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Abstract—A new method for the formation of spirocycles is described using a sequential Ireland—Claisen/Metathesis strategy to
construct spirocyclic systems. Optimization of the Ireland—Claisen conditions provides the key metathesis substrates. The
metathesis reactions were highly regioselective by virtue of steric hindrance in the substrate olefins.
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The formation of carbon—carbon bonds in an asymmet-
ric manner is a central goal of modern synthetic chem-
istry. Many methods have been developed, however the
asymmetric formation of quaternary carbons is still a
formidable challenge.! Spirocycles, found in many nat-
ural products, represent a special case with added syn-
thetic difficulties® because of the requirements for ring
formation and facial selectivity during the creation of a
quaternary carbon. In this paper we report a methodol-
ogy based on ring-closing metathesis that produces
spirocyclopentanes and -hexanes. The formation of the
quaternary center is set by an Ireland—Claisen rear-
rangement,>* thus controlling the configuration of the
quaternary center by virtue of suprafacial migration.

In our strategy, the configuration of the quaternary
carbon would be dictated by the configuration of the
starting alcohol 4 (Scheme 1). The enantioselective pro-
duction of products such as 4 is well precedented’ and
provides stereochemical information to set the absolute
configuration of the spiro center. Acylation of 4 would
give compounds such as 3. Ireland—Claisen
rearrangement® of the derived silyl enol ethers would
produce products such as 2. These compounds could be
cyclized to spirocycles 1 using olefin metathesis.”

The allylic alcohols required for this work were pre-
pared as shown in Scheme 2. Addition of allylmagne-
sium chloride to enol ethers 5 gave the o,B-unsaturated
ketones 6. Selective reductions using NaBH,/CeCl,
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gave allylic alcohols 7 that were acylated to afford
esters 8. These transformations proceeded extremely
well providing esters 8 in 61 to 86% overall yields.

We then proceeded to optimize the rearrangement.®
The use of KHMDS® was essential to realize syntheti-
cally useful yields (Table 1, entry 4). LDA, LIHMDS or
NaHMDS gave significantly decreased recoveries
(entries 1-3). Attempts to form the silyl ethers using
TIPS triflate and Hunig’s base resulted in decomposi-
tion (entry 5).
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Table 1. Effect of base on the Ireland—Claisen rearrange-
ment of 8a

(e}
O)j\/\/
1.2 eq. base COH
1.6 eq. TMS-CI, Et3N
Q\/\ toluene Z
N |
8a -78 °C to reflux 11a
Entry Base Yield (%) dr
1 LDA 0
2 LiHMDS 12 2.1:1
3 NaHMDS 44 1.4:1
4 KHMDS 76 3:2
5 DIPEA/TIPSOTf 0

Table 2. Effect of solvent and silyl reagent on the Ireland—
Claisen rearrangement of 8a

1.2 eq. KHMDS, 1.6 eq. silyl reagent
8a 11a

solvent, -78 °C; then toluene reflux

Entry  Solvent Silyl reagent Yield (%) dr

1 THF® TMS-CI/Et;N 47 4.5:1
2 Ether® TMS-CI/Et;N 79 2:1

3 Toluene TMS-CI/Et;N 76 3:2
4 THF/HMPA® TMS-CI/Et;N 44 4:1
5 Toluene TBS-ClI 0 -

6 Toluene TIPS-OTf 79¢ 2:1

“Solvent for silyl ether formation. Rearrangement performed in
toluene.

®LDA was used as base.

°Yield after deprotection of the TIPS ester with aqueous HF in
CH;CN.

Table 3. Results of the Ireland—Claisen rearrangement of
various substrates

1.2 eq. KHMDS, 1.6 eq. TMS-CI

Toluene, -78 °C to reflux

Entry Substrate Yield (%) dr

1 8a 76 3:2
2 8b 51 1.6:1
3 8c 47 1.9:1
4 8d 74 1.3:1
5 8e 0 -

6 8f 41 4.6:1

Toluene was superior as a rearrangement solvent (Table
2, entry 3). Selectivity was slightly higher when the silyl
ether was formed in THF or ether. In these cases, the
ethereal solvent was removed in vacuo and the rear-
rangement was completed in refluxing toluene (entries
1-3). The use of HMPA did not invert the ratio of
products obtained (entry 4, see below) and led to lower

recoveries. Among the silyl reagents used, the combina-
tion of TMS-CI/TEA gave the best yields and
reproducibility.

Surprisingly, TBS-Cl gave no product at all and only
starting material was recovered (entry 5). Improve-
ments in reproducibility were achieved using a slight
excess of TIPSOTT as the silylating agent (entry 6). The
TIPS silyl ketene acetals proved to be stable toward
flash chromatography allowing us to purify the inter-
mediates (in quantitative yield) if warranted. Brief
exposure to HF in CH;CN was required in these cases
after the rearrangement in order to obtain the desired
carboxylic acids.

Using KHMDS and TMS-CI in toluene, we were able
to rearrange substrates 8 to obtain the acids 11 in good
yields and verify the effect of the R group on yield and
selectivity (Table 3). The rearrangement of substrates
incorporating no substituent proceeded in excellent
yield and modest diastereoselectivity. We investigated
the reactions of 8c and 8f incorporating bromo sub-
stituents as a possible means to increase diastereoselec-
tivity. Substrate 8f gave improved selectivity over 8d.
However only a small effect was observed for derivative
8c.

The rearrangements of 8d and 8e proved to be challeng-
ing. Both substrates were unstable and quickly decom-
posed under the mildly acidic conditions required for
isolation. The former substrate 8d could be converted
to 9d if the rearrangement was carried out immediately
after the isolation of 8d. Compound 8e proved to be
too unstable and could not be rearranged.

With substrates 11 in hand we then explored the ring-
closing metathesis to obtain the various spirocyclic
cores. After treating the substrates 11 with excess di-
azomethane, we subjected the methyl esters to metathe-
sis. The metathesis reactions proceeded extremely
rapidly and cleanly giving the desired products 10 in
82-97% yields (Table 4). In all cases except 9d the
endocyclic olefins of the starting materials were
untouched and we obtained the desired spirocycles
only. Compound 9d gave a mixture of products result-
ing from opening of the five-membered ring.'® This was

Table 4. Ring-closing metathesis of various substrates

)n 1) CHaN, )n
R COLH 2) RCM R CO,Me
=
11 | 10

Entry  Substrate Catalyst loading (mol%) Yield (%)
1 9a 7 97
2 9b 7 91
3 9¢ 10 82
4 9d 5 -
5 of 5 96
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unexpected given the proximity of the endocyclic olefin
to the quaternary center and the excellent regioselectiv-
ity observed for all the other substrates. Substrate 9f,
possessing a more sterically hindered endocyclic double
bond, did not suffer ring-opening under the conditions
employed (entry 5).

We explored the possibility of cyclizing the TIPS ester
products as isolated directly after the rearrangement.
The reactions proceeded extremely rapidly, however
small amounts of side products, that were difficult to
remove, were formed. We therefore found it prudent to
hydrolyze the TIPS esters and convert the resulting
acids to the methyl esters for metathesis.

The rearrangement of pure enolates to give mixtures of
diastereomers is not unknown for other cyclic sub-
strates.>® Calculations performed by Houk®® indicate
that this is a consequence of the rearrangements occur-
ring through both chair and boat-like transition states.
We were able to confirm this by experiments performed
using substrate 8a. Treatment of 8a with KHMDS and
TIPSOTT resulted in exclusive formation of the E eno-
late 12 as evidenced by the characteristic chemical shift
of the enolate carbon (85 ppm as opposed to 75 ppm
for the Z enolate).’ Rearrangement of this compound
gave a 2:1 mixture of products in favor of epimer 15"
(Scheme 3). This suggests that the rearrangement was
proceeding via both boat- and chair-like transitions
states in agreement with calculations performed by
Houk.®®

The described method provides a rapid and reliable
way to assemble spirocycles. Using the Claisen proto-
col, one can set the configuration of the spiro carbon by
virtue of the well-precedented®® suprafacial migration.
By exploiting the steric hindrance of the endocylcic
double bond, ring-closing metathesis proceeds
extremely selectively, affording in all cases studied
except one, the desired compounds in excellent yield.
We are currently exploring this method in the synthesis
of natural products.
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