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Aromatic ethers are structural motifs in many naturally
occurring and medicinal compoundsAlthough there are numer-
ous methods for their synthesi$a mild general method remains
to be developed. While Pd-catalyzed-O bond forming pro-
cesses hold promise, success has been limited in intermolecula
processes to reactions of activated aryl halides and alcohols
lacking8-hydrogens. To generalize the methogd;hydride elim-
ination from A (Scheme 1), which competes with reductive
elimination, needs to be minimizé&d.

Herein we describe the Pd-catalyzed intermolecular coupling
of primary alcohols and aryl halides. The method works well for
electron-deficient and -neutral aryl halides and for electron-rich
aryl halides with an ortho alkyl substituent.

Initial studies of the reaction of 2-chlom-xylene withn-buta-
nol indicated that using 2 mol % Pd(OAc)n toluene with
CsCGQ; as base and dert-butyl phosphine ligand®® at 70°C
gave good selectivity (10:1) for the formation of ether:arene. The
reaction could be carried out at room temperature (45 h), in-
creasing the selectivity to 20:1. These conditions worked for
joining 2-chlorom-xylene and 1-halonaphthalenes with various
primary alcoholg? Applying these conditions to less hindered
aryl halides was less successful. For example, with 2-chpero-
xylene, the ether:arene ratio was 0.3:1. Ultimately, we found that
28 provided excellent generality. Many ortho-substituted substrates
were effectively coupled witin-BuOH in 84-99% yield (Table
1).”» Transformations involving 2-piperidinoethanol or 2-bromobi-
phenyl were slightly less successful. Electron-donating alkoxy
groups at the ortho position led to very low yields of the desired
product.

We next examined the coupling of meta-substituted aryl halides
whose reactions would not be facilitated by the increased rate of
reductive elimination fron&A due to ortho substitutiohThis study
would also allow an estimation of meta substituent inductive
effects on reaction efficiency. As shown in Table 2, aryl bro-
mides with one or twanalkyl substituents were converted to
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Table 1. Coupling Reactions of Ortho-Substituted Aryl Halides

Entry Substrate Alcohol  Ligand  Product Yield
; ¢ PQBUHOSH i oA E - g?—lu Ph 30%
2 1 =CHy 5%
r g Me @Me BuOH 1 Mejij'\"e R=Bu  88%
4 al EtOH 1 onBu R = Et 93%
5 nBuOH Ty 88%
NN
Br OnBu
6 'V‘e nBUOH 1 'V'e 88%
X OnBu
7 Me X =Br nBuOH 2 Me 90%
8 X =Cl nBuOH 2 89%
Me Me
Me Br
9 C( mBuoH 2 M@ < 2 OnBu 84%
Br Me OR Re B
nou
10 Me nBUOH 2 e " 93%
11 Me W OH 2 Ve R= CN (CH2)2 759
12 B (1.5 equiv) onBu R= Me 85%
13 R nBuOH 2 R R= iPr 99%
14 R=Bn 94%
15 Br OnBu R=Ph 76%
16 @[ MBUOH 2 @[ R= Me 9%
17 OR OR R=TIPS  21%

then-butyl ethers in moderate yield. For substrates with electron-
withdrawing substituents such as OMe, Ph,,®1©, CF;, Ac, or
NO,, the yields increased to 8®0%. Thus, the inductive effects
of meta substituents are important in the efficiency of these
transformations.

As expected, aryl bromides and chlorides with electron-with-
drawing para substituents are efficiently transformed using the
conditions established above (Figuré¢®Ketones, esters, nitriles,
and heterocycles are tolerated in this chemistry.

Since we had seen thatbromoanisole was a poor substrate
and that ortho substitution was beneficial to coupling efficiency
(Table 1), we prepared a series of substitytdatomoanisoles to
study the interplay between steric and electronic effects. While
the reaction of 4-bromoanisole withbutanol is inefficient (Table
3),1% the selectivity for ether formation increases dramatically
with the addition of an ortho alkyl group. Little difference is seen
on changing the substituent from methyl to EtiBr. Increasing
the length of the alkyl chain taPr resulted in more than a 10%
decrease in yield. Reaction oft@rt-butyl-4-bromoanisole was
extremely slow and gave ether:arene in a ratio of 0.4:1. Thus,
the inclusion of a methyl group ortho to the bromide can alter
the product:arene ratio from 0.24:1 to 2:1. 4-Br-3-phenylanisole
reacts with yields similar to 4-bromoanisole.

We undertook a study of a number of biaryl ligands to
determine what structural features were important in contributing
to their efficacy in C-O bond formation. As seen for the reaction
of nBUOH with 2-chlorop-xylene (Table 4), binaphthyl ligands
are more effective than biphenyl ligands

(10) (a) Reactions of aryl halides with ortho electron-withdrawing substit-
uents were inefficient. (b) Under similar conditions, the reaction 6B4-
(CsH4)Br andn-BuOH proceeded in moderate yield (52%).
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Table 2. Coupling of Meta-Substituted Aryl Halidés

Entry Substrate Alcohol Product Yield
Br OnBu
1 @\ nBUOH @ 63%
Et Et
Br OnBu
2 ABUOH /@ 56%
Me Me Me
Br OnBu
3 @\ nBUOH @\ 65%
NMeg NMe2
s B nBUOH OR R = nBu 80%
5 @ PhCH,0OH @\ R=PhCH,  80%
OMe OMe
Br OnBu
6 @\ nBuOH @\ 80%
Ph Ph
7 Br nBUOH R = nBu 80%
8 @\ PRCHZOH ©\ R=PhCH,  76%
9 CO,Bu # ~""OH CopBu A"k 77%
Br Bu (1.2 eq/50 °C)
10 HBUOH G =CF,4 87%
1 @G ! G=COMe  91%
12 X X=Br nBuOH R =nBu 96%
13 X=Cl nBuOH R =nBu 94%
14 X=Br MeOH R = Me 63%
15 NOp >~ OH /\/\3/ 99%
16 ABUOH (1.2 eq/50 °C)

72%

Also examined were three biphenyl ligands with naphthyl or
anthracenyl groups at the ortho position of aefi-butyl-phos-
phinophenyl moiety 4—6). While neither4 nor 5 are very
effective, the addition of aitPr group has a significant effect.
This is similar to trends seen in the biphenyl ligands for ketone
arylation and G-N bond formation! Interestingly, neither the
parent ligandl (R = H) nor the derivative where 'R= TMS
gave good results. Catalysts basedgmoved to be of excellent

70% OnBu O
MeOC OnBu /@ ©° 0, 7b
PBUO (i) © 91% J@é 93%
90% OnB nBuO
nou
OnBu 7b
71% Q Me 71% (Cl) U\/ \QQ 94%
MeOC )y ROL ~ Bu 98%™

Figure 1. Pd-catalyzed coupling of electron-deficient substrétes.

Table 3. Effect of Ortho Substitution on Reactions of
4-Bromoanisole®

Entry Substrate Product Yield
1 MeO Br MeO OnBu 12%
2 Br OnBu BR=Me 65%
3 @[ J@[ Bt 69%
4 MeO R MeO R nPr 55%
5 Br OnBu Pr 68%
& )@[ /@ 18%

MeO Ph MeO Ph

generality. To probe whether the efficiency of this ligand was
due to coordination of the MBI group, we prepared derivatives
where R = Ph or Cy. While the former worked fairly well, the
cyclohexyl derivative gave the best results to date. Unfortunately,
we presently do not have a synthetically viable route to this ligand.
As we hypothesized that coordination of a portion of the distal
naphthalene ring enhances the efficacy or lifetime of the cata-
lysts}P we prepared tetrahydro ligar@l It gave similar results

to 6, being less effective than the three ligands of tZp&Vith
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Table 4. Ligand Effects in Pd-Catalyzed-€0 Coupling Reaction
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these results, we can make several generalizations concerning in-
termolecular Pd-catalyzed-€O bond formation between aryl
bromides and chlorides and primary alcohols: (1) Binaphthyl lig-
ands are superior to biphenyl ligands. (2) It is beneficial to have
a moderately large substituent at thga@sition of the distal naph-
thyl group. Increasing the dihedral angle between the two aromatic
rings, which increases the effective size of the ligand, may be
beneficial’? If R’ is too large, the ligand gives inferior results.
(3) Generally, the presence of a pegroup is not more effective
than a similarly sized alkyl groufs.(4) Binaphthyl ligands are
more effective than their octahydro analogues. The distal naph-
thalene ring may be a better ligand for Bd# Additionally, the
electron-donating ability o8 is increased relative to that &
which may effect the partitioning oA between reductive
elimination ands-H eliminationi56 Alternatively, the dihedral
angle between octahydrobinaphthyl rings may be larger than ideal,
reducing ligand efficacy. These results indicate that there is a
subtle interplay of both sterics and electronics that determine
whether a ligand of this class is generally successful for a difficult
transformation such as intermolecular-O bond formation.

In summary, we have developed an efficient catalyst for the
Pd-catalyzed intermolecular coupling of aryl bromides and
chlorides and primary alcohols. While still far from ideal, it greatly
expands the scope possible for this important transformation.
Additionally, we have been able to ascertain the inductive effects
of meta substituents on the efficiency of these transformations
and on the relative importance of steric and electronic effects for
electron-rich substrates. Little information of either type has previ-
ously been available. Finally, we have presented a detailed study
on the effect of ligand variation that allows a determination of
which structural features in biaryl ligands are important for their
success in €0 bond formation. This information will form the
basis for our search for improved ligands of use to the synthetic
chemist.
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