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The reductive elimination of ethers from transition metal
complexes is a rare elementary reaction that is limited to special
cases: ¢ The importance of aryl ether substructures has created
a synthetic challenge to prepare the argkygen linkage in a
general fashion under mild conditionis! Pd-catalyzed €0
coupling"*215 could be a solution to this synthetic problem, but
the reductive elimination of acyclic ethér§ that is the crucial
step for this catalytic process has been limited to palladium
complexes with aromatic systems that are highly activated and
undergo direct, uncatalyzed nucleophilic aromatic substitution
chemistry. Thus, it is unactivated aryl halides that are crucial
substrates to include in transition metal-catalyzeedCcoupling
chemistry?=613 and we report that Pd complexes with sterically
hindered alkylphosphines (1) undergo thermal reductive elimina-
tion to form the C-O bond in diaryl ethers from complexes with
unactivated metal-bound aryl groups and (2) catalyze the forma-
tion of diaryl ethers and protected phenols from unactivated aryI
halides. These findings demonstrate the concept that sterically
hindered alkylphosphines accelerate reductive elimination.

Our recent success with'BPF (1,1-bis(ditert-butylphos-
phinoferrocene))) in amination of aryl halidé§ led us to seek
improvements in aryl halide etherification using this ligand. The
reaction in eq 1 containing catalytic amounts of Pd(QAand
D'BPF gave diaryl ether in 45% yield. The same reaction with
BINAP, DPPF, or Pg-tolyl); as ligand gave no ether. The origin
of this reactivity difference was complex and led to the discovery
of a new ferrocenyl monophosphine.

The presumed arylpalladium phenoxide intermediat8fPF)-
Pd(GHs)(O-p-CsH4sOMe) (2) was isolated after reaction of
(D'BPF)Pd(Ph)(Br) with sodium aryloxide in THF. Surprisingly,
thermolysis of2 at 110°C in the presence or absence of sodium
aryloxide and added ligand as trap for Pd(0) produced no diaryl
ether. Either reductive elimination does not occur during the
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Table 1. Palladium-Catalyzed Conversion of Aryl Halides to Aryl
Ethers with FcR¢Bu), or P{-Bu)s As Ligand

ArX NaOR Product cond. Yield
O/Oa
NaO. o)
Qo ™0, T, & -
OMe OMe 80 °C
Na 0.
. Qe 0,
OMe OMe 80°C
3 u—@ o\© O @ 12h, 74
OMe Bu OMe 110°C
o > Her O \© 12h, 63
°‘© Ph( 110°C
OM
5 ‘@ o 24h, g1b
\©/\ 110°C
] OH
12h, 71¢C
O, NaO-+Bu ‘C}‘ 85 °C
; Br OH N q
( ' 12h,  68C,
_O, NaO-+-Bu 0 100°C
8 : oH 12h d
Y 2h,  g2c,
O_ NaO-+Bu _Q_ 110°C
9 ’BLrQBr NaO-+Bu ’Bu—@—O’Bu 6h, 84
85°C
10 3h, 78

+ NaO-tBu

a All the reactions were performed in toluene solvent with &0.2
0.3 M concentration of aryl halide,~5 mol % Pd(dba) 2—5 mol %

4, and 1.2 equiv of NaOR unless otherwise stated. Lighisdoxygen
sensitive in solution. Al reagents were weighed in a glovebox. Isolated
yields were from an average of two ruts mol % Pd(dba)and 5
mol % P¢-Bu); were used as catalyst. The product was isolated in
>96% purity.© After heating, the reaction mixture was treated with
CRCOH and CRSG:H. ¢ Yield was determined by GC analysis with
an internal standard.

catalytic cycle or a BPF-ligated palladium complex is not the
product-forming intermediate.

Careful analysis of all reaction products by GC/MS showed
the latter to be true: BPF cleaved into the two monophosphines,
phenylditert-butylphosphine3)'” and ferrocenyldtert-butylphos-
phine @). These ligands were prepared, each in one step, and
used in combination with Pd(OAgchs catalyst for the reaction
in eq 1. Reactions catalyzed Byand Pd(OAc) gave less than

NaO\QOMe \CL cat. L/[Pd] \©\ Q/

L=D'BPF (1), 45%; L=BINAP, DPPF, P(o-tolyl)3, 0%
L=P(t-Bu)3 27%; L=PhP(t-Bu)2, <5%, FcP(t-Bu)2, 83%

OMe

5% diaryl ether, but reactions catalyzeddgnd Pd(OAc) gave
83% vyield of diaryl ether by GC analysis. Thus, palladium
complexes of ligand produce the true catalyst, and this catalyst
is superior to any previous transition metal system for the
formation of diaryl ethers from unactivated aryl halides.

A survey of the catalytic formation of diaryl ethers with ligand
4 is provided in Table 1. Reactions were faster when using Pd-
(dba) as the palladium source. Aryl bromides or chlorides with
electron-withdrawing acyl or electron-donating alkyl groups
reacted to form diaryl ethers in good yields. Aryl iodides gave
low conversions. Aryl halides with ortho substituents reacted faster
(80 °C) than unhindered aryl halides (11Q). Similar yields of
diaryl ether were obtained from hindered aryl halides when Pd-
(dba) and ligand4 or P{-Bu); were used as catalyst € 85%,
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Scheme 1 in 95% yield (eq 2). This observation constitutes the first reductive

CeHa-p-OM
shla-p-Oile FoP(t-Bu),=

AR Q) OMe
PV a©\/ +LPd <S7—P(tBu), @
4 5 L o Fe 4
L=FcP(tBu), for7a:L'=P(tBu); 95%

Ar=0-Tol, 7a = FcP(t-Bu), 25%
Ar=p-Tol, 7b  for7b:L'=P(tBu); 25%

7y

elimination of diaryl ether and a rare reductive elimination of
ether with an unactivated aryl groépSurprisingly, thermolysis
of 7awithout added R{Bu); gave diaryl ether in only 25% vyield
in the presence or absence of sodium aryl oxide, aryl bromide,
or ligand4 (eq 2). Similarly,7a generated in situ by addition of
sodium aryl oxide to6 gave aryl ether in 22% vyield. Finally,
reaction ofp-tolyl complex 7b in the presence of 10 equiv of
P@-Bu); gave diaryl ether in 25% yield. Ligand exchange
presumably induces elimination of diaryl ether in the presence
of added P¢Bu)s, consistent with lower reaction rates and lower
yields with decreasing quantities of addettB()s. The instability
of P(t-Bu)s-ligated aryl halide complexes prevented direct syn-
thesis of P{-Bu)s-ligated aryl oxide complexes.
The contrast between the modest yield of ether from the
stoichiometric reductive eliminations without addedB(); and
the excellent yields of catalytic reactions with olyas ligand
indicates that dimerié and7 are not the precise intermediates
on the catalytic cycle. Indeed, the proposed catalytic cycle in
P(t-Bu); = 83%), but unhindered aryl halides gave higher yields Scheme 1 involves monomeric versions of the isolated arylpal-
of diaryl ether when using ligandi (4 = 74%, P{-Bu); = 27%). ladium compl_exeé% Monomeric complexes are almost certainly
Electron-rich sodium aryl oxides, sodium phenoxide, and a sodium the intermediate because (1) reductive eliminations are more
aryl oxide bearing an ortho methoxy substituent all gave diaryl common from a single metal center, (2) lower yields and/or slower
ether product in good yields. rates for the reductive elimination of sulfides and amines from
Aryl halides were also convertedtert-butyl aryl ethers, which ~ dimeric vs monomeric Pd(ll) thiolate and amido complexes have
serve as precursors to aryl alcohols, using N as reagent ~ been observed previousty* (3) higher yields of the catalytic
and a Cata'yst bearing ||gar4br P¢'BU)3. The Complex formed ChemIStI‘y were Observed at |0Wer ancentratlons (82% at0.2 M
from ligand4 and Pd(dba)catalyzed the formation of aryl ether ~ aryl halide vs 23% &1 M aryl halide), and (4)**P NMR
at a faster rate than that formed front-B(1)s. This type of G-O spectrometry showed that monomeric Pd§0jvas the resting
bond formation occurred for electron-rich aryl bromides, iodides, State, creating low concentrations of arylpalladium intermediates
and chlorides, and occurred cleanly to produce O heterocitles. and favoring reactions from monomeric species in solution.
In generall a Catalyst |Oading of 5% was sufficient for The Catalytlc and St0|Ch|Ometr|C I;eSU|tS presented he_l'e contrast
formation of both diaryl andert-butyl aryl ethers. Lower catalyst ~ the more common €C bond formation between aryl halides and
loads led to longer reaction times. A 1:1 or even a 1:0.5 ratio of Phenoxides with use of more conventional arylphosphifies.
Pd to ligand was sufficient. Entry 9 shows that yields are higher, The difference in products as a function of steric effects shows
temperatures are lower, and times are shorter than previousthat changes in ligand size can dramatically change the chemose-

reactions conducted with BINAPor DPPFL3 lectivity of coupling with phenols. Apparently, coordination of
With the correct ligand for diaryl ether formation, we prepared /igand 4 or P¢-Bu)s*"? to arylpalladium phenoxides makes
potential reaction intermediates. Palladium(0) complé3d- reductive ehmmgnpn of ethers mu.ch faster than it is from
[(P(Fc)¢-Bu))]2} (5) was isolated in analytically pure form by ~ complexes containing more conventional arylphosphine ligands.
reaction of ligandt with (%-allyl)(r°-cyclopentadienyl)Pd at room Acknowledgment. This work was supported by the NIH (R-29-GM

temperature or with Pd[(Bftolyl)s], at 65°C for 1 h. An X-ray 55382) and the DOE.
diffraction study showed a perfectly linear geometry for

(Scheme 1}? Dimeric palladium-bromide compleX [Pd(P(Fc)- {roScoDi ! ; ) .

. pic data, and analytical data fband4—7; X-ray diffraction data
(t-Bu)o)(0-MeGeHa)(u-Bn)l} (6) was prepared by phosphine ¢, 57047 and literature references to previously reported products
exchange betweehand [(PO-tolyl)s)Pd(Ar)(u-Br)]2. Aryl oxide (PDF). This material is available free of charge via the Internet at
complexes{ Pd[P(Fc){-Bu),](Ar)(u—O-p-CsH.OMe)}, (Ar = http://pubs.acs.org.
0-MeCsH,, 78; Ar = p-MeCsH,, 7b) were synthesized by addition
of sodium aryl oxide to6, formed in situ by the phosphine JA984321A
exchange in THF solvent. The X-ray structure (Scheme Tpof (20) Meyer, U.; Werner, HChem. Ber199Q 123 697.

_ ; (21) Another possibility for forming the true intermediate is an exchange
shows square-planar Pd centers with a sum of the four angles a%f phosphorus substituents by—E cleavage processes to create small

the metal equal to 361°7and a dimeric core with a puckered guantities of P¢Bu); that are bound to the actual catalyst. However, higher
geometry containing a PdO—Pd-0 torsion angle of 33.2.%° yields and faster rates for the reactions of unhindered substrates with ligand

; ; ; ; ° 4 instead of P{Bu); rule out this possibility.
Thermolysis of isolated palladium aryl oxida at 70°C for (22) Louie, .- Hartwig, J. FJ. Am. Chem. S0d995 117, 11598.
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