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Synthesis of Allylic Ethers

Iridium-Catalyzed Intermolecular Allylic
Etherification with Aliphatic Alkoxides:
Asymmetric Synthesis of Dihydropyrans and
Dihydrofurans**

Chutian Shu and John F. Hartwig*

Elimination and racemization limit the synthesis of sterically
hindered ethers,!'! such as a-chiral ethers, by the Willamson
synthesis. Enantioselective transition-metal-catalyzed allylic
substitution®®! could be used to prepare these materials from
achiral or racemic allylic electrophiles, but intermolecular
enantioselective reactions of allylic acetates or carbonates
with alkoxides are limited. Enantioselective reactions of
phenoxides are well documented,”™ but no metal catalyzes
intermolecular enantioselective allylations of alkoxides with
broad scope.['*?]

Lee and Kim™ as well as Evans and Leahy!" demon-
strated that zinc and copper alkoxides were more reactive for
allylic substitution with achiral palladium and rhodium
catalysts than alkali metal alkoxides. The palladium-catalyzed
reactions generated achiral ethers, but the rhodium-catalyzed
reactions formed branched chiral ethers. Reactions of pri-
mary alkoxides with optically active allylic acetates occurred
with predominant retention of configuration, but reactions of
secondary and tertiary alkoxides were conducted with
racemic allylic electrophiles. Because the products from
reactions of primary alkoxides can be formed by alkylation
of an optically active alcohol, but products from reactions of
secondary alkoxides cannot, a catalyst that forms optically
active products from hindered alkoxides and allylic carbo-
nates is synthetically valuable. We report herein enantiose-
lective reactions of primary, secondary, and tertiary alkoxides
with achiral allylic carbonates to form branched chiral allylic
ethers in high yields and with high stereoselectivity in the
presence of an iridium catalyst containing a phosphoramidite
ligand (Scheme 1).[162

To optimize the conditions for the allylation of aliphatic
alkoxides with iridium—phosphoramidite catalysts, we studied
the reactions of cinnamyl carbonate with benzyloxides
(Table 1). Careful selection of carbonate, alkoxide counter-
ion, and nitrogen substituents in the ligand was essential for
high yields. Cinnamyl carbonates with small alkyl groups
underwent transesterification in competition with etherifica-
tion, but fert-butyl cinnamyl carbonate (1a) provided the
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Scheme 1. The synthesis of chiral allylic ethers. The ratio L/Ir was 1:1.
cod =cycloocta-1,5-diene, 1-Np = 1-naphthyl.

Table 1: Effect of ligands and nucleophiles on the regio- and enantiose-
lective allylic etherification with aliphatic alkoxides (Scheme 1).1!

Alkoxide 2 L (mol %) Yield [%)] 3/4 ee [%)]
Zn(BnO), (2a) L' (4) 45 75:25 93
LiOBn+ CuCl (2b) L' (4) 56 92:8 70
LiOBn+ CuBr (2c) L' (4) 65 96:4 73
LiOBn+Cul (2d) L' 4) 68 95:5 93
Zn(BnO), (2a) L? (2) 72 90:10 94
LiOBn+Cul (2d) L? (2) 92 99:1 94

[a] In all cases tert-butyl cinnamyl carbonate (1a, R' = Ph) was used.

desired product in high yields. Alkali metal alkoxides did not
form the ether, but zinc™ and copper™ alkoxides did;
reactions in the presence of copper iodide furnished the
products in the highest yields.¥) Reactions conducted with an
iridium catalyst generated from [{Ir(cod)Cl},] and phosphor-
amide L' found the branched ethers in low yields, but
reactions conducted with the catalyst bearing L?,**%! which
contains a bis(naphthethylamino) group instead of the
bis(phenethylamino) group (Scheme 1), formed this ether in
high yields. With this catalyst and the above conditions,
LiOBn (Bn=benzyl) and Cul
reacted with fert-butyl cinnamyl
carbonate to form the allylic ether
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yields varied from moderate to excellent (entries 2-8).
Copper alkoxides derived from simple secondary alcohols
(2e, 2f) reacted with cinnamyl carbonate (1a) to give the
branched ethers in high yields, as well as high regio- and
enantioselectivities (entries 2, 3). Reactions of secondary
alkoxides containing an accompanying tert-butoxycarbonyl
(Boc) group formed the allylic ether in lower yield, but the
regio- and enantioselectivities remained high (entry 4). The
etherification with secondary alkoxides encompassed both
aromatic and aliphatic carbonates. The reactions between
alkyl-substituted allylic carbonates 1b, 1¢, and alkoxide 2g,
and the reactions between aryl-substituted allylic carbonates
1d, 1e, and alkoxide 2f all proceeded with excellent regio-
and enantioselectivities.

Reactions with tertiary alkoxides also formed the allylic
ether products in good yields. However, the reactions were
slower and the enantioselectivities were lower than for
reactions of secondary alkoxides (entry9). Although the
reason for the lower enantioselectivity is not clear at this time,
slow attack of a tertiary alkoxide may allow epimerization of
the allyl intermediate and erosion of stereoselectivity estab-
lished during the addition of the allylic carbonate.

Optically active ethers with two chiral centers adjacent to
the central oxygen atom are important structural motifs in a
number of biologically important natural products.””] A
metal-catalyzed diastereoselective addition of chiral, non-
racemic secondary alcohols to allylic carbonates could
provide a versatile route to these compounds. An achiral
catalyst would be unlikely to generate the product diaster-
eoselectively because of the distance between the newly
forming and existing stereocenters. However, a catalyst for
enantioselective allylic etherification of allylic carbonates
could provide diastereocontrol in the formation of chiral
ethers with two stereocenters.

Table 2: Enantioselective allylic etherification of allylic carbonates with aliphatic copper alkoxides
catalyzed by the complex formed from [{Ir(cod)Cl},] and L? (Scheme 1).F!

in 92% yield with a branched-to-

linear regioselectivity of 99:1 and  Entry R' (1)
94 % ee.”) 16 Me (1b)

The scope of the allylation of 2 Ph (1a)
copper alkoxides in the presence of 3 la
[{Ir(cod)Cl},] and L? is summarized 4 la
in Table2. Allylic ethers were -Z ‘FE’ -

. . . . ner [
formed in high yield and enantiose- p-NO,CeH, (1d)

lectivity from reactions of primary g p-MeOCH, (1e)

alkoxides. For example, methyl-sub-  gi 1a
stituted allylic carbonate 1b reacted 10 1a
with alkoxide 2d to afford the 119 1a
branched ether, with a branched- 12 E-CH,CH=CH (1)

to-linear (B/L) ratio of 95/5, in 80 % 13 1f

R? (2) 3/40) Yield [96] ee [%6]
Bn (2d) 95:5 80 97
iPr,CH (2e) 99:1 86 9%
1-cyclohexyl (2f) 97:3 79 94
N-Boc-4-piperidinyl (2g) 98:2 70 95
2g 97:3 561 94
2g 92:8 66l 93
2f 94:6 59 86
2f 99:1 86 95
tBu (2h) 96:4 80 63
(S)-1-(2-Np)-1-ethyl (2i) 99:1 90 95 de
2i 99:1 910l 93 de
2i 98:2 90 96 de
2i 98:2 88!l 96 de

yield and 97 % ee (entry 1).

More important, secondary alk-
oxides reacted with a variety of
allylic carbonates in the presence
of 4 mol% iridium to form allylic
ethers with excellent regio- and
enantioselectivities. Reaction
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[a] All reactions were conducted with 0.5 mmol of 1 and 1.0 mmol of 2 (prepared by treating LIOR? with
1.05 equiv of Cul) in THF (2.0 mL) in the presence of 0.010 mmol of [{Ir(cod)Cl},] and 0.020 mmol of
(RuR,R)-L? (L:Ir=1) for 12-16 h unless specified otherwise. [b] Determined by '"H NMR spectroscopy
of the crude reaction mixtures. [c] Average of two yields of isolated 3 and 4 unless specified otherwise.
[d] Determined by chiral HPLC. [e] The reaction was conducted with 0.005 mmol of [{Ir(cod)Cl},] and
0.01 mmol of (R,,R.,R.)-L*. [f] Average of two yields of isolated 3. [g] The reactions were conducted with
3.0 mLTHF. [h] The reaction time was 48 h. [i] The ligand (S,,S,,S.)-L> was used. [j] The major product is
the opposite diastereomer of that from the reaction conducted with (R,,R.,R.)-L%.
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Indeed, reactions of the alkoxide derived from (S)-1-(2-
naphthyl)ethanol (2i) with allylic carbonates (1a, 1f) cata-
lyzed by iridium complexes containing opposite enantiomers
of ligand L? formed the opposite diastereomers of the allylic
ether with excellent yields, regio- and diastereoselectivities
(entries 10-13). The reaction was not constrained by a match
and mismatch of the substrate and catalyst chirality.

The control of enantio- and diastereoselectivity is appli-
cable to the synthesis of cis- and trans-2,5-disubstituted
dihydrofurans and cis- and trans-2,6-disubstituted dihydro-
pyrans®?) with control of absolute and relative stereochem-
istry with readily available, enantioenriched allylic®**!! and
homoallylic alcohols®**! (Scheme 2). For example, 1a and 1e
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Scheme 2. Synthesis of disubstituted dihydrofurans and dihydropyrans.
Ar=p-MeOC¢H,, Cy=cyclohexyl.

reacted with alkoxides derived from (R)-1-octen-3-ol and (5)-
4-penten-2-ol, respectively, in the presence of catalysts
derived from the two enantiomers of L? to form the branched
allylic ethers §, §’" and 6, 6’ with excellent yields and regio- and
diastereoselectivities. Ring-closing metathesis® with the
Grubbs catalyst 7% proceeded smoothly to give the corre-
sponding cyclic ethers 8, 8 and 9, 9’ in high yields and with
retention of configuration.”

In summary, we have developed the first general and
highly selective allylic etherification with both primary and
secondary aliphatic alkoxides. The ability of the catalyst to
control the new stereocenter generated from the reaction of
chiral secondary alkoxides makes possible highly enantiose-
lective and diastereoselective routes to ethers and oxygen
heterocycles that have been challenging to prepare in
uncatalyzed reactions.

Experimental Section

Representative procedure. In a drybox, lithium alkoxide (1.00 mmol)
and Cul (200 mg, 1.05 mmol) were mixed in a screw-capped vial. THF
(1.0 mL) was added, and the suspension was stirred for 30 min. To this
suspension was added a solution of [{Ir(cod)Cl},] (3.4 mg,
0.0051 mmol for primary alkoxides; 6.7 mg, 0.010 mmol for secondary
and tertiary alkoxides) and (Ra,Rc,Rc)-L? (6.4 mg, 0.010 mmol for
primary alkoxides; 12.8 mg, 0.020 mmol for secondary and tertiary
alkoxides) in THF (0.5mL for primary alkoxides; 1.0 mL for
secondary and tertiary alkoxides). A magnetic stir bar was added,
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and the vial was sealed with a cap containing a PTFE septum and
removed from the drybox. The vial was placed in an ice-water bath,
and tert-butyl carbonate (0.50 mmol) was added to the reaction
mixture by syringe. The reaction mixture was slowly warmed to room
temperature over 4 h. After the reaction was complete (determined
by GC and TLC) the crude mixture was passed through a pad of silica
gel (EtOAc/hexanes 10:90), and the resulting solutions were con-
centrated. The ratio of regioisomers was determined by 'H NMR
spectroscopy of the crude sample. The mixture was then purified by
flash column chromatography on silica gel to give the desired product.
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