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Abstract: A general method for the palladium-catalyzed formation of diaryl ethers is described. Electron-
rich, bulky aryldialkylphosphine ligands, in which the two alkyl groups are eitbsbutyl or 1-adamantyl,

are the key to the success of the transformation. A wide range of electron-deficient, electronically neutral and
electron-rich aryl bromides, chlorides, and triflates can be combined with a variety of phenols with the use of
sodium hydride or potassium phosphate as base in toluene a€100e bulky yet basic nature of the phosphine
ligand is thought to be responsible for increasing the rate of reductive elimination of the diaryl ether from
palladium.

Introduction

A variety of naturally occurring and medicinally important
compounds contain a diaryl ether moiét@f the methods used

for the preparation of diaryl ethers, the classic Ullmann ether

synthesis is the most important, but it is often limited by the

need to employ harsh reaction conditions and stoichiometric

amounts of copper While a number of interesting and useful

techniques for diaryl ether formation have been reported in

recent year$,a need for general methods for their preparation

remains. Recently, we reported a general copper-catalyzed

preparation of diaryl ethers which constitutes a significant
improvement to the Ullmann ether synthesiShe use of

palladium catalysis for the combination of phenols and aryl
halides or sulfonates is a desirable extension of other recently

reported carborheteroatom bond-forming techniquesThis

(1) For examples of medicinally important diaryl ethers, see: (a) Evans,
D. A., DeVries, K. M. In Glycopeptide Antibiotics, Drugs and the
Pharmaceutical Sciencedlagarajan, R., Ed.; Marcel Decker, Inc.: New
York, 1994; Vol. 63, pp 63104. (b) Deshpande, V. E.; Gohkhale, N. J.
Tetrahedron Lett1992 33,4213-4216. (c) Singh, S. B.; Pettit, G. R.
Org. Chem.199Q 55, 2797-2800. (d) Pettit, G. R.; Singh, S. B.; Niven,
M. L. J. Am. Chem. S0d988 110 8539-8540. (e) Jung, M. E.; Rohloff,

J. C.J. Org. Chem1985 50, 4909-4913. (f) Atkinson, D. C.; Godfrey,
K. E.; Myers, P. L.; Philips, N. C.; Stillings, M. R.; Welbourn, A. P.
Med. Chem1983 26, 1361-1364; For examples of agriculturally important
diaryl ethers, see: (g) Seldon, R. @hirotechnologyMarcel Dekker Inc.:
New York, 1998; pp 6265.

(2) (@) Ullmann, F.Chem. Ber.1904 37, 853-854. (b) Lindley, J.
Tetrahedron1984 40, 1433-1456. (¢c) Moroz, A. A.; Shvartsberg, M. S.
Russ. Chem. Re1974 43, 679-689.

(3) For examples of recent work in diaryl ether formation, see: (a) Evans,
D. A.; Katz, J. L.; West, T. RTetrahedron Lett1998 2937-2940. (b)
Sawyer, J. S.; Schmittling, E. A.; Palkowitz, J. A.; Smith, W.JJOrg.
Chem.1998 63, 6338-6343. (c) Janetka, J. W.; Rich, D. B.. Am. Chem.
Soc. 1997 119 6488-6495. (d) Palomo, C.; Oairbide, M.; pez, R.;
Gomez-Bengoa, EChem. Commuri998 19,2091-2092. (e) Beugelmans,
R.; Zhu, J.; Husson, N.; Bois-Choussy, M.; Singh, GCRem. Commun.
1994 439-440.

(4) Marcoux, J.-F.; Doye, S.; Buchwald, S.L.Am. Chem. S0d.997,

119 10539-10540.

(5) For reviews, see: (a) Wolfe, J. P.; Wagaw, S.; Marcoux, J.-F.;
Buchwald, S. L.Acc. Chem. Re<l998 31, 805-818. (b) Hartwig, J. F.
Angew. Chem., Int. EAL998 37, 2046-2067. (c) Hartwig, J. FSynlett
1997, 329-340. (d) Hartwig, J. FAcc. Chem. Resl998 31, 852-860.

(e) Yang, B. H.; Buchwald, S. LJ. Organomet. Chemin press.
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procedure has been demonstratedt the scope of the reported
process was limited to the reaction of electron-deficient aryl
bromides. Moreover, the procedures usually required the use
of the sodium salt of the phenol and in most cases the yields
were only moderate.

Herein we report that a wide range of electron-deficient,
electronically neutral and electron-rich aryl halides and sul-
fonates can be combined with a variety of phenols by using
palladium catalysis, representing a substantial improvement in
generality and utility of these couplings (eq 1). Critical to the

®/X . O/O H cat Pd(OAG), ligand, base \ B | BN "
// ’X Toluene 100°C // \/
R’ K R'

success of the method is the use of electron-rich, sterically bulky
aryldialkylphosphines as ligandsSpecifically, only the use of
catalyst systems with ligands containing a phosphorus center
substituted with twaert-butyl or 1-adamantyl groups effects
efficiently the desired transformation.

Results and Discussion

We recently reported that 2-dicyclohexylphosphitalitneth-
ylaminobiphenyl {) (Figure 1) serves as an excellent ligand
for the palladium-catalyzed amination of aryl halides and for
room-temperature Suzuki coupling reactions of aryl chlorides
and bromide$¢ Our results demonstrated that room-temperature

(6) (a) Palucki, M.; Wolfe, J. P.; Buchwald, S. I. Am. Chem. Soc.
1996 118 10333-10334. (b) Palucki, M.; Wolfe, J. P.; Buchwald, S.1..
Am. Chem. Socl997, 119 3395-3396. (c) Mann, G.; Hartwig, J. K.
Org. Chem.1997, 67, 5413-5418. (d) Mann, G.; Hartwig, J. K. Am.
Chem. Soc1996 118 13109-13110.

(7) (&) Mann, G.; Hartwig, J. Fletrahedron Lett1997 38, 8005-8008.

(b) Doye, S.; Buchwald, S. L., unpublished Results.

(8) For other examples of bulky, electron-rich ligands for Pd-catalyzed
carbor-heteroatom bond forming reactions, see: (a) Nishiyama, M.;
Yamamoto, T.; Koie, Y.Tetrahedron Lett.1998 39, 617-620. (b)
Yamamoto, M.; Nishiyama, M.; Koie, Yletrahedron Lett1998 39, 2367
2370. (c) Reddy, N. P.; Tanaka, Netrahedron Lett1998 39, 617—620.

(d) Hamann, B. C.; Hartwig, J. . Am. Chem. Sod.998 120 7369-
7370. (e) Old, D. W.; Wolfe, J. P.; Buchwald, S. . Am. Chem. Soc.
1998 120, 9722-9723.
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oxidative addition of aryl chlorides to palladium centers can be
achieved by using simple electron-rich phosphi€sOur

findings suggested that when this new ligand was used, the rate-

limiting step in the catalytic cycle of a cross-coupling process
may be shifted from oxidative addition of the aryl halide to a
Pd(0) complex to either PelN bond formation or the reductive
elimination leading to the €N bond formation.

In our initial studies to extend these results to find improved
catalysts for carbonoxygen bond formation, we sought to
utilize 1 for the combination of NaGBu and 2-chlorgs-xylene
to afford the correspondinigrt-butyl ether. Unfortunately, our
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in moderate yield. The reaction of the in situ generated
aryllithium reagent with diert-butylchlorophosphine is quite
slow, and we believe that the stability of the aryllithium reagent
in ether relative to THP is the key to the success of the
increased yield oP.

We initially examined the use &in the reaction of 2-chloro-
p-xylene and sodiunt-butoxide (eq 2). We were surprised to

e e e e
Ot-By
+ + 2)
Me Me Me Me
A B

find in addition to the expected produkt that 19% (uncorrected
GC yield) of diaryl etheB was formed. This result encouraged
us to explore the use & in coupling reactions to form diaryl
ethers. In fact, we found that a smooth reaction of 2-chfwro-
xylene and 3,4-dimethylphenol using 1.5 mol % Pd(0) and 2.25

e 0.75 mol% Pdg(dba)s
ct 2.25 mol% 2

+ NaQ+-By —m———

Toluene, 100 °C
Me

efforts were met with little success. We reasoned that the Mol %2 occurred in the presence of sodium hydride in toluene

problem was due to the recalcitrant nature of theGbond
reductive elimination from the Pd cenf&ri! This was predi-

at 100°C to give the desired diaryl ether in 78% isolated yield

cated on previous studies which suggested that in Pd-catalyzed

carbor-oxygen bond-forming reactions, the rate-limiting step
most likely involves the formation of the carbeonxygen bond
via reductive eliminatiof¢-9.72111t js known that increasing
the steric bulk of ligands can facilitate reductive elimination
processe& We felt that by increasing the size of the dialkyl-

(eq 3).
0.75 mol% Pda(dba)s ©
2.25 mol% 2
@
Me
Me Me
78 % isolated yield

Toluene, 100 °C

e H
Cl
+ +  NaH
Me
Me Me

phosphino group, the desired transformation might be induced  This result led us to undertake a survey of reaction variables

to occur®® With this in mind, we prepare@ (Figure 2) from
2-bromo-2-dimethylaminobiphenyif and commercially avail-
able ditert-butylchlorophosphiné* Attempts to prepar using
the same conditions developed for the synthesis(@f1 equiv
n-BuLi, THF, —78 °C — rt) were unsuccessful. We found,
however, that switching to diethyl ether as the solvent gave

(9) Typically, oxidative addition of aryl chlorides to Pd(0) requires
temperatures of 60140°C. (a) Grushin, V. V.; Alper, HChem. Re. 1994
94, 1047-1062. (b) Herrmann, W. A.; Brossmer, C.; Priermeier, Tel©,

K. J. Organomet. Chenil994 481, 97—108. (c) Parshall, G. WJ. Am.
Chem. Socl974 96, 2360-2366. (d) Huser, M.; Youinou, M.-T.; Osborn,
J. A. Angew. Chem., Int. EA.989 28, 1386-1388.

(10) (a) It is well-known that the use of electron-rich phosphine ligands
accelerates the rate of oxidative addition of aryl halides to Pd(0). See:
Spessard, G. O.; Meissler, G. Qrganometallic ChemistryPrentice Hall:
Upper Saddle River, New Jersey, 1996; pp11I5. (b) In his pioneering
studies, Milstein demonstrated oxidative addition of aryl chlorides to Pd-
(dippp). (dippp= 1,3-bis(diisopropylphosphino)propane) at°® Portnoy,

M.; Milstein, D. Organometallics1993 12, 1665-1673.

(11) (a) Bryndza, H. E.; Tam, WChem. Re. 1988 88, 1163-1188.

(b) Widenhoefer, R. A.; Zhong, H. A.; Buchwald, S.L.Am. Chem. Soc.
1997 119 6787-6795. (c) Widenhoefer, R. A.; Buchwald, S. I. Am.
Chem. Soc1998 120, 6504-6511. (d) Hillhouse has reported-© bond
forming reductive elimination from nickel complexes. Han, R.; Hillhouse,
G. L. J. Am. Chem. S0d.997, 119 8135-8136.

(12) (a) Jones, W. D.; Kuykendall, V. Inorg. Chem1991, 30, 2615~
2622. (b) Hartwig, J. F.; Richards, S.; Baranano, D.; Paul, Am. Chem.
Soc.1996 118 3626-3633.

to ascertain the optimum conditions for the transformation. We
found that Pd(OAg) and Pd(dba) catalyzed these reactions
with comparable efficiency. While in many instances sodium
hydride proved to be a suitable base, its use required preheating
it with the phenol prior to the addition of the other reaction
components® This somewhat tedious protocol led us to examine
alternative bases for the coupling reaction. Screening a variety
of bases, we found that CsF andRO, were both effective for
diaryl ether formation. With respect to the reaction rate, yield,
and cost, KPO, is clearly superior to CsF. Other bases,
including CsCQO;, KoCOs, KF, and n-BuLi were much less
efficient for the process. ComparingRO, and sodium hydride
revealed that reactions withsRO, are significantly slower but
often more efficient than those which use sodium hydride in
terms of both the product distribution and the yield. We found
that toluene was the only solvent in which the reaction was
efficient; THF, DME, dioxane, and NMP provided the product
in less than 5% vyield.

As a control experiment we prepared 2-{dit-butylphos-
phino)biphenyl! 8) (Figure 3) and were surprised and pleased
to find that it is equally efficient in the transformation shown
in eq 3, providing the desired diaryl ether product in 77%

(15) Schlosser, M. i©rganometallics in SynthesiSchlosser, M., Ed.;

(13) We have previously speculated that improved results in Pd-catalyzed John Wiley and Sons: Chichester, 1994; pp 4293.

aryl C—0 bond forming reactions might be obtained with the use of bulky,
electron-deficient, chelating phosphine ligands; see ref 6b.

(14) Di-tert-butylchlorophosphine is the bulkiest dialkylchlorophosphine
which is commercially available.

(16) Premixing of sodium hydride and the phenol is required to avoid
palladium-catalyzed hyride reduction of the aryl halide; Pd-catalyzed
reduction of vinyl triflates by LiH and KH has been previously observed:
Scott, W. J.; Stille, J. KJ. Am. Chem. S0d.986 108 3033-3040.
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Table 1. Diaryl Ether Formation from Electron-Deficient Aryl
Halides Using 3/Pt

entry halide
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aReaction conditions: 1.0 equiv aryl halide, 1.2 equiv phenol, 1.4
equiv NaH or 2.0 equiv §PO,, 2.0 mol % Pd(OAg), 3.0 mol %3,
toluene (3 mL), 100C, 14-24 h; reaction times were not optimized.

b Reaction run with 0.1 mol % Pd(OAg£)0.15 mol %3. ¢ Reaction
run with 5.0 mol % Pd(OAg) 7.5 mol %3. 9 Reaction run with 1.95
equiv 2-isopropylphenol.

KaPOy4 84

Q=

KaPO4 74

isolated yieldt” While preparation of2 requires a multistep
sequence3 can be obtained in one step from commercially
available 2-bromobiphenyl and ti+t-butylchlorophosphine.
Further study showed that this ligand is quite effective in a wide
range of palladium-catalyzed diaryl ether-forming reactions.
Synthesis of Diaryl Ethers from Phenols and Electron-
Poor Aryl Halides and Triflates. In our examination of the
use of3 for the combination of electron-poor aryl halides with
a variety of phenols, we found that aryl halides or triflates
substituted in the para position with electron-withdrawing groups

can be coupled with a wide variety of phenols to give the desired
product in good to excellent yields (see Table 1). The fact that
these activated aryl halides are particularly good substrates is
consistent with the results of our previous mechanistic study in
which we showed that the presence of para electron-withdrawing

groups allow the delocalization of the negative charge which
may build up in the transition state of the reductive elimination
of the diaryl ether from an intermediateRd(OArAr [L, =
chelating phosphine] complé¥¢ The results are also in line
with Hartwig’'s previous findings in the palladium-catalyzed
formation of diaryl ether§and other carborheteroatom bond-
forming processe%!:25 With 4-bromoacetophenone, use of as
little as 0.1 mol % Pd was effective; the diaryl ether product
was obtained in 95% vyield (Table 1, entry B)Electron-

deficient aryl chlorides are also good substrates; the combination

of 4-chlorobenzonitrile with 3-isopropylphenol afforded a 91%
yield of the desired product (Table 1, entry 6). Most impressive
is that 4-chlorobromobenzene, while only slightly electron-
deficient, could be combined with 2-isopropylphenol to give

(17) Previousl§*we employed dicylclohexylphenylphosphine in a control
reaction due the commercial availability of this compound.

J. Am. Chem. Soc., Vol. 121, No. 18, 43d

the corresponding diaryl ether in 88% yield; the product results
from chemoselective substitution of the bromide substituent
(Table 1, entry 7).

In terms of the phenol component of the reaction, the use of
substrates bearing an ortho alkyl substituent (e-gresol and
2-isopropylphenol) were found to give the highest yields. In
the reactions of aryl halides which contain a more weakly
electron-withdrawing group on the aromatic ring, only reactions
with ortho-substituted phenols are high yielding. The coupling
of N,N-diethyl 4-bromobenzamide witltcresol is one such case
(Table 1, entry 5). This example is particularly significant
because copper-mediated procedures WtN-diethyl 4-bro-
mobenzamide fail to yield the desired coupling product.

The reactions of aryl halides having an electron-withdrawing
group in the ortho position (e.g., 2-bromoacetophenone and
2-bromobenzonitrile) gave low yields of the desired product with
the present catalyst systéfnAt present we have no explanation
for these results. The search for a catalyst which will effect
these transformations is currently underway in our laboratories.

Synthesis of Diaryl Ethers from Phenols and Electroni-
cally Neutral or Electron-Rich Aryl Halides and Triflates.

We have also examined the reactions of electronically neutral
and electron-rich aryl halides and sulfonates in the palladium-
catalyzed diaryl ether-forming reaction usid@nd related (vide
infra) ligands. These classes of aryl halides were poor, or in a
few cases moderately good substrates in previously reported
palladium-catalyzed €0 bond-forming processég2A variety

of aryl halides which are unsubstituted at the ortho position are
efficiently coupled with a diverse set of phenols using the simple
monodentate ligan® (Table 2, entries 36, 14). Consistent
with our results with activated halides, reactions of ortho-
substituted phenols with unactivated halides give the highest
yields (e.g., Table 2, entries®, 13—14). There are, however,
several cases in which ligarfdlis ineffective or affords the
desired product in reduced yields. Continuing our search for
improved ligands for the synthesis of diaryl ethers, we prepared
and evaluated the use of ligands6 in cases for which the
use of3 was unsatisfactory (Scheme 1).

We were pleased to find that binaphthyl liga#dvas quite
effective for the processing of electronically neutral ortho-
substituted aryl halides with phenols of several different
substitution patterns (Table 2, entries 1 8)). In reactions
involving these ortho-substituted aryl halidesjs generally
more efficient tharB8.20

There are several other difficult cases in which procedures
employing 3 and 4 are not satisfactory. For instance, the
coupling of an aryl halide lacking an ortho substituent with
phenol does not proceed to completion using ligaBads 4.
However, using terphenyl ligan8, combining 5-broman
xylene and phenol afforded the corresponding diaryl ether in
83% yield (Table 2, entry 2). This ligand was also quite effective
in a number of other cases (Table 2, entries 12;15). Ligands
3, 4, and5, unfortunately, are not effective in the reactions of
highly electron-rich aryl chlorides (e.g., 4-chloroanisole). For
these transformations, only ligarfilhas been shown to give
synthetically useful yields. The 1-adamantyl group was chosen
since it occupies a greater volume of space and hence is bulkier
than atert-butyl group. We believe that this is the key to the
success ob in these reactions; 4-chloroanisole aodresol

(19) An exception is the reaction of 2-bromobenzotrifluoride esmtesol

(18) Control experiments were carried out in the absence of a palladium to provide the corresponding diaryl ether in 75% isolated yield; the reaction
salt. For the reaction of 4-bromoacetophenone and phenol with potassiumof 2-bromoacetophenone anetresol proceeded to 25% conversion (GC)
phosphate in toluene at 10C, none of the desired product was detected; with ligand 4, affording <20% of the desired product.

in DMF at 100°C, 32% (GC, corrected) of the starting halide was consumed,
and a 5% GC yield of the desired product was observed.

(20) Yields are typically 1520% higher, and improved product/arene
ratio is observed.
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Table 2. Palladium-Catalyzed Diaryl Ether Formation from
Electronically Neutral and Electron-Rich Aryl Halides

entry

halide phenol product base ligand  yield (%)
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aReaction conditions: 1.0 equiv aryl halide, 1.2 equiv phenol, 1.4

equiv NaH or 2.0 equiv POy, 2.0 mol % Pd(OAg) 3.0 mol % ligand,
toluene (3 mL), 100C, 14-26 h; reaction times were not optimized.
b 1.2 equiv of the phenolate salt was used, 2T0° 1.2 equiv of the
phenolate salt was used, 1.25 mol %(@ta}, 3.75 mol %4, toluene
(2 mL), 115°C. 94.0 mol % Pd(OAg, 6.0 mol %5, 2.0 equiv phenol,
2.2 equiv NaH, 115C.
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Scheme 1 New Ligands for Diaryl Ether Formation

O O C

NMe,
OO P(t-Bu)s O P(t-Bu), I P(1-Adamantyl),

4 5 6

are converted to the desired product in 73% yield usitibable
2, entry 11), a significantly higher yield than wh&n4, or 5
were employed.

Discussion

Our proposed catalytic cycle for diaryl ether formation is
similar to that proposed for other palladium-catalyzed carbon
carbon and carberheteroatom bond-forming process$és’a

The catalytic cycle consists of three distinct stages: (1) oxidative

addition of the aryl halide to }Pd(0), (2) formation of the Pd
aryloxide complex from the Pehalide adduct via transmeta-
lation of a metal phenolate, and (3) reductive elimination of

Aranyos et al.

Scheme 2 Proposed Catalytic Cycle

L,Pd
\ X
N x gt S
P | R L,Pd L~
X=Br, CI, OT
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| | S
L—P Z
d\o N =Pd
\ X X
R
< o
EN
MX | M=Na, K
R~

the diaryl ether product with concomitant regeneration of the
active L,Pd(0) species. While the oxidative addition and
transmetalation may be expected to be relatively failbe
reductive elimination to form the €0 bond is disfavored due
to the Pd-C (LUMO) and Pd-O (HOMO) energy gaff
(Scheme 2).

The palladium-catalyzed diaryl ether-forming reactions re-
quire only a slight excess of ligand to palladium, and reactions
in which the ratio of L/Pd was varied from 1/1 to 1.5/1 to 2/1
gave similar results. This provides circumstantial evidence that
the key intermediates in the catalytic cycle are monophosphine
palladium complexe& Mechanistic studies by Hartwig of
carbonr-nitrogen bond-forming reactions catalyzed by palladium
complexes with bulky triarylphosphine ligands demonstrated
that the key intermediates in the catalytic cycle were mono-
phosphine palladium complexé&sc.24

While the exact mechanism(s) for the key reductive elimina-
tion step remains unknown, we have previously developed
several mechanistic hypotheses for related processes which can
be used to account for the observed results. For electron-deficient
aryl halides, we still favor a mechanism involving transfer of
the phenolate from palladium to the ipso carbon of the aryl
halide to form a zwitterionic intermediate which converts to
the diaryl ether and a palladium(0) compl@xic25For elec-
tronically neutral and electron-rich aryl halides, however, we
suggest that a different mechanism for reductive elimination to
form the carbor-oxygen bond most likely involves a three-
centered transition statéS In these cases, the bulkier ligands
are necessary to destabilize the ground state of the LnPd(OAr)-

(21) (a) Oxidative addition is presumed to be facile based on the utility
of 1in Suzuki couplings at room-temperature; see ref 8e; (b) transmetalation
of alkali metal alkoxides to fPd(Ar)X complexes has been shown to occur
at room temperature when £ BINAP or DPPF.; see ref 6d, 1Hz.

(22) Bakvall, J. E.; Bjokman, E. E.; Petterson, L.; SiegbahnJPAm.
Chem. Soc1984 106, 4369-4373.

(23) We cannot rule out a situation where not all of the palladium is
ligated in the reaction mixture and the reactions are proceeding through
bis(phosphine) intermediates.

(24) (a) Hartwig, J. F.; Paul, FI. Am. Chem. Sod.995 117, 5373~
5374. (b) Paul, F.; Patt, J.; Hartwig, J. .. Am. Chem. S0d.994 116,
5969-5970. (c) Louie, J.; Hartwig, J. K. Am. Chem. Sod995 117,
11598-11599. (d) Driver, M. S.; Hartwig, J. K. Am. Chem. So0d.995
117, 4708-4709. (e) Louie, J.; Paul, F.; Hartwig, J. ®rganometallics
1996 15, 2794-2805.

(25) Hartwig has proposed a similar mechanism to account for electronic
effects in C-S and C-N bond forming reductive elimination reactions.
(a) Baranano, D.; Hartwig, J. B. Am. Chem. S04995 117, 2937-2938.

(b) Driver, M. S.; Hartwig, J. FJ. Am. Chem. Socdl997 119 8232
8245.
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Ar' complex, forcing the palladium-bound aryl and aryloxy
groups closer together. In this way, the complex is distorted
toward the three-centered transition st&te.

It is informative to compare the results reported here with
the reaction of the approximately isosteric primary aniline with

J. Am. Chem. Soc., Vol. 121, No. 18, X373

Experimental Section

General. All reactions were performed under argon in oven- or
flame-dried glassware. Toluene was distilled under nitrogen from molten
sodium. Ethyl ether and THF were distilled under argon from sodium
benzophenone ketyl. Reagents were purchased from commercial sources

the same substrates. The latter processes (using appropriatend were used without further purification, unless otherwise noted.
ligands) are substantially more general and appear to beTribasic potassium phosphate was purchased from Fluka Chemical

essentially insensitive to the size or the electronic nature of the
substituents on either substrat€. The rate of reductive
elimination to form C-O bonds is significantly slower than the
corresponding rate to form-EN bonds®d72We speculate that
the relatively sluggish rate of this process in the @ bond-
forming reactions, even with ligands (e.§+6) which give

Company. Tetrakis(triphenylphosphine)palladium, palladium acetate,
tris(dibenzylideneacetone)dipalladium(0), and '2ibromo-1,1-bi-
naphthyl were purchased from Strem Chemicals, Inc. 2-Bromobiphenyl
was purchased from Lancaster Synthesis Inctettoutylchlorophos-
phine was purchased from either Aldrich Chemical Co. or Strem
Chemicals, Inc. Solutions dert-butyllithium were purchased from
Aldrich Chemical Co. Sodium salts of phenols were prepared using a

improved results, is the reason for the discrepancy between theslight excess of sodium metal in refluxing THFElemental analyses

efficiencies of the diaryl ether- and diarylamine-forming
processes.

What is more complicated is the unraveling of the various
factors which contribute to make some of these reactions so
facile, while others are inefficient or give none of the desired
product. It is clear that ortho substitution in either the phenol
or the aryl halide is beneficial to the success of the reaction.
There are many possible explanations for this observation,
including enhanced steric interaction of the aryl group(s) with
the bulky ligands or improved solubility of key intermediate
complexeg® While we have significantly expanded the scope
of palladium-catalyzed diaryl ether formation, it is not obvious
to us, for example, why the presence of ortho electron-
withdrawing group on the aryl halide should decrease the
efficiency of the process. Additionally, aryl halides bearing a
strongly electron-donating group at the ortho position (e.g.,
2-bromoanisole, which is a good substrate for related amination
reactionsy?” and electron-deficient phenols (e.g., 4-hydroxy-
acetophenone) do not give good results in these coupling
reactions.

Conclusion

The current procedure enhances the utility of palladium-
catalyzed coupling reactions of phenols with aryl halides in
several respecfé. These include: (1) for most substrate
combinations, the use of preformed sodium phenolates is
obviated; (2) the reactions are, in general, more efficient with
respect to quantity of catalyst required and the yields obtained;
(3) a much wider range of substrates can be utilized including
electron-rich and electronically neutral aryl halides and triflates;
(4) a higher level of functional group compatibility can be
realized. For example, aryl halides containing simple esters or
enolizable ketones are now tolerated. Moreowesubstituted
phenols, even those with a bulky substituent, are excellent
substrates; (5) only 2 mol % Pd(OA&nd 3 mol % ligand is

were performedpE & R Microanalytical Laboratory Inc., Parsippany,
NJ. IR spectra were obtained by placing neat samples directly on the
DiComp probe of an ASI REACTIR in situ IR instrument. Yields in
the tables refer to isolated yields (average of at least two runs) of
compounds which are 95% pure as determined Byl NMR and GC
analysis, or combustion analysis. The products of entrigs113,3°

and 42 from Table 1, and entries 14,* and 16 from Table 2 have
been described in the literature and were characterized by comparison
of their '"H NMR spectra to the previously reported data; their purity
was confirmed by GC analysis. The procedures described in this section
are representative; thus, the yields may differ slightly from those given
in Tables 1 and 2.

Ligand Syntheses. 24{,N-Dimethylamino)-2'-di-tert-butylphos-
phinobiphenyl (2). An oven-dried Schlenk tube was purged with argon
and charged with 2N,N-dimethylamino)-2bromobipheny¥ (1.104
g, 4.0 mmol). The tube was purged with argon and ether (18 mL) was
added via syringe. The resulting solution was cooled-%8 °C and
n-butyllithium in hexanes (1.6 M, 2.75 mL, 4.4 mmol) was added
dropwise with stirring. The mixture was stirred-a78 °C for 30 min,
then warmed to OC. Di-tert-butylchlorophosphine (0.96 mL, 5.0 mmol)
was added via syringe, and the mixture was allowed to slowly warm
to room temperature overnight (17 h). The mixture was quenched with
saturated aqgueous ammonium chloride (10 mL), diluted with ether (40
mL), and transferred to a separatory funnel. The layers were separated
and the aqueous layer was extracted with ethex (20 mL). The
combined organic layers were dried over anhydrous sodium sulfate,
filtered, and concentrated in vacuo. The resulting oil was taken up in
a small amount of hot methanol (ca. 10 mL), the bottom of the flask
was scratched with a spatula, and crystallization was allowed to occur
slowly in a—20 °C freezer. The resulting crystals were washed with
cold methanol and dried under vacuum to afford 683 mg (50%) of a
white solid, mp 116-117 °C. *H NMR (300 MHz, CDC}) 6 7.80-

7.75 (m, 1H), 7.46-7.26 (m, 4H), 7.06-6.90 (m, 3H), 2.44 (s, 6H),
1.26 (d, 9H,J = 11.4 Hz), 0.90 (d, 9HJ = 11.2 Hz);3*'P NMR (121
MHz, CDCk) 6 25.3;C NMR (75 MHz, CDC}) 6 151.53, 151.5,
150.3, 149.8, 137.1, 137.0, 136.9, 136.7, 135.6, 135.5, 132.7, 131.0,
130.9, 128.7, 127.8, 125.2, 120.9, 117.4, 43.2, 33.4, 33.1, 31.5, 31.3,
31.1, 30.0, 29.8 (observed complexity due to@splitting; definitive
assignments have not yet been made); IR (neat} 2941, 1416, 947,
745. Anal. Calcd for GHs,NP: C, 77.38; H, 9.45. Found: C, 77.16;

required as the catalyst and in special cases a level as low a$d, 9.56.

0.1 mol % was effective; (6) the mild and inexpensive base
KsPOy is effective in a large majority of these reactions; and
(7) inexpensive and readily available aryl chlorides may be used

2-(Di-tert-butylphosphino)biphenyl (3). An oven dried round-
bottomed flask equipped with a magnetic stirbar and a rubber septum
was allowed to cool to room temperature under an argon purge. The

as substrates. We are currently working to improve the scopeﬂa5k was charged with magnesium turnings (617 mg, 25.4 mmol) and

and generality of palladium-catalyzed diaryl ether formation.
We anticipate that existing difficulties will be overcome through

the development of new palladium catalyst systems. These

efforts and their application to organic synthesis will be reported
in due course.

a small crystal of iodine. The flask was purged with argon and a solution
of 2-bromobiphenyl (5.38 g, 23.1 mmol) in THF (40 mL) was added.
The mixture was heated to reflux with stirring ¥ h and then allowed

to cool to room temperature. The septum was removed, and anhydrous
copper(l) chloride (2.40 g, 24.2 mmol) was added. The flask was capped
with the septum and purged with argon for 2 min. tBit-butylchlo-

(26) Brown, J. M.; Guiry, P. dnorg. Chim. Actal994 220, 249-259.

(27) sadighi, J. P.; Harris, M. C.; Buchwald, S. Tetrahedron Lett.
1998 39, 5327-5330.

(28) We thank Dr. Joseph Fox for this suggestion.

(29) Brandt, K.J. Org. Chem1981, 46, 1918-1920.

(30) Yeager, G. W.; Schissel, D. I$ynthesis991 63-68.

(31) This compound is also available from Aldrich Chemical Co.
(32) Haga, N., Takayanagi, H. Org. Chem1996 61, 735-745.
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rophosphine (5.0 g, 27.7 mmol) was added via syringe, and the mixture of 2-N,N-(dimethylamino)-2di-tert-butylphosphino-1,tbinaphthyl as

was heated to reflux with stirring for 8 h. The mixture was cooled to colorless crystals, mp 188189 °C. 'H NMR (500 MHz, CDC}) 6

room temperature and diluted with 1:1 hexanes/ether (200 mL). The 8.03 (broad d, 1HJ = 8.5 Hz), 7.92-7.75 (m, 3H), 7.75 (broad d,
resulting suspension was filtered, and the solids were washed with 1H,J = 8.2 Hz), 7.48-7.43 (m, 2H), 7.31 (broad d, 1H,= 8.5 Hz),
hexanes (60 mL). The solid material was transferred to a flask 7.24-7.16 (m, 2H), 6.98 (m, 1H), 6.74 (broad d, 1Bl= 8.6 Hz),
containing 1:1 hexane/ethyl acetate (150 mL), and water (100 mL) and 2.46 (s, 6H), 1.26 (d, 9H] = 11.3 Hz), 0.75 (d, 9H) = 11.3 Hz);3'P

30% aqueous ammonium hydroxide (60 mL) were added. The resulting NMR (121 MHz, CDC}) 6 26.2;*C NMR (125 MHz, CDC$) 6 149.6,
slurry was stirred at room temperature for 5 min and then transferred 145.8, 145.5, 136.5, 136.3, 134.6, 134.1, 134.0, 133.4, 132.96, 132.94,
to a separatory funnel. The layers were separated, and the organic phas&29.2, 128.7, 128.03, 128.01, 127.7, 127.5, 127.1, 126.6, 126.5, 126.0,
was washed with brine (100 mL), dried over anhydrous sodium sulfate, 125.8, 125.4, 124.9, 122.8, 119.0, 43.3, 32.8, 32.6, 31.8, 31.5, 31.4,
filtered, and concentrated in vacuo. The resulting solid was recrystallized 31.3, 30.3, 30.1 (observed complexity due te®splitting; definitive

from methanol (2 crops of crystals were collected) to afford 4.46 g assignments have not yet been made); IR (neat})cB060, 2941, 1596,

67%) of a white solid, mp 8686.5°C. *H NMR (300 MHz, CDC}) 1474, 1173. Anal. Calcd for4HzeNP: C, 81.60; H, 8.22. Found: C,
( p

87.95-7.85 (m, 1H), 7.46-7.21 (m, 8H), 1.15 (d, 18H] = 11.6 Hz); 81.59; H, 8.60.

%P NMR (121 MHz, CDCJ) ¢ 18.7;**C NMR (75 MHz, CDC}) o 1-(Di-tert-butylphosphino)-o-terphenyl (5). An oven-dried Schlenk

151.4, 150.9, 143.6, 143.5, 135.6, 135.2, 135.0, 130.5, 130.4, 130.1,tube was cooled to room temperature under an argon purge and was
128.3, 127.0, 126.7, 126.5, 126.2, 126.0, 125.6, 32.7, 32.4, 30.8, 30.6charged with magnesium turnings (267 mg, 11.0 mmol), ether (7 mL),
(observed complexity due to-FC splitting; definitive assignments have  and 1,2-dibromoethane (38L). The mixture was stirred at room
not yet been made); IR (neat, ch 2956, 1459, 1362, 1173. Anal.  temperature until gas evolution ceased, and then a solution of
Calcd for GoHz7P: C, 80.50; H, 9.12. Found: C, 80.67; H, 9.36. 2-bromobiphenyl (1.7 mL, 10.0 mmol) in ether (5 mL) was added
2-N,N-Dimethylamino-2'-di-tert-butylphosphino-1,1-binaph- dropwise. The mixture was stirred at room temperature for 1.75 h. The
thyl (4). An oven-dried round-bottomed flask was purged with argon solution was then transferred via cannula to a separate flask containing
and charged with 2;ibromo-1,1-binaphthyl (5.0 g, 12.1 mmol),  an ice-cooled solution of triisopropyl borate (4.6 mL, 20.0 mmol) in
benzophenone imine (2.90 g, 15.7 mmol), N&8D (1.70 g, 18.0 THF (20 mL). The mixture was stirred at <€ for 15 min and then
mmol), Pd(dba} (110 mg, 0.12 mmol), 2;2bis(diphenylphosphino)- warmed to room temperature and stirred for 21 h. The reaction was
1,1-diphenyl ethe®® (129 mg, 0.24 mmol), and toluene (50 mL). The  quenched wh 1 M HCI (40 mL) and stirred at room temperature for
flask was fitted with a reflux condenser, the mixture was stirred for 18 10 min. The solution was basified to pH 14 i M NaOH and then
h at 100°C and then cooled to room temperature, and two-thirds of extracted with ether ( 10 mL). The organic phase was discarded,
the solvent was removed under reduced pressure. Ethanol (25 mL) andand the aqueous phase was acidified to pH Zhv@tM HCI and
water (3 mL) were added to the resulting mixture. The yellow crystals extracted with ether (% 50 mL). The combined organic layers were
were collected on a Bihner funnel and washed with ethanol (10 mL)  dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo.

to afford 5.7 g (92%) of crude 2-(diphenyl-methylene-aminel@mo- The crude material was recrystallized from ether/pentare28t°C to
1,1-binaphthyl which was used in the following reaction without further  afford 1.0 g (51%) ofo-biphenyl boronic acid as a white, crystalline
purification. solid, which was used without further purification.

The crude imine (3.0 g, 5.9 mmol) was suspended in dichloromethane  An oven-dried Schlenk flask was cooled to room temperature under
(100 mL) in a round-bottomed flask. Concentrated hydrochloric acid an argon purge and was Charged with tetrakis(tripheny|phosphine)_
(1.5 mL, 17.6 mmol) was added to the suspension which became pajladium (289 mg, 0.25 mmol, 5 mol %), sodium carbonate (2.86 g,
homogeneous within 15 min. The reaction mixture was stirred for 18 27 mmol), ando-bipheny! boronic acid (1.0 g, 5.0 mmol). The flask
h at room temperature during which time a precipitate formed. The \yas purged with argon, and DME (50 mL), ethanol (2 mL), water (15
mixture was then treated witl M NaOH (25 mL), and the layers were  mL), and 2-bromoiodobenzene (0.83 mL, 6.05 mmol) were added
Separated. The agueous Iayer was extracted with additional dichlo- through a rubber septum. The mixture was heated ttC8®ith Stirring
romethane (10 mL). The combined organic layers were washed with for 3 d. After cooling to room temperature, the reaction mixture was
brine, dried over anhydrOUS magnesium SUlfate, filtel’ed, and Concen'd”uted with ether (100 mL) and poured into a Separatory funnel. The
trated in vacuo. The crude material was then purified by flash |ayers were separated, and the organic phase was washed with 1 M

chromatography on silica gel to give 1.5 g (73%) of 2-amif®@mo-  NaOH (2 x 50 mL) and brine and then dried over anhydrous
1,1-binaphthyl as colorless crystals. ' _ magnesium sulfate, filtered, and concentrated in vacuo. The crude
A round-bottomed flask was charged with 2-amiriebfomo-1,1- material was purified by flash chromatography on silica gel to afford

binaphthyl (480 mg, 1.4 mmol), iodomethane (0.25 mL, 4.2 mmol), 1.23 g (79%) of 1-broma-terphenyl as a colorless oil.

sodium carbonate (318 mg, 3.0 mmol), and DMF (8 mL) and then  Ap oven-dried Schienk tube was cooled to room temperature under
purged Wlth argon. The mixture was heated to°80and stirred until ~anargon purge and was charged with magnesium turnings (54 mg, 2.2
the starting material had been completely consumed. The reactlonmmm)’ THF (2 mL), and 1,2-dibromoethane ). The mixture was
mixture was diluted with ether (5 mL) and water (1 mL) and then passed gjrreq at room temperature for 15 min, and then a solution of 1-bromo-
through a plug of silica gel. The filtrate was dried over anhydrous o-terphenyl (618 mg, 2.0 mmol) in THF (1 mL) was added dropwise.
magnesium sulfate, filtered, and concentrated in vacuo to give 473 Mg The mixture was stirred at room temperature for 1 h, and then the
(91%) of 2N,N-(dimethylamino)-2bromo-1,1-binaphthyl as colorless septum was removed from the flask, and copper(l) chloride (283 mg,
crystals. 2.1 mmol) was added. The tube was capped with the septum and purged

An oven-dried round-bottomed flask was charged withN,R- with argon for 1 min. The tube was charged withtelitbutylchloro-
(dimethylamino)-2bromo-1,1-binaphthyl (376 mg, 1.0 mmol) and  posphine (0.46 mL, 2.4 mmol) and additional THF (1 mL). The

purged with argon. DME (5 mL) was added, the resulting solution was mixture was heated to 60C with stirring for 26 h. The mixture was
cooled to 0°C, and thertert-butyllithium in hexanes (1.7 M, 1.2mL,  ¢qoled to room temperature and filtered, and the solids were washed
2.0 mmol) was added dropwise. The solution was warmed to r00m \ith ether/hexanes (50 mL, 1/1 v/v). The organic fraction was poured
temperature and stirred for 30 min. mFt-_butyIchIorophosphme (0.417_ into a separatory funnel, washed with 30% aqueous ammonium
mL, 2.2 mmol) was then added dropwise, and the reactlon_ was stlrrgd hydroxide (3x 50 mL) and brine (50 mL), dried over anhydrous sodium
at room temperature for 18 h. Saturated aqueous ammonium chloridegifate filtered, and concentrated. The crude material was recrystallized
(2 mL) was added, and the reaction mixture was extracted with ether f.om hot methanol to afford 191 mg (26%) of the title compound as a
(2 x 10 mL). The combined organic extracts were dried over anhydrous white, crystalline solid, mp 9597 °C. 'H NMR (300 MHz, CDC}) &
magnesium sulfate, filtered, and concentrated in vacuo. The crude 7 5g (d, 1H,J = 7.5 Hz), 7.54-7.07 (m, 12H), 0.92 (d, 9H] = 11.1
material was recrystallized from ether/methanol to give 295 mg (67%) Hz), 0.68 (d, 9HJ = 11.1 Hz);*P NMR (121 MHz, CDC}) 6 20.9;

(33) Kranenburg, M.; van der Burgt, Y. E. M.; Kamer, P. C. J.; van 13C NMR (75 MHz, CDC}) 6 150.1, 149.8, 142.4, 141.4, 141.3, 140.95,
Leeuwen, P. W. N. M.; Goubitz’ K.; Fraanje’(][ganometa”ic§|_995 14, 14092, 1358, 13565, 13563, 1356, 1328, 1320, 1319, 1306, 1300,
3081-3089. 127.9, 127.8,127.2,126.1, 125.9, 125.6, 33.5, 33.3, 31.8, 30.89, 30.88,




Pd-Catalyzed Preparation of Diaryl Ethers J. Am. Chem. Soc., Vol. 121, No. 18, &%

30.8, 30.0, 29.8 (observed complexity due te®splitting; definitive General Procedure B.An oven-dried resealable Schlenk tube was
assignments have not yet been made); IR (neat!)c2946, 1459, 1362, charged with sodium hydride (dry 95%, 36 mg, 1.4 mmol) in a nitrogen-
1173. Anal. Calcd for @Hs:P: C, 83.39; H, 8.34. Found: C, 83.40; filled glovebox. The tube was sealed and removed from the glovebox,
H, 8.40. fitted with a septum, and purged with argon. The phenol (1.0 mmol)
2-[Di-(1-adamantyl)phosphino]biphenyl (6).An oven-dried, round- and toluene (2.5 mL) were added, and the resulting mixture was stirred
bottomed flask was charged with magnesium turnings (15.3 g, 0.63 at 100°C for 15 min under argon. The reaction mixture was allowed
mol) and 1-bromoadamantane (9.0 g, 0.041 mol). The flask was purgedto cool to room temperature, the septum was then removed, and the
with argon, ethyl ether (45 mL) was then added, and the mixture was tube was charged with palladium acetate (4.5 mg, 0.02 mmol, 2.0 mol
gently refluxed for 15 h, without stirringf. A separate flame-dried, %) and ligand 8 (9.0 mg) or4 (13.2 mg) or5 (11.2 mg), 0.03 mmol,
two-necked, round-bottomed flask equipped with a reflux condenser 3.0 mol %). The tube was capped with the septum and purged with
was charged with P€{0.9 mL, 10 mmol) and ether (15 mL) and was  argon. The aryl halide (1.0 mmol) and additional toluene (0.5 mL) were
cooled to—40 °C. To this solution was added the solution of the added, the tube was sealed with a Teflon screwcap, and the reaction
Grignard reagent via syringe, slowly enough so that the reaction mixture was stirred at 100C for 14—24 h (reaction times were not
temperature was kept below25 °C. The resulting mixture was stirred ~ optimized). The reaction was then subjected to workup method 1 or 2
for 30 min at—45 °C, the cooling bath was removed, and the reaction (see below).
mixture was allowed to warm slowly to room temperature. After the Workup Method 1. The reaction mixture was allowed to cool to
mixture stirred for an additional 30 min at room temperature, the room temperature and was then diluted with ether (40 mL), filtered,
reaction vessel was placed into a 37 oil bath, and the solution was  and concentrated. The crude material was purified by flash chroma-
allowed to gently reflux for 22 h. The mixture was cooled to room tography on silica gel.
temperature and then was cannula-filtered into a separate flgsk. The Workup Method 2. The reaction mixture was allowed to cool to
solvent and some of the adamantane byproduct were removed in vacuo
without exposing the product to air, to afford a crude mixture of di-

(1-adamantyl)chlorophosphine and di-(1-adamantyl)bromophosphine. ;4 1| ) and brine (20 mL), and then the organic fraction was dried

This mixture was used in the next step without further purification. over anhydrous magnesium sulfate or sodium sulfate, filtered, and

An oven-dried Schlenk tube was charged with magnesium turnings concentrated. The crude material was purified by flash chromatography
(240 mg, 9.89 mmol) and 2-bromobiphenyl (1.55 mL, 7.5 mmol). The p, silica gel.

tube was purged with argon, THF (15 mL) was added through a rubber
septum, and the reaction mixture was heated to a mild reflux for 3 h.
The reaction mixture was then cooled to room temperature, the septum_ . : ; . : X
. with sodium hydride (dry 95%, 36 mg, 1.4 mmol) in a nitrogen-filled
\ﬁ?s [32:3 Ozflvzds’ S;d Zcsz\?virrfl)acshéo;ﬁj; (;?g n:ﬁ 2a4$vi?;]rr;?l)g:]asa§giﬁghgIovebox. The tube was sealed and removed from the glovebox, fitted
- PP p purgec 1 argon, with a rubber septum, and purged with argon. Toluene (1 mL) was
a solution of the di-(1-adamantyl)chlorophosphine/di-(1-adamantyl)- added, followed by a solution of 3,4-dimethylphenol (147 mg, 1.2
bromophosphine mixture (prepared above) in THF (5 mL) was added. | . | he mi ' irred C
The reaction mixture was heated to reflux 8h and allowed to cool mmol) in toluene (2 mL). The mixture was stirred at room temperature

for 2 min and then heated to 10C with stirring for 15 min. The
to room temperature, and ether (50 mL) and pentane (50 mL) were . :
) . . ) ) .. reaction mixture was allowed to cool to room temperature, the septum
added. The resulting suspension was stirred for 10 min, during which

. - - was removed, and R@ba) (6.9 mg, 0.0075 mmol, 1.5 mol % Pd)
time a heavy dark-brown precipitate formed. The suspension was N
filtered, and the solid was collected on a fritted funnel. The solid was and2 (7.7 mg, 0.0225 mmol, 2.25 mol %) were added. The tube was

partitioned between ethyl acetate/ether (100 mL, 1/1 v/v) and 38% capped with the septum and _purged with argon. 2-Chibryiene
aqueous ammonium hydroxide (50 mL) and water (50 mL). The mixture 'Egélfusb?\l;\;als.2;12?jl)wailtr;1daa?rzlftll(§):fctg\l;vige (_ll_:; L%ﬁf&feaxggdﬁeﬁg d
was vigorously shaken several times over 30 min, and the layers were o . . . p-

separated. The aqueous layer was washed with ether/ethyl acetate (éo 100°C with s:tlrrmg until the startlng anyl halide had peen completely

x 100 mL, 1/1 v/v), and the combined organic layers were washed consumed as judged t_Jy GC e_maly3|s (19 h). The mixture was co_oled
with brine (2 x 50 mL), dried over anhydrous magnesium sulfate, to room temperature, diluted with ether (30 mL), filtered through Celite,

decanted, and concentrated in vacuo. The product was crystallized fromand concentrated in vacuo. The crude material was opurified by f_Iash
toluene/methanol to afford 450 mg (6%) of the title compound as a Cchromatography on silica gel to afford 177 mg (78%) of the ftitle

room temperature and was then diluted with ether (40 mL) and poured
into a separatory funnel. The mixture was washecwitM NaOH

2,3,4 5-Tetramethyldiphenyl Ether (the Reaction Shown in eq
3 Using Ligand 2).An oven-dried resealable Schlenk tube was charged

white solid, mp 222-224.°C. 'H NMR (300 MHz, CDC) 6 7.92— compound as a colorless oil.
7.87 (m, 1H), 7.4%+7.16 (m, 8H), 1.951.79 (m, 18H), 1.691.62 2,3,4,5-Tetramethyldiphenyl Ether (the Reaction Shown in eq
(m, 12H);3%P NMR (121 MHz, CDCJ) ¢ 21.5;C NMR (75 MHz, 3 Using Ligand 3).An oven-dried resealable Schlenk tube was charged

CDCk) 6 151.9, 151.5, 143.9, 143.8, 136.53, 136.49, 133.1, 132.8, With sodium hydride (dry 95%, 36 mg, 1.4 mmol) in a nitrogen-filled
130.6, 130.55, 130.49, 129.0, 128.15, 128.08, 128.07, 127.0, 126.2,9lovebox. The tube was sealed and removed from the glovebox, fitted
125.2, 42.0, 41.8, 37.5, 37.14, 36.9, 28.9, 28.78 (observed complexity With a rubber septum, and purged with argon. 3,4-Dimethylphenol (147
due to P-C splitting; definitive assignments have not yet been made); Mg, 1.2 mmol) and toluene (2.0 mL) were added, and the resulting
IR (neat, cm?) 2898, 1443, 1343, 697. Anal. Calcd fogHsP: C, mixture was stirred at 100C for 15 min under argon. The reaction
84.54; H, 8.65. Found: C, 84.40; H, 8.57. mixture was allowed to cool to room temperature, the septum was
Pd-Catalyzed Coupling of Aryl Halides with Phenols. General removed, and Pdba} (6.9 mg, 0.0075 mmol, 1.5 mol % Pd) agd
Procedure A. An oven-dried resealable Schlenk tube was fitted with (6.7 mg, 0.0225 mmol) were added. The tube was capped with the

a rubber septum and was cooled to room temperature under an argors€Ptum and purged with argon. 2-Chligrey/lene (13%L, 1.0 mmol)
purge. The septum was removed, and the tube was charged withWas added, the tube was sealed with a Teflon screwcap, and the reaction

palladium acetate (4.5 mg, 0.02 mmol, 2.0 mol %), ligaB¢(0 mg) mixture was stirred at 100C for 14 h. The mixture was allowed to

or 4 (13.2 mg) or5 (11.2 mg) or6 (13.6 mg), 0.03 mmol, 3.0 mol %), ~ €ool to room temperature, water (5 mL) and ether (40 mL) were added,
potassium phosphate (424 mg 2.0 mmol), the phenol (1.2 mmol) and and the resulting solution was p_oured into a separatory funnel. The
the aryl halide (1.0 mmol). The tube was capped with the septum and 0rganic phase was separated, dried over anhydrous magnesium sulfate,
purged with argon, and then toluene (3 mL) was added through the filtered, and concentrated in vacuo. The crude material was purified
septum. The tube was sealed with a Teflon screwcap, and the reactionPy flash chromatography on silica gel to afford 175 mg (77%) of the
mixture was stirred at 100C for 14-26 h (reaction times were not title compound as a colorless ol NMR (CDCl;, 300 MHz)6 7.12
optimized). The reaction was then subjected to workup method 1 or 2 (d, 1H,J = 7.5 Hz), 7.05 (d, 1HJ = 8.1 Hz), 6.85 (d, 1HJ) = 8.1

(See be|ow) HZ), 6.74 (d, 1H,J = 3.0 HZ), 6.70 (broad S, lH), 6.64 (dd, 1&{,:
8.1, 3.0 Hz), 2.27 (s, 3H), 2.23 (s, 6H), 2.21 (s, 3HE, NMR (CDC,
(34) Molle, G.; Bauer, P.; Dubios, J. B. Org. Chem1982 47, 4120~ 125 MHz) 4 155.8, 154.7, 138.0, 136.9, 131.0, 130.42, 130.41, 126.4,

4128. 124.2,119.9, 118.8, 114.7, 21.0, 20.0, 18.9, 15.8; IR (neat})c2823,
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1495, 1256. Anal. Calcd for gH:50: C, 84.91; H, 8.02. Found: C,
84.67; H, 8.03.

4-Phenoxyacetophenone (Table 1, Entry £f:3*General procedure
A (workup method 2, ligan®) was used to convert 4-bromoacetophe-
none and phenol in 16 h to 188 mg (89%) of the title compound, which
was obtained as a white solid, mp-581 °C (lit.2° mp 51°C).

4-(2-Methylphenoxy)acetophenone (Table 1, Entry 2§° General
procedure A (workup method 2, ligan8) was used to convert
4-bromoacetophenone amecresol in 15 h to 213 mg (96%) of the
title compound, which was obtained as a white solid, mp 33%5
°C (lit.® oil). 'H NMR (CDCls, 300 MHz)6 7.94-7.89 (m, 2H), 7.36-
7.12 (m, 3H), 6.99 (broad d, 1H, = 7.5 Hz), 6.9%6.87 (m, 2H),
2.57 (s, 3H), 2.19 (s, 3H}3C NMR (CDCk, 125 MHz)d 196.5, 162.1,

Aranyos et al.

4-(2-Methylphenoxy)acetophenone (Table 1, Entry 8> General
procedure A (workup method 2, ligan8) was used to convert
4-acetylphenyl triflate an@-cresol in 14 h to 188 mg (83%) of the
titte compound as a white solid, mp 336 °C (lit.® oil). See data
above (Table 1, entry 2).

3-(2-Methylphenoxy)acetophenone (Table 1, Entry 9)General
procedure A (workup method 2, ligan8) was used to convert
3'-bromoacetophenone amdcresol in 19 h to 170 mg (75%) of the
title compound, which was obtained as a colorlesstdilNMR (CDCls,
300 MHz) 6 7.63 (ddd, 1HJ = 8.0, 1.5, 1.0 Hz), 7.49 (dd, 1H,=
2.6, 1.5 Hz), 7.39 (t, 1H) = 8.0 Hz), 7.27 (broad d, 1H, = 7.3 Hz),
7.19 (dt, 1H,J = 7.3, 1.5 Hz), 7.11 (dd, 1H] = 8.0, 1.5 Hz), 7.09
(ddd, 1H,J = 8.0, 2.6, 1.0 Hz), 6.91 (dd, 1H,= 8.0, 1.5 Hz), 2.57

152.8, 131.6, 131.2, 130.5, 130.4, 127.4, 125.2, 120.9, 115.8, 26.5,(S: 3H), 2.23 (s, 3H)!*C NMR (CDCk, 125 MHz) ¢ 197.8, 158.5,

16.2; IR (neat, cmt) 1675. Anal. Calcd for GH140,: C, 79.62; H,
6.24. Found: C, 79.75; H, 6.55.
4-(2-Methylphenoxy)acetophenone (Table 1, Entry 2, using 0.1
mol % Pd).3> General procedure A (workup method 2, ligaB)dwvas
employed, with the following changes in the amount of materials
used: palladium acetate (1.0 mg, 0.004 mmol, 0.10 mol %), ligand

(2.0 mg, 0.007 mmol, 0.15 mol %), 4-bromoacetophenone (890 mg,

4.47 mmol),o-cresol (0.55 mL, 5.33 mmol), potassium phosphate (1.90
g, 8.95 mmol) in toluene (13 mL) for 24 h. The title compound (955
mg, 95%) was obtained as a white solid, mp 3435.5°C (lit.% oil).
4-(4-tert-Butylphenoxy)acetophenone (Table 1, Entry 3% Gen-
eral procedure A (workup method 2, ligai®)l was used to convert
4-bromoacetophenone andett-butylphenol in 15 h to 247 mg (92%)
of the title compound, which was obtained as a colorless oil.
Methyl 4-phenoxybenzoate (Table 1, Entry 4§? General procedure
A (workup method 2, ligan®) was used to convert methyl 4-bro-

mobenzoate and phenol in 24 h to 201 mg (88%) of the title compound,

which was obtained as a white solid, mp 596 °C (lit.3> mp 62.5-
63 °C).

N,N-Diethyl-4-(2'-methylphenoxy)benzamide (Table 1, Entry 5).
General procedure B (workup method 2, ligaBdwas used except
that palladium acetate (11 mg, 0.05 mmol, 5.0 mol %) arfd2 mg,
0.075 mmol, 7.5 mol %) were employed to convert 4-broxi-
diethylbenzamide and-cresol in 22 h to 230 mg (81%) of the title
compound, which was obtained as a colorless®INMR (CDCls,
300 MHz) ¢ 7.35-7.30 (m, 2H), 7.27#7.25 (m, 1H), 7.19 (td, 1H)
=8.0, 1.9 Hz), 7.10 (td, 1H] = 7.2, 1.2 Hz), 6.94 (dd, 1H] = 8.0,
1.2 Hz), 6.96-6.85 (m, 2H), 3.41 (broad s, 4H), 2.21 (s, 3H), 1.18
(broad s, 6H)*C NMR (CDCk, 75 MHz) 6 171.0, 158.9, 153.8, 131.7,

131.1, 130.4, 128.4,127.4, 124.7, 120.5, 116.7, 43.0, 39.0, 16.4, 13.0;

IR (neat, cm%) 1627, 1584, 1424, 1237. Anal. Calcd foigH2:NO,:
C, 76.28; H, 7.47. Found: C, 76.11; H, 7.42.

4-(3-Isopropylphenoxy)benzonitrile (Table 1, Entry 6). General
procedure A (workup method 2, ligar®)l was used to convep-chloro
benzonitrile andm-isopropylphenol in 24 h to 218 mg (91%) of the
titte compound, which was obtained as a pale yellow ti.NMR
(CDCls, 300 MHz) 6 7.61-7.57 (m, 2H), 7.32 (t, 1HJ) = 7.8 Hz),
7.11 (d, 1H,J = 7.8 Hz), 7.02-6.97 (m, 2H), 6.956.93 (m, 1H),
6.87 (ddd, 1H,J = 8.1, 2.4, 0.9 Hz), 2.92 (sept, 1d= 6.6 Hz), 1.25
(d, 6H,J = 6.6 Hz);3C NMR (CDCk, 75 MHz) 9 161.7, 154.6, 151.6,

134.0, 129.9, 123.3, 118.7, 118.4, 117.7, 117.6, 105.5, 34.0, 23.9; IR

(neat, cnt) 2962, 2227, 1245. Anal. Calcd for;§:sNO: C, 80.98;
H, 6.37. Found: C, 80.93; H, 6.64.

4-Chloro-2'-isopropyldiphenyl Ether (Table 1, Entry 7). General
procedure A (workup method 1, ligan8) was used to convert
4-cholorobromobenzene amdisopropylphenol (26@L, 1.95 mmol)

154.0, 139.0, 131.9, 130.3, 130.1, 127.6, 124.8, 122.5, 121.9, 120.1,
116.8, 27.0, 16.4; IR (neat, ct) 1686, 1578, 1437, 1264. Anal. Calcd
for CisH1402: C, 79.62; H, 6.24. Found: C, 80.02; H, 6.28.

2,2 ,5-Trimethyldiphenyl Ether (Table 2, Entry 1).* General
procedure A (workup method 1, ligaddiwas used to convert 2-bromo-
p-xylene ando-cresol in 24 h to 206 mg (96%) of the title compound
which was obtained as a colorless oil.

3,5-Dimethyldiphenyl Ether (Table 2, entry 2)% General proce-
dure A (workup method 1, liganf) was used to convert 5-bronro-
xylene and phenol in 24 h to 164 mg (83%) of the title compound,
which was obtained as a colorless éit NMR (CDCls, 300 MHz) 6
7.35-7.30 (m, 2H), 7.1%6.98 (m, 3H), 6.74 (broad s, 1H), 6.63 (broad
s, 2H), 2.28 (broad s, 6H}3C NMR (CDCk, 75 MHz) 6 157.3, 157.0,
139.4, 129.5, 124.9, 122.8, 118.7, 116.5, 21.3; IR (neat}c@p19,
1584, 1490, 1218. Anal. Calcd for§H140: C, 84.81; H, 7.12.
Found: C, 84.78; H, 6.94.

2,3,5,6-Tetramethyldiphenyl Ether (Table 2, Entry 3).# General
procedure B (workup method 1, ligaBjiwas used to convert 5-bromo-
m-xylene and 2,6-dimethylphenol in 24 h to 157 mg (70%) of the title
compound, which was obtained as a colorless IINMR (CDCl;,
300 MHz) 6 7.12-7.03 (m, 3H), 6.62 (broad s, 1H), 6.37 (broad s,
2H), 2.24 (s, 6H), 2.13 (s, 6H}*C NMR (CDCk, 125 MHz)6 157.8,
151.1, 139.4, 131.5, 128.8, 124.8, 123.1, 112.2, 21.4, 16.4; IR (neat,
cmt) 2921, 1600, 1194. Anal. Calcd fongE:s0: C, 84.91; H, 8.02.
Found: C, 84.68; H, 8.18.

3,3,4',5-Tetramethyldiphenyl Ether (Table 2, Entry 4).# General
procedure B (workup method 1, ligaBjiwas used to convert 5-bromo-
m-xylene and 3,4-dimethylphenol in 24 h to 188 mg (84%) of the title
compound, which was obtained as a colorless oil.

4-tert-Butyl-2'-methyldiphenyl Ether (Table 2, Entry 5). General
procedure A (workup method 1, ligar8) was used to convert tert-
butylboromobenzene anatcresol in 14 h to 204 mg (85%) of the title
compound, which was obtained as a colorless ®IINMR (CDCls,
300 MHz)6 7.32 (d, 2H,J = 9.0 Hz), 7.25 (dd, 1HJ = 8.1, 1.5 Hz),
7.15 (dt, 1HJ = 7.5, 1.5 Hz), 7.04 (dt, 1H] = 7.5, 1.2 Hz), 6.89 (dd,
1H,J = 8.1, 1.2 Hz), 6.84 (d, 2HJ = 9.0 Hz), 2.26 (s, 3H), 1.31 (s,
9H); 13C NMR (CDCk, 125 MHz)6 155.6, 155.1, 145.4, 131.5, 130.0,
127.2, 126.6, 123.8, 119.6, 117.2, 34.4, 31.7, 16.4; IR (neat})cm
2929, 1586, 1237. Anal. Calcd for #,00: C, 84.95; H, 8.39.
Found: C, 84.84; H, 8.72.

4-n-Butyl-2'-isopropyldiphenyl Ether (Table 2, Entry 6). General
procedure A (workup method 1, liga@iwas used to convert 1-bromo-
4-n-butylbenzene and 2-isopropylphenol in 24 h to 246 mg (92%) of
the title compound, which was obtained as a colorless'dilNMR
(CDCls, 300 MHz)6 7.34-7.31 (dd, 1HJ = 7.0, 2.4 Hz), 7.137.06
(m, 4H), 6.86-6.82 (m, 3H), 3.31 (sept, 1H,= 7.0 Hz), 2.57 (t, 2H,
J=7.7 Hz), 1.63-1.53 (M, 2H), 1.42-1.29 (m, 2H), 1.23 (d, 6H] =

in 24 h to 223 mg (90%) of the title compound, which was obtained as 7.0 Hz), 0.93 (t, 3H,) = 7.3 Hz);13C NMR (CDCk, 75 MHz) ¢ 156.0,

a colorless oil.'H NMR (CDCls, 300 MHz) 6 7.38-7.33 (m, 1H),
7.28-7.23 (m, 2H), 7.26-7.12 (m, 2H), 6.96-:6.82 (m, 3H), 3.25 (sept,
1H, J = 6.9 Hz), 1.22 (d, 6H,J = 6.9 Hz); 3C NMR (CDCk, 75

MHz) 6 156.9, 153.0, 140.2, 129.5, 127.15, 127.05, 126.9, 124.5, 119.8,

118.5, 27.1, 23.0; IR (neat, ct) 2964, 1482, 1092. Anal. Calcd for
CysH1sCIO: C, 73.02; H, 6.13. Found: C, 73.00; H, 5.86.

154.0, 140.0, 136.9, 129.4, 126.7, 126.6, 123.7, 119.2, 117.6, 34.9,
33.9, 27.1, 23.0, 22.4, 14.0; IR (neat, t)N2960, 1505, 1486, 1231.
Anal. Calcd for GgH240: C, 85.03; H, 9.01. Found: C, 84.88; H, 9.06.
2-Isopropyl-4'-methoxydiphenyl Ether (Table 2, Entry 7). General
procedure A (workup method 1, liganfl was used to convert
p-bromoanisole and-isopropylphenol in 24 h to 213 mg (88%) of the

(35) Horii, Z.; Kiuchi, T.J. Pharm. Soc. Jpri.937 57,683-688;Chem.
Abstr.1938 129.

(36) Smith, K.; Jones, DJ. Chem. Soc., Perkin Trans.1992 407—
408.
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titte compound, which was obtained as a colorlessbilNMR (CDCls, 4-n-Butyl-3',4'-dimethyldiphenyl Ether (Table 2, Entry 12).
300 MHz) ¢ 7.32 (dd, 1HJ = 6.9, 2.1), 7.157.04 (m, 2H), 6.94 General procedure B (workup method 1, ligéh)dvas used to convert
6.84 (m, 4H), 6.79 (dd, 1H] = 7.5, 2.1 Hz), 3.80 (s, 3H), 3.37 (sept,  1-chloro-4n-butylbenzene and 3,4-dimethylphenol in 22 h to 201 mg
1H,J=6.6 Hz), 1.26 (d, 6H = 6.6 Hz);'3C NMR (CDCk, 75 MHz) (79%) of the title compound, which was obtained as a colorles&bil.

0 155.1, 154.8, 151.3, 139.2, 126.7, 126.6, 123.2, 119.4, 118.1, 114.7,NMR (CDCl;, 300 MHz) § 7.14-7.03 (m, 3H), 6.926.86 (m, 2H),
55.7, 27.1, 23.0; IR (neat, crf) 2962, 1503, 1036. Anal. Calcd for  6.80 (broad d, 1HJ = 2.4 Hz), 6.80 (broad dd, 1H,= 8.4, 2.4 Hz),

CieH1802: C, 79.31; H, 7.49. Found: C, 79.39; H, 7.30. 2.57 (app t, 2HJ = 7.8 Hz), 2.22 (s, 6H), 1.661.52 (m, 2H), 1.35
2,5-Dimethyldiphenyl Ether (Table 2, Entry 8)3 General proce-  (sext, 2H,J = 7.8 Hz), 0.92 (t, 3H,) = 7.6 Hz); **C NMR (CDCE,
dure B (workup method 1, ligand) was used to convert 2-chlogs- 125 MHz) ¢ 155.5, 155.3, 138.1, 137.4, 131.2, 130.5, 129.4, 120.1,
xylene and phenol in 19 h to 157 mg (79%) of the title compound, 118.4,116.0, 34.9, 33.8, 22.3, 19.9, 19.0, 14.0; IR (neat;c2027,
which was obtained as a colorless 6 NMR (CDCls, 300 MHz) 6 1495, 1218. Anal. Calcd for £H2;0: C, 84.99; H, 8.72. Found: C,
7.31 (dd, 2HJ = 7.5, 8.6 Hz), 7.14 (d, 1H] = 7.7 Hz), 7.05 (t, 1H, 85.27; H, 8.99.
J = 7.5 Hz), 6.93-6.89 (m, 1H), 6.91 (d, 2HJ = 8.6 Hz), 6.76 (s, 2-Isopropyl-4'-t-butyldiphenyl Ether (Table 2, Entry 13). General
1H), 2.29 (s, 3H), 2.21 (s, 3H}?C NMR (CDCh, 125 MHz)6 158.2, procedure A (workup method 1, ligar8) was used to convert tert-

154.3, 137.3, 131.3, 129.8, 127.0, 125.0, 122.4, 120.7, 117.4, 21.2,butylpheny! triflate and-isopropylphenol in 24 h to 230 mg (86%) of
16.0; IR (neat, cmt) 2923, 1590, 1490, 1252, 1216, 1117. Anal. Calcd the title compound, which was obtained as a colorless'dilNMR
for C14H140: C, 84.81; H, 7.12. Found: C, 85.02; H, 7.14. (CDCls, 300 MHz) ¢ 7.36-7.30 (m, 1H), 7.33 (d, 2HJ = 8.6 Hz),
- . : 7.18-7.08 (m, 2H), 6.96-6.85 (m, 1H), 6.88 (d, 2HJ = 8.8 Hz),
2,5-Dimethyl-4-methoxydiphenyl Ether (Table 2, Entry 9). An
y yolpneny ( v 9) 3.33 (sept, 1HJ = 6.9 Hz), 1.33 (s, 9H), 1.25 (d, 6H,= 6.9 Hz);

oven-dried resealable Schlenk tube was charged with the sodium salt
of p-methoxyphenol (88 mg, 0.6 mmol) in a ni?rogen-filled glovebox. 1C NMR (CDC¥, 125 MHz)0 155.8, 154.0, 145.2, 140.0, 126.8, 126.7,
126.4,123.8,119.4,117.2,34.2,31.5, 27.0, 23.0; IR (neat})c2862,

The tube was sealed, removed from the glovebox, fitted with a septum, ] ) )
and purged with argon. The septum was removed, and then palladium 1209 1486, 1233. Anal.Calcd fonéi2.0: C, 85.03; H, 9.01. Found:

acetate (2.2 mg, 0.02 mmol, 2.0 mol %) ahd6.6 mg, 3.0 mol %) C,84.82,H, 8.76. .

were added. The tube was capped with a septum and purged with argon. 3-Methoxy-Z-methyldiphenyl Ether_(TabIe 2, Entry 14)® General
Toluene (1.5 mL) and 2-chlorp-xylene (674L, 0.5 mmol) were added  Procedure A (workup method 1, ligan8) was used to convert
via syringe, then the tube was sealed with a Teflon screwcap, and theS-bromoanlsolg ana-cresol n 19 h to 186 mg (87%) of the title
reaction mixture was stirred at 12C for 24 h. The reaction mixture ~ comPound, which was obtained as a colorless‘&ilNMR (CDC,
was allowed to cool to room temperature and was then diluted with 300 MHz)0 7.26 (d, 1H,J = 7.3 Hz), 7.22-7.16 (m, 2H), 7.08 (dt,
ether (20 mL), filtered, and concentrated. The crude material was 1H,J=7.3, 1.3 Hz), 6.95 (dd, 1H] = 8.0, 1.3 Hz), 6.61 (ddd, 1H,

purified by flash chromatography on silica gel to afford 113 mg (99%) g - 2'5’ 2";’ 13 H32),86.5035d, 1|2'112= 1'3322)’ 6.48 (dgd’clHJ 2:
of the title compound as an off-white solid, mp-556 °C. *H NMR .5, 2.4, 1.3 Hz), 3.78 (s, 3H), 2.25 (s 3H}C NMR (CDCk, 125

(D, 300 MH2)5 7.13 (broad d. 1) = 7.7 1), 695661 (m,  MH2) 0 1611, 150.4, 154 4, 1316, 130.3, 130.2, 127.4, 124.4, 1203,
5H). 6.62 (broad 5. 1H), 3.80 (5, 3H). 2.25 (s, 31D, 2.23 (s, 3g, 1096, 108.0, 1036, 555, 16.3; IR (neat, éi580, 1486, 1227. Ana.
NMR (CDCl,, 75 MHz) 6 155.5, 155.1, 151.2, 136.9, 131.0, 125.8, caicd for QI“'.*lﬁoZ: IC' ;8'48; H|' 6.59. Found: C, 78'5?; H, 6.84.
123.8,119.2, 118.7, 114.7, 5.6, 21.0, 15.8; IR (neat 52923, 1501, 4‘”‘E“tyd'phegy2 El_t er éTabe 2, E(;‘"y 15). Ghe“err]a procedure f
1030. Anal. Calcd for GH160: C, 78.92; H, 7.06. Found: C, 79.01; B (Workup method 2, ligan) was used, except that the quantities o
H 7.24. phenol (2.0 mmol), sodium hydride (2.4 mmol), palladium acetate (9.0

. mg, 0.04 mmol, 4.0 mol %), and ligari®(22 mg, 0.06 mmol, 6.0 mol
_2,2,5,6-Tetramethyld|phenyl Ether (Table 2, E_ntry 10?' An oven- %) were employed to convert @butyl-1-chlorobenzene and phenol
dried resealable Schlenk tube was charged with sodium 2,6-d|meth-in 24 h at 115°C to 142 mg (63%) of the title compound, which was
ylphenolate (89 mg, 0.62 mmol) in a nitrogen-filled glovebox. The tube obtained as a colorless ofH NMR (CDCl;, 300 MHz) & '7_33 (dd
was sealed and removed from the glovebox, fitted with a septum, and ,, , J=18.7,74Hz),7.15(d, 2H) = 8.6 I—’|z) 7.08 (t, 1H) = 7.4'
purged with argon. The septum was removed, and the(dPal (5.9 Hz)’, 7.00 (d’d, 2H) Z 8.7, 1.0’Hz), 6.34 (d, 2|"U _ 8.6’Hz), 260 (t,
mg, 0.0125 mmol, 2.5 mol % Pd) art(8.5 mg, 3.75 mol %) were 2H,J = 7.4 Hz), 1.61 (quint, 2H) = 7.4 Hz), 1.37 (sext, 2H] = 7.4
added. The tube was capped with a septum and purged with argon.HZ)’ 0.95 (t 3H’J —74 Hz)"13C NMR (CDbl; 125 Ml—iz)é 157.7
Toluene (1.5 mL) and 2-chlorp-xylene (70uL, 0.515 mmol) were  154'g 137 9 1296, 129.5. 122.8, 118.9, 118.4, 34.9, 33.8, 22.3, 14.0;
added via syringe, and then the tube was sealed with a Teflon screwcapq (néat cmi) 2929' 1590 '1488 ’1235 Anal C’aICd f6[ g 80 c ' '
and placed in a 115 oil bath and stirred for 24 h. The reaction mixture g4 g1 H 8.02 Fou’nd' C’ 84 895' H 7.88 ’ oRIs

was allowed to cool to room temperature and was then diluted with 3,4,5-Trimethyldiphenyl Ether (Table 2, Entry 16). General

ether (20 mL), filtered, and concentrated. The crude material was ;

o . procedure B (workup method 1, ligaBjiwas used to convert 5-bromo-
p;mgled_ Iby flash chrc()jmatogra?h)ll on SI“CEII\%I?'«! t(z:gfg)lrds%z)TAgH(SS%) m-xylene andp-cresol in 24 h to 186 mg (88%) of the title product,
of the fitle compound as a colorless dif (CDCL, z) which was obtained as a colorless oil.

0 7.15-7.07 (m, 4H), 6.72 (broad d, 1H,= 7.5 Hz), 6.10 (broad s,
1H), 2.42 (s, 3H), 2.18 (s, 3H), 2.15 (s, 6HJC NMR (CDCk, 125 Acknowledgment. The National Institutes of Health (GM
MHz) 6 155.5, 151.5, 136.6, 131.4, 130.7, 128.9, 124.7, 122.8, 121.6, 58160) and the National Cancer Institute (Training grant NCI
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for CieH180: C, 84.91; H, 8.02. Found: C, 84.99; H, 8.16. for which we are grateful. We also acknowledge Pfizer, Merck,
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