°C) (h) HQ (%)d
1 HC (2.5%)° — HQ (100) B 50 35 0:100' (88) -
2 5 P(o-Tol); HQ (100) A 50 35 0:1007 (94) 67
3 5 As(o-Tol), HQ (100) B 50 15 0:100/ (72) 64
4 5 As(o-Tol) HQ (100) A 50 15 0:100' (84) 69
5 2 As(o-Tol) HQ (55) B 75 3 0:100' (95) -
6 1 As(o-Tol)s HQ (55) A 75 24 0:100 -
7 05 As(o-Tol)y HQ (55) A 75 24 62:38 -

#The stoichiometries are with respect to the aryl iodide. Method A: A solution of Pd(OAc) and a ligand was added to a mixture of
p-iodoanisole, HQ and CsyCOs (100 mol%). Method B: DMA was added to a mixture of p-iodoanisole, Pd(OAc), a ligand, HQ and
CsoCOs3 (100 mol%); bRatio of SM (starting material, p-iodoanisole):biaryl was calculated by THNMR Csolated yield. %Unless indicated,
the hydroquinone present in the product mixture was not isolated. °Herrmann's catalyst (ref 11) was used instead of Pd(OAc), and a ligand. f
SM was not detected.

the homocoupling of aryl halides and report here a simple, more slowly when DMA was added to a mixture of all the
general method for carrying out such couplifgs. reagents. Hydroquinone is essential for the success of the
The initial serendipitous discovery of the palladium reaction; its omission or replacement with catechol or
catalyzed homocoupling reaction followed an attempted benzoquinone resulted in recovery of most of the starting
intermolecular arylation of hydroquinone (HQ) with 4-iodo- material*? The coupling proceeded more rapidly using As-
anisole (& under our standard conditions [5 mol % of (o-tol); than with P¢-tol); (entries 2 and 4; also Table 2,
Herrmann’s palladacyclic catalyst (HE)CsCOs (300 mol entries 5 and 7). The reaction worked almost as well with
%), in N,N-dimethylacetamide (DMA) at 95C].° The NaOH and KCO; as bases. Of the different solvents
product of this reaction was not the expected 2-arylhydro-
quinone, but 4,4dimethoxybiphenylZa), which was isolated
in quantitative yield. A careful examination of the reaction

Table 2. Palladium-Catalyzed Ullmann Coupling of

OMe Substituted Aryl lodides and Bromides
-4 mol® R
(5 mol%) X 2-4 mol% Pd(OAc), o
X 2-4 mol% P(o-tol); or As(o-tol)s |
Cs,goo3 {300 mol%) | - N
(Eq 1) >~ hydroquinone | x
DMA 95°C, 1d R Cs,CO;, DMA S A
{quant) O 1 R 2
1a HQ 2a OMe enty R X  conditions® time (h) product % yield
conditions uncovered interesting aspects of this homocou- 1 4-MeO I A 3 23 95
pling reaction (Table 1). First, the HC-mediated reaction 2 4-MeO Br B 48 2a 54°
worked well even when the reaction temperature was lowered 3 3-Me0 [ A 55 2b 96
to 50 °C (entry 1). The use of a preformed palladacyclic 4 2-MeO [ B 48 2¢ 82
catalyst was not essential for a successful coupling. The 5 H [ A 3 2d 96
product was formed in comparably high yield when a 6 H [ c 21 2d 39
solution of 1:1 Pd(OAg)-P(o-tol); in DMA was added to 7 H [ D 3 2d 37°
the remaining reagents (entry 2). The order of mixing of the 8 H Br B 24 2d 56
reagents is important, however, and the reaction proceeded 9 4-COMe | A 2 2e 99
10 4-COMe | D 2e 95
(9) (a) Rawal, V. H.; Florjancic, A. S.; Singh, S. Petrahedron Lett. 11 2-COMe | B 18 of 82
1994 35, 8985-8988. (b) Hennings, D. D.; lwasa, S.; Rawal, V. H. 12 4-NO | A 1 2 86
Org. Chem.1997 62, 2—3. (c) Hennings, D. D.; lwasa, S.; Rawal, V. H. e 9
Tetrahedron Lett1997 38, 6379-6382. 13 4-NO, | D 2 2g 89
(10) This work is taken from the Ph.D. dissertation of D.D.H., The 14 4-NO, Br B 24 2g 88
University of Chicago, 1997. After this work had been completed and the
dissertation submitted, Lemaire and co-workers reported another example 15 3NO, ' A 2.5 2h 86

of a palladium catalyzed Ulimann coupiing reaction: Hassan, J. Penalva, 2 o: 2 molz Pa(OAck. 2 mol% As(otoll, 50 mal% hydroguinone, 100
.,8 aveng ) f" 0271, h ¥ 'emalre, etrahedron: 8 54, mol% CspCOg, 0.4 M, 75 °C; B: same as A except 4 mol% Pd(OAc) and
13(:??) ?2) éiﬁ;?gﬁﬁs\}ver:"némssmer C. Ofele. K- Reisinger. C.-P.: As(o-tol)z, 1M, 100 °C; C: same as A except the reaction was carried out
Priermeier. T.: BeIIer1 M : Fi;s’cher HAN éw ”Chem ’ Ini’ Ed En%lQ’QSI N at room temperature (25 °C); D: same as A except 2 mol% P{o-tol)s. b
34 1844—]:84% (b) B’e”é'r M. Fis'chergH '.Herrmé’nn IW A - Ofele. K.: 11% recovered starting material. ©Conversion yield by TH NMR.
Brossmer, CAngew. Chem., Int. Ed. Endl995 34, 1848-1849.
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examined (DMA, DMF, DME, MeCN, PhMe), the amide
solvents were the best. Intriguingly, in DMA or DMF, itwas  tapie 3. Inter- and Intramolecular Ullmann Coupling
possible to use substoichiometric quantities of hydroquinone catalyzed by Palladium

and still obtain the product in good yield (vide infra). The
rate of the reaction became progressively longer with entry substrate  conditions® time  product % yield”
decreasing catalyst loading (entries™d. "

The palladium-catalyzed homocoupling protocol that we
have developed is applicable to a wide range of aryl halides, '
as evident from Table 2. The reactions were performed in
DMA using 2—4 mol % of Pd(OAc), an equal amount of
As(o-tol)s, 50 mol % of HQ, and 100 mol % of @80;.

The coupling reaction of both electron-rich and electron-

3 Br
poor aryl iodides worked well. Substrates having a substituent
I
5

90

at the meta or para positions reacted particularly well and
afforded the corresponding biaryls in-889% yields (entries
1, 3,5, 9, 10, 12, 13, and 15). The coupling of substrates
with ortho substitution progressed more slowly under the
standard conditions (conditions A, see Table 2), but pro-
ceeded well at a higher temperature and with 4 mol % of
the catalyst (conditions B; entries 4, 11). The clean formation
of 2,2-dimethoxybiphenyl stands in contrast to Dyker's 7 8
observed formation of triaryl products from the same starting
material under similar reaction conditiolfsAs expected, I I
aryl bromides were less reactive than aryl iodides under the @AN/\©
standard conditions (entries 2, 8, and 14). However, the s
Ullmann product is produced in high yield if the substrate 9
possesses an electron-withdrawing group (entry 14). Entry
6 is interesting in that it shows that the homocoupling ! !
proceeds even at room temperature using 2 mol % of the @Aoﬁ
palladium catalyst (entry 6). Attempts to extend this coupling
methodology to aryl triflates failed due to the ready hydroly-
sis of the triflates to phenols under the reaction conditions. EtO,C-__COE
The present method promotes the Ullmann coupling of
other aryl systems, as well as intramolecular couplings (Table O O
3). The reaction of 1-bromonaphthalene using 4 mol % 1
catalyst loading gave I;binaphthyl in 90% yield (entry 1). 13
However, the couplings of more hindered naphthyls, such
as 1-iodo-2-methoxynaphthalene or 1-bromo-2-methylnaph- Z‘:zggs"d:/";d(%ﬁf’c‘,‘ ot As(otolle &0 2(‘;:;?'{‘:\2:“;‘1‘;82&?;@
thalene, were unsuccessful; the main products in these cases As(o—tol)’s, 125 °C; C: same AsAexcepts mol% Pd(OAc), and As(o-tol)s, 0.4
were the deiodinated monomers (Cf. entry 2)_ The coupling M; D: same as A except 5 mol% cat,. 0.25M. . PThe yields shown in
of 2-bromopyridine afforded 2’,Zjipyridyl in good yield parantheses are based on recovered starting material.
(entry 3). Symmetrical medium-ring biaryls can also be
formed using intramolecular Ullmann couplings, although
the rates of conversion were slower than expected for
intramolecular processes, presumably due to the steric
influence of the ortho substituents (entries&). Under more
vigorous conditions, however, all three cyclization reactions
proceeded well and did not necessitate high dilution condi-
tions.
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A plausible mechanism for the hydroquinone-mediated
palladium-catalyzed Ullmann reaction is shown in Scheme
1. Under the basic conditions used, the intermediaté Pd
species I{) can eliminate benzoquinone (BQ) to form an
anionic arylpalladium speciét , similar to the intermediates
proposed by Jutand.The reaction oflll with Ar—I with
loss of I would produce diarylpalladium speciég, from

(12) Hydroguinone evidently mediates the redox chemistry at the which reductive elimination of Pdvould give the Ullmann
palladium during these reductive coupling feactions. To our kflowledge, \nroqict. An alternate possibility is that speciésreacts

e use of hydroquinone as an in situ stoichiometric reductant of oxidized " . r ;
forms of pailadium has not previously been reported. The use of hydro- directly with the aryl iodide to produce a Pdntermediaté®

quinone in this capacity complements the more widely recognized use of (\/ eq 2), the redox chemistry of which would generate diaryl
benzoquinone to reoxidize Pébrmed during a reaction. Cf.: Weider, P.
R.; Hegedus, L. S.; Asada, H.; D’Andreq, S. ¥.0rg. Chem1985 50,
4276-4281. We thank Professor Hegedus (Colorado State University) for B~ BQ+BH+I
helpfull discussions. Arg I

(13) Dyker, G.Angew. Chem., Ind. Ed. Endl992 31, 1023-1025. The m + Al —  Pd 2w (Eq 2)
Ar OOOH

present work shows that in the presence of a reducing agent the putative
palladacycle proposed by Dyker proceeds on to the Ullmann coupling stage
but not further. )
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Scheme 1
Ar—Ar Y PdOLQ \(Ar_l
Arg L Ar L
) Pd Pd 0]
A’ L N
Ar-l r
A, L | Ar_ L
Pd’ Pd’ N
i ) OH B

amy >-_/ )}

palladiumlV and benzoquinone. Given the probable mecha-

The procedure is relatively mild and appears to have broad
applicability, being useful for the coupling of both electron-
deficient and electron-rich aromatic iodides and bromides.
In addition, this procedure also represents, to our knowledge,
the first use of hydroquinone as a stoichiometric in situ
reductant of higher oxidized palladium species.
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with 10 mol % of HQ it is possible to get the biaryl product in up to 50%
yield. These observations necessitate a pathway for regeneration of the HQ
from BQ during the reaction. A likely possibility is the Michael addition

of a carbonate ion to BQ to yield 1,2,4-trihydroxybenzene, after loss of
CO; and tautomerizatio2P Under the basic reaction conditions, the
trihydroxybenzene can then either directly reduce an oxidized form of Pd

nistic scenario, the complete absence of benzoquinone at th@r reduce a molecule of BQ to HQ and form hydroxybenzoquinone. More
end of the reaction is at first inexplicable and raises questionshighly oxidized benzenes can be formed similarly by further Michael

as to the role of hydroquinone in the reactién.

additions of carbonate onto oxidized benzoquindri@d/e have extensively
investigated the reaction of BQ with bases in various solvents and, consistent

In summary, we have developed a convenient palladium- with literature report$? have found that in DMA in the presence of £s

catalyzed alternative to the Ullmann coupling of aryl halides.

(14) Jutand, A.; Mosleh, AJ. Org. Chem1997, 62, 261-274.

(15) For a review of P species, see: Canty, A. Acc. Chem. Res

1992 25, 83—-90.

(16) Although necessary for the present coupling method, a significant

CO3; or KOH BQ (room temperature, 4 h; or 7€, 2 h) is completely
converted to HQ, which was isolated in-460% vyield, along with some
intractable black materidf2 This formation of HQ from BQ under basic
conditions explains the inability to recover BQ at the end of a coupling
reaction as well as the feasibility of using less than a full 1 equiv of HQ
and yet get good yields of the biaryl products.

(17) (a) Erdtman, H.; Granath, MActa Chem. Scandl954 8, 811—

percentage of the hydroquinone was recovered at the end of the coupling816. (b) Eigen, M.; Matthies, RChem. Ber.1961, 94, 3309-3317. (c)
reactions. Factoring in the recovered HQ (see Table 1), the present methodFukuzumi, S.; Nakanishi, I.; Maruta, J.; Yorisue, T.; Suenobu, T.; Itoh, S.;
uses substoichiometric amounts of HQ. Indeed, we have found that evenArakawa, R.; Kadish, K. MJ. Am. Chem. S0d.998 120, 6673-6680.
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