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ABSTRACT: A systematic investigation into the Ireland—Claisen

KN(SiMes),, Me;SiCl

Ph o}

rearrangement of a-alkoxy esters is reported. In all cases, the use of PhMe X
KN(SiMe;), in toluene gave rearrangement products correspond- o 79% yield, dr 25:1 B OBnOH
ing to a Z-enolate intermediate with excellent diastereoselectivity, B" o N\F
presurpably because of chelation ' control. On the other hand, OBn o LDA, Me;SiCl oh o
chelation-controlled enolate formation could be overcome for most THF ~
substrates through the use of lithium diisopropylamide (LDA) in — ” “OH

80% yield, dr 9:7 Bn' OBn

tetrahydrofuran (THEF).

he Ireland—Claisen rearrangement has represented a

powerful tool in chemical synthesis for over 40 years."
The utility of this method is underscored by the ease of
preparation of the requisite allylic esters and the predictable
stereochemical outcome of the reaction.” The stereochemistry
of the alcohol fragment is reliably transferred to the o and
positions of the carboxylic acid product with high enantiose-
lectivity and diastereoselectivity, usually via a chairlike
transition state, providing a powerful approach to the
construction of sterically congested vicinal stereocenters.’
Furthermore, the carboxy group formed in the reaction can
serve as an effective proxy to a wide variety of other functional
groups.”

Efficient transmission of chirality during the Ireland—Claisen
rearrangement is critically dependent on the stereoselective
formation of an E- or Z-enolate. In the case of a-alkoxy esters,
it is widely expected that formation of the Z-enolate is
kinetically favored, because of chelation of the alkoxy and
carbonyl oxygen atoms with the metal cation of the base.
Indeed, selective Z-enolate formation in the Ireland—Claisen
rearrangement of esters derived from 5glycolic and lactic acid
has been observed in numerous cases.””” Therefore, we were
surprised to find a report from Langlois and co-workers that
described selective E-enolate formation in the Ireland—Claisen
rearrangement of an a-OPMB ester when LDA was used as the
base in tetrahydrofuran (THF).'” In this single reported
example, a 3:1 ratio of products arising from the E- and Z-
enolates, respectively, was observed. This selectivity was
reversed when Et,0O or toluene were used as the solvent,
when HMPA was employed as an additive, or when
KN(SiMe,), was used as the base.

To the best of our knowledge, this work represents the only
case of nonchelation-controlled, E-selective enolization of an
a-alkoxy ester. It is an important observation because it is
generally presumed that only one diastereomer is accessible by
the Ireland—Claisen rearrangement of a-alkoxy esters
attributed to the overwhelming preference for the Z-enolate
via chelation-controlled enolization (see Scheme 1)."' Thus,
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Scheme 1. Proposed Stereodivergent Access to Both
Diastereomeric Ireland—Claisen Rearrangement Products

of a-Alkoxy Esters
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no systematic studies on the divergence in the diastereose-
lectivity in the Ireland—Claisen rearrangement, based on the
choice of the enolization reagent, has been reported for this
class of substrates. If it is indeed possible to achieve selective E-
or Z-enolate formation from the same substrate, facile access to
both diasteromeric Ireland—Claisen products could be
realized.

We became interested in exploring whether the effect of the
base used for the enolization of a-alkoxy esters on the
diastereochemical outcome of the Ireland—Claisen rearrange-
ment is general. If so, practical levels of diastereomer ratios
(dr) can be achieved for both isomers from the same substrate
simply by the choice of base (see Scheme 2). To this end, we
prepared a library of these compounds to examine the effects
of the reaction conditions and the structure of the ester on the
diastereoselectivity of the rearrangement.

Using a-benzyloxy hydrocinnamate 1 as a representative a-
alkoxy ester, initial studies focused on identifying suitable
reaction conditions capable of selectively delivering both
diastereomeric products based on the choice of base. The
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Scheme 2
o
P base, Me3SiCl
OBn
Ph
1a

KN(SiMes),, PhMe, -78 °C: 79% vyield, 2a:3a = 25:1

LDA, THF, -100 °C: 80% vyield, 2a:3a = 1:9 via E-enolate

via Z-enolate

screening of several different bases in different solvents
revealed that KN(SiMe;), in PhMe is optimal for the
formation of the chelation-controlled diastereomer. Remark-
ably, LDA in THF proved most effective for the formation of
the opposite diastereomeric product (see Scheme 1).
Furthermore, the temperature and time of enolization also
proved to be critical parameters influencing diastereocontrol
(see the Supporting Information (SI) for full details of
optimization experiments).

A series of a-alkoxy esters were prepared and subjected to
the optimal [3,3] sigmatropic rearrangement protocols in the

presence of bases KN(SiMe;), or LDA (see Table 1). We
began by screening a variety of a-alkoxy hydrocinnamic acid
esters bearing distinct RZ/R® substituents, in addition to
different R! alkoxy substituents. KN (SiMe,), as a base afforded
acids via a Z enolate in moderate to excellent yields (79%—
90%) with diastereoselectivities as high as 25:1. In all examples,
a slight decrease in dr was observed when the alkoxy
substituent R' was changed from Bn to a methyl group. It
was found that the nature of the R' substituent had little effect
on the reaction in terms of yield. In contrast, using LDA as the
base led to the rearrangement via an E enolate in comparable
yields (72%—92%), but with noticeably smaller dr (17:1 being
the highest). A substantial decrease in yield was observed for
esters derived from primary alcohols compared with secondary
(R* = H instead of Me). This result is due to competitive
lithiation of the allylic methylene, leading to the formation of
C-silylated byproducts (see the SI). Although yields were
similar for acids with R* = CH,, in most cases, a-benzyloxy
esters gave products with higher dr.

Table 1. Substrate Scope in the a-Alkoxy Hydrocinnamic Ester Series”

O R2 RS R* R o] R* RS [0}
B"j/u\o T —— R ) R OH + R ) 7 “OH
OR' R? R3BA OR' R3Bn OR!
1 2 (via Z-enolate) 3 (via E-enolate)
entry substrate major isomer base yield ;| entry substrate major isomer base yield
2:3 2:3
1 o B Ph o KN(SiMes):  85% @ 9 i Ph o KN(SiMes).  79%
W)Lo/\/j NN VoH 14:1 \HJ\OJ\(] NN VoH 25:1
OMe Ph Bri OMe OBn Ph Bri OBn
1b % 1f o
2 1b Ph o LDA 45% 10 1f Ph 0 LDA 72%
NN Non 1:2 N Y VoH 1:17
Bri OMe Bri OBn
3b 3f
3 . 0 _ Ph 0 KN(SiMes)>  82% 11 . e Ph o KN(SiMes).  80%
n n
W)LO NN Vo 17:1 \H%JYj NN VoH 25:1
OMe Ph B OMe OMe Ph Bi OMe
1c 2 19 2g
4 1c Ph ) LDA 85% 12 1g Ph o LDA 76%
NN ok 1:5 Ny o 1:6
Bri OMe B OMe
3c 39
5 o J\fph o KN(SiMes) 87% 13 o C/ « o KN(SiMes).  87%
B"j)i\o z WOH 25:1 B Ao N C/YL OH 10:1
OBn Bii OBn OBn Bn OBn
1d 2d 1h 2h
6 1d Ph/\E o LDA 79% 14 1h « o LDA 92%
/\/%oH 1:17 C/%m‘ 1.7
B ©oBn B OBn
3d 3h
7 0 J\rpn P o KN(SiMes)»  90% 15 0 C/ e KN(SiMes).  73%
N wou 17:1 BN NP C\/V)L oH 10:1
OMe Bri OMe OMe Bri OMe
1e 2e 1i 2i
8 le P o LDA 85% 16 Li o f LDA 95%
NN o 1:8 C/YLOH 1.7
e ome Bl OMe
3e 3i

“The substrate was treated with the indicated base at —78 °C (KN(SiMe,),) or —100 °C (LDA). Internal quench with Me;SiCl was used for LDA.
Isomer ratio determined by "H NMR spectroscopy. See the SI for details.
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Table 2. Substrate Scope in the Lactic Ester Series”

OR'
4
entry substrate major isomer base yield,
5:6
1 o Ph o KN(SiMes).  94%
\)j\ o/\/j Q\(U\ OH 13:1
OBn P < 0Bn
4a 5a
2 4a Sa LDA 77%
2:1
3 bt Ph 0 KN(SiMes3).  81%
\)Lo/\%j Q\:(U\OH 17:1
OMe P < oMe
4b 5b
4 4b Sb LDA 92%
S:1
5 0 _ Ph o KN(SiMes).  82%
\)LOJ\/j NN VoM 20:1
OBn P ¥ 0Bn
4c 5c
6 4c Sc LDA 71%
2:1
7 0 Ph ) KN(SiMes).  85%
\Hl\o)\/j /;)\seLOH 25:1
OMe < OMe
Ph
4d 5d
8 4d Sd LDA 88%
6:1
9 o )\/(\Ph PR KN(SiMes).  81%
\/U\o F /\/\el\ 7.1
OBn
4e
10 4e 6e LDA 81%
1:2

R* RS O R¢RS O

Pl — B S5k

5 (via Z-enolate) 6 (via E-enolate)

entry substrate major isomer base yield,
5:6
11 J\/(\ Ph/\ 0 KN(SiMes).  82%
\Hk OH 30:1
OMe
5
12 4f 6f LDA 83%
1:4
13 2 Ph o KN(SiMes),  72%
\Hl\oj\fj Y CoH 25:1
OBn Ph < oBn
4g 5g
14 4g Sg LDA 78%
2:1
15 0 Ph 0 KN(SiMes).  64%
\Hl\o% /;’)\(K oOH 30:1
OMe P < oMe
4h 5h
16 4h Sh LDA 82%
S:1
17 0 C/ o KN(SiMes),  88%
\HJ\ N C/%OH 11:1
OBn ©Bn
4 5i
18 4i Si LDA 85%
1.4:1
19 o C/ bt KN(SiMes).  72%
\Hko\»' Z C\/%OH 14:1
OMe OMe
4 5
20 4j 5j LDA 91%
8:1

“The substrate was treated with the indicated base at —78 °C (KN(SiMe,),) or —100 °C (LDA). Internal quench with Me;SiCl was used for LDA.
Isomer ratio determined by "H NMR spectroscopy. See the SI for details.

We then examined the Ireland—Claisen rearrangement of a-
alkoxy propionic acid esters (see Table 2). Unlike a-alkoxy
hydrocinnamic acid esters, the use of LDA as a base generally
did not favor formation of an E enolate in this class of
substrates. Both bases typically gave the same major rearrange-
ment products, corresponding to the Z-enolate intermediates,
in comparable yields, with KN(SiMe;), giving significantly
higher dr. Notable exceptions to this pattern occurred when
the alcohol fragment of the allylic ester contained a Z-
configured olefin (4e and 4f). These substrates were able to
overcome chelation-controlled enolization and gave rise to E-
enolization products (albeit with modest selectivity). Surpris-
ingly, higher dr is achieved when R' = Me, compared to R'=
Bn, which is the opposite of what was observed for the esters in
Table 1.

To gain insight into the structural constraints required to
achieve selective E-enolization with LDA, we performed
additional experiments, as summarized in Table 3. The
optimized conditions for the rearrangement were applied to
a-alkoxy butyric acid esters 7a and 7b. Remarkably, this simple

one-carbon homologation of the carboxylic acid alkyl side
chain, relative to the esters in Table 1, once again led to E-
selective enolization when LDA was used as the base, although
a much higher diastereomeric ratio was obtained for a-OBn
substrate 7a (1:6), relative to the corresponding a-OMe ester
7b (1:1.1), as is consistent with our previous observations. a-
Cyclopropyl substrate 7c proved to be more resistant to E-
enolization, with a modest diastereoselectivity of 1:1.1 favoring
the E-enolate-derived product obtained when the rearrange-
ment was performed using LDA as the base. These results
seem to suggest that while Z-selective enolization and
rearrangement is highly predictable and selective with
KN(SiMe,),, E-selective enolization for a-alkoxy esters is
very sensitive to the structure of the alkyl side chains. In
addition, greater selectivity is generally observed for larger
alkoxy substituents (for example, for OBn versus OMe).

In conclusion, we have conducted a detailed investigation
into the Ireland—Claisen rearrangement of a-alkoxy esters.
Excellent chelation-controlled selectivity (dr >10:1 in all cases)
was observed when the reaction was performed using
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Table 3. Additional Substrate Scope”

entry substrate major product base yield,
8:9
1 2 Ph o KN(SiMes). 91%
Et =
j*o)\/j NN ok 25:1
OBn Ph Ef OBn
7a 8a
2 7a Ph o LDA 80%
NN NoH 1:6
Et OBn
9a
3 0 Ph o KN(SiMes)»  88%
Et%oj\/j N 25:1
X_ TOH ;
OMe Ph Ef OMe
7b 8b
4 7b 8b LDA 94%
1:1.1
S 9 Ph o KN(SiMes),  68%
AV)L°J\/j NN o 7:1
OBn  0Bn
76 Ph <]
-1
6 7c LDA 68%
1:1.1

“The substrate was treated with the indicated base at —78 °C
(KN(SiMes),) or —100 °C (LDA). Internal quench with Me;SiCl
was used for LDA. Isomer ratio determined by 'H NMR
spectroscopy. See the SI for details.

KN(SiMe;), in PhMe for a broad range of substrates. Most
importantly, non-chelation-controlled enolization could be
achieved in many cases through the use of LDA in THF
with an internal quench with Me;SiCl. Both systems showed
greater selectivity in the rearrangement of substrates with large
a-alkyl chains on the ester and highly substituted double
bonds. However, the selectivity patterns for non-chelation-
controlled enolization proved to be quite complex and were far
more sensitive to the structure of the ester. a-Alkoxy
propionate esters proved to be the most challenging substrates
for the LDA—THF system, and high selectivity for non-
chelation-controlled enolization products were observed only
for allylic esters with Z-substituted double bonds. We have
shown that, in many cases, both diastereomers of the Ireland—
Claisen rearrangement products can be accessed from the same
allylic ester simply by the choice of enolization reagent, which
is a finding that will prove useful in future synthesis planning.
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