9726

Development of a New Lewis Acid-Catalyzed Claisen
Rearrangement

Tehshik P. Yoon, Vy M. Dong, and David W. C. MacMillan*

Department of Chemistry, Umérsity of California,
Berkeley, California 94720
Receied June 14, 1999

Since its discovery in 1912the Claisen rearrangement has
become one of the most powerful tools for carb@arbon bond
formation in chemical synthestsThis [3,3]-sigmatropic re-
arrangement, which involves the conversion of an allyl vinyl ether
to ana,S-disubstitutedy,d-unsaturated carbonyl, generally pro-
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Roberts* Vedejs?® Nubbemeyef? and Hegedifs have demon-

ceeds with high levels of stereocontrol, securing its widespread strated the utility of tertiary allylic amines in analogous [3,3]-

use in natural product and medicinal agent syntheAigtivation

of this rearrangement has traditionally been accomplished under

thermal control; however, significant rate acceleration can be
achieved through the incorporation of catidroc anioni¢ charge

in the bond reorganization event. Despite its prolific use in
chemical synthesis and disposition toward charge acceleration
only two examples of catalytic Claisen variants have been
reportec?, In this paper we describe a broadly useful Lewis acid-
catalyzed [3,3]-sigmatropic rearrangement that we expect will

sigmatropic rearrangements.

We recently embarked upon the development of a catalytic
Claisen process based upon design features derived from the
Bellus-Claisen reaction. As outlined in Scheme 1, we envisioned
that a broad range of ketenef fnight be activated toward the

,addition of tertiary allyl amines?) using Lewis acids. Accord-

ingly, this activation-addition step would provide zwitterionic
allyl-vinylammonium complexes3] that exhibit the appropriate
charge orientation to rapidly undergo [3,3]-bond reorganization

provide a new avenue for the development of an enantioselectiveto provide Claisen adductd)( In contrast to a number of estab-

catalytic Claisen process.

In 1978, Bellus and Malherbe reported the conceptually novel
ketene-Claisen reactidnln an attempt to perform a [2- 2]
cycloaddition, the authors discovered that treatment of an allyl
ether with dichloroketene resulted instead in the formation of a
1,3-dipolar allyl vinyl ether, which subsequently underwent [3,3]-
bond reorganization (eq 1). Although the scope of this reaction
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was determined to be limited to highly electrophilic ketehtrgs
study first demonstrated the capacity of zwitterionic 1,5-dienes
to readily participate in charge-accelerated sigmatropic isomer-
ization. Subsequently, the studies of Edstf@niflariano??
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lished Claisen variants, we expected this additicearrangement
sequence to be catalytic in metal salt, providing an attractive
platform for the development of an enantioselective process.

Bearing in mind that (i) ketenes are often prohibitively unstable
toward isolatio®® and (ii) tertiary amine-promoted dehydro-
halogenation of acid halides is a common method for cumulene
productiont®*we selected acid chlorides as iansitu source of
ketene for this survey.

Our catalytic Claisen strategy was first evaluated using
propionyl chloride with E)-crotyl morpholiné? in the presence
of i-PrLEIN and a series of metal salts. As revealed in Table 1,
this addition-rearrangement sequence was successful with a
variety of Lewis acids including Yb(OT{) AICI3, Ti(OiPr),Cl,,
and TiClTHF.. In all cases the 1,2-disubstituted Claisen adduct
was formed in high yield* 75%, entries 25) and with excellent
levels of stereocontrolX(99:1 anti/syr).*® Notably, this reaction
is contingent upon the use of Lewis acid (entry 1); control
experiments performed in the absence of metal salt resulted only
in the production of ketene dimer. Importantly, this procedure
can be performed using only catalytic quantities of Lewis acid
(5—10 mol %), an essential criterion for the development of an
enantioselective catalytic process. The excellent levels of dia-
stereoselectivity X 99:1 anti/syr) and catalyst efficiency (5 mol
%) displayed by TiC}FTHF; to afford5 in 92% yield (entry 5)
defined this metal salt as the optimal catalyst for exploration of
this new acyl-Claisen rearrangement.
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Table 1. Catalyzed Acyl-Claisen Rearrangement between Crotyl
Morpholine and Propionyl Chloride

o] Me
_ lewisacid J\l/l\/
N
/I + C|/L% ,l-PrzEtN CHzC|2 Q Me SY0
adduct
entry Lewisacid  mol% cat % yield syn:.anti®
1 - - NR -
2 Yb(OTf); 10 80 >99:1
3 AICl3 10 90 >99:1
4 Ti(Oi-Pr),Cl, 10 76 >99:1
5 TiCl4*THF, 5 92 >99:1

aProduct ratios determined by GLC using a Bodman CC1701
column.

Table 2. Catalyzed Acyl-Claisen Rearrangement between
Representative Allyl Morpholines and Propionyl Chloride

o Ry
TiClg=THF: =
O\)/\L+ CI)H i-Pr. Et:\l CHZCI ‘/\N)kl/l\/
2 2Ul2 syn
0\) Me adduct
entry amine mol% cat product® yield  syn:anti®®
(0] Me
Lo | 92 >991
o \/l RoN
Me Me 5
(o} Ph
2 (\N | 10 ~ 16 >991
o P
Ph Me 6
[0} Cl
N
3 (\ /\|L 10 95 >99:1
O SRR
Me 7
o
(\N/W
95 --
WG B S
Me 8
[0} Me
N : 74 595
Me’ Me 9

2NR, = N-morpholine.P Product ratios determined by GLC using
a Bodman CC1701 columfRelative configurations assigned by
single-crystal X-ray analysis or chemical correlation to a known
compound (Supporting Information).

Experiments that probe the scope of the allyl morpholine
reaction component are summarized in Table 2. Significant
structural variation in the allyl substituent {R= H, alkyl, aryl,
or halogen, entries -14) is possible without loss in yield or
diastereoselectivityX 76% yield,>99:1synanti). In accord with
established Claisen methodolotiycomplementary stereocontrol
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Table 3. Catalyzed Acyl-Claisen Rearrangement between Allyl
Morpholines and Representative Acid Chlorides
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10 mol%
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rPrgEtN CH20|2

entry amine? acid-Cl product? yield syn:anti®*
o] 0 Me
RoN .
! /\m C|)H RzNJW 77 >99:1
Me NPht NPht 10
o] 0 Me
RoN .
2 /\l CI)H RzNJ\H\/ 81 928
Me SPh SPh 11
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RoN .
/\|L Ci)% RZN)W 91 8614
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o] o a
4 /\[ CI)H RQN)H/'\/ 83 90:10
0Bn osn 13
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5 RZN/E

Cl
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aNR; = N-morpholine.” Product ratios determined by GLC using
a Bodman CC1701 columfiRelative configurations assigned by
single-crystal X-ray analysis or chemical correlation to a known
compound (Supporting Information).
accessed in high yield and stereospecificity from chloro-
substituted allyl morpholines and-benzyloxyacetyl chloride
(entries 4-5).

A further illustration of the proficiency of this reaction to
provide catalytic access to elusive structural motifs is presented
in the rearrangement of 3,3-disubstituted allyl morpholit&s
and 16 (egs 2 and 3). The principal issue in these reactions is

m@ K\JYQ @

{o]

10 mol%

TICI4 THF2 [0)

17 75% yield, anti:syn 95:5
Me

Me c O Et. Me
(\N/\)\Et 10 mol% (\NW (3)
o TiClg THF o we

16 18 72%yield, syn:anti 99:1

that of transition state-controlledr-facial discrimination to
selectively build quaternary carbon stereocenters on both cyclic
and acyclic architecture. The reaction of propionyl chloride with
1-methyl-3N-morpholino-cyclohexenelf) provides excellent
levels of diastereocontrol in the formation of the quaternary carbon
bearing cyclic adduct? (eq 2, 95:5anti/syr). As illustrated in

can be accessed through the appropriate selection of double bongq 3, the reaction can also translate the subtle methyl versus ethyl

geometry on the allyl component. While excellent levelsy
stereoselection are observed witrans-allyllic morpholines
(entries 1-3), theanti Claisen adduct is readily furnished (95:5
anti:syn) using thecis double bond isomer (entry 5).

The reaction is also quite general with respect to the acid
chloride structure (Table 3). As highlighted in entry 1, this
methodology provides a new strategy for the catalytic production
of unnatural-substitutedx-amino acids using-phthalylglycyl
chloride (77% yield, 98:&ynanti). This process is also tolerant

of oxygen and sulfur substituents on the acyl chloride component

(>81% vyield, 86:14 to 92:8ynanti, entries 2-3). A powerful

substitution pattern on morpholing6 to furnish the acyclic
framework 18 with complete stereospecificity>©9:1 synanti).

Finally, preliminary studies have recently been conducted that
establish this new Claisen methodology as a suitable platform
for enantioselective catalysis. Details of this work along with a
full account of this survey will be forthcoming.
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feature of this new Claisen process is the capacity to build diverse tral data for all compounds, stereochemical proofs, and X-ray crystal-

functional and stereochemical arrays that are not readily available

using conventional catalytic methods. For example, botlsyime
and anti a-oxy, S-chloro Claisen isomerd3 and 14 can be
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