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Phosphine catalyzed enantioselective [3+2] cyclizations on
4-substituted 2,6-diarylidenecyclohexanones and 2.4-diarylidene-
bicyclo[3.1.0]hexan-3-ones take place with high diastereo- and
enantioselectivity levels. The process affords spirocyclic
compounds with excellent stereochemical control of up to five
stereogenic centres.

Desymmetrization is one of the most powerful synthetic tools
for the stereocontrolled preparation of chiral molecules from
simple and easily available starting materials. Among
others, enantioselective organocatalytic methods have been
successfully applied to these processes. Relevant recent
examples are the desymmetrizations of prochiral cyclohexanones
and cyclohexadienones via aldol or Michael type reactions
which are performed in the presence of chiral Brensted acids,’
nitrogen bases® or ionic liquids.®> As an extension of this
strategy, we disclose here the first desymmetrization of cyclo-
hexanone derivatives based on enantioselective phosphine
organocatalysis.

Our approach starts from the [3 +2] annulations of allenic
esters and electron-poor olefins into functionalized cyclo-
pentenes, also known as the Lu’s reaction (Scheme 1a).* The
well established synthetic potential of this methodology’
mainly relates to the easy availability of the starting materials,
to a simple experimental procedure as well as to the high
regio- and diastereoselectivity levels. Moreover, high enantio-
selectivities have been attained by using chiral catalysts made
of either cyclic phosphines with conformationally rigid molecular
scaffolds® or acyclic multifunctional phosphines.” The method
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Scheme 1 (a) The Lu’s phosphine-promoted [3+2] cyclizations
between allenoates and electron-poor olefins. (b) Representative spiro-
cyclic cyclopentenes available through enantioselective cyclizations.
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has been applied recently to the challenging synthesis of
spirocyclic cyclopentenes, leading to good stereochemical
control of two stereogenic carbons, including the quaternary
carbon at the ring junction (Scheme 1b).%>7%8

The efficient stereochemical control attained in these
annulation reactions makes them well suitable for implementing
desymmetrization processes. Therefore, as a further step
toward enantiomerically enriched molecules of increased
complexity, we have envisioned application of the organo-
catalytic [3 + 2] cyclizations to the prochiral cyclic enones 1
and 4. Our aim is to control the stereogenicity of the prochiral
ring carbons, in order to create up to five stereogenic centres
by a single process.

The first series of targeted substrates have been the
4-substituted 2,6-bis(benzylidene)cyclohexanones 1,° which
display two enantiotopic olefin functions and a prochiral
carbon in the 4-position. To probe the viability of the cyclization
process, enones 1a—d have been submitted to annulations with
ethyl allenoate in the presence of the achiral catalyst
(Cg¢H11)PPh, (Scheme 2 and Table 1, entries 1-4).

The reactions afforded the spirocyclic compounds 2a—d
(R' = Et) in over 80% yield, with high regioselectivity and
diastereoselectivity levels. Compounds 2 result from C-C
bond formation between the y-carbon of the allene and the
B-olefinic carbon (y-addition products). The corresponding
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Scheme 2 Phosphine-catalyzed [3+2] annulations on prochiral
arylidene cyclohexanones.

Table 1 [3+2] annulations promoted by (C¢H;;)PPh,

Entry Product R! R? Yield” (%) dr?

1 2a Et Me 95 90 : 10

2 2b Et i-Pr 92 85: 15

3 2c Et t-Bu 94 >95:5
4 2d Et Ph 86 90 : 10

5 3a t-Bu Me 90 85:15

6 3b t-Bu i-Pr 91 70 : 30

7 3c t-Bu t-Bu 87 90 : 10

8 3d t-Bu Ph 64 85: 15

“ Reactions performed at 40 °C. ® By '"H NMR of the crude reaction
mixture.
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a-addition products have never been unambiguously observed
in the reaction mixtures.

The spirocyclic cyclohexanones 2 are formed as mixtures of
two diastereomers with opposite relative configurations of the
stereogenic centres of the cyclohexanone moiety. Isomers
ratios depend on the nature or the R? substituent which is
expected, indeed, to dictate facial discrimination. Diastereomeric
ratios are of approximatively 9:1 for 2a, 2b and 2d
(R2 = Me, i-Pr and Ph, entries 1, 2 and 4 in Table 1), while
the rert-butyl-substituted cyclohexanone 2¢ was isolated as a
single isomer (entry 3).

The structure of the major diastereomer of 2a was assigned
by X-ray diffraction studies (Fig. 1a). X-Ray data show that
the favoured cyclization product results from the addition of
the allenoate syn to the R? substituent. It can be assumed that,
in the favoured conformer of the substrate, the R? substituent
occupies an equatorial position. Then, the phosphine—
allenoate adduct gives syn-addition in order to minimize the
steric interactions between the incoming nucleophile and the
axial H-substituent (Fig. 1b). In other words, the preferred
conformation of the substrate prefigures the geometry of the
final cyclization product 2a.

X-Ray data also show that the cyclisation takes place with
retention of the olefin E-configuration.

In additional experiments, enones la—d were then reacted
with tert-butyl allenoate (entries 5-8 in Table 1). We noticed
that the increased steric hindrance of the allene tends to
decrease the diastereoselectivity of the cyclizations. For
instance, diastereomeric ratios of 85 : 15 and 70 : 30 have
been obtained, for compounds 3a and 3b respectively
(v5.90 : 10 and 85 : 15 for the corresponding ethyl esters 2a,b).

We next considered asymmetric variants of these annulation
processes by using (S,S)-FerroPHANE, A,'° and (S)-t-
Bu-Binepine, B,'! as the privileged catalysts. Representative
results are compiled in Table 2.

The FerroPHANE catalyzed cyclization between la and
ethyl 2,3-butadienoate (entry 1) proceeded well, providing 2a
in good yield (91%), with only moderate diastereo- and
enantioselectivity (75% ee).'?

However, both the diastereco- and enantioselectivity
could be improved by varying the R> substituent on the

(b)

Fig. 1 (a) X-Ray crystal structure of the major diastereomer of 2a
(CCDC 787941). (b) Schematic drawing of the preferred addition of
the phosphine—allenoate adduct to the enone.

Table 2 Enantioselective [3+2] cyclizations on enones la—d
(Scheme 2)

Entry Cat. Product R!' R?>  Yield (%) dr ee” (%)
1 A 2a Et Me 91 80:20 75
2 A 2 Et i-Pr 44 80:20 82
3 A 2 Et  t-Bu 98 >95:5 92
4 A 2 Et Ph 98 85:15 92
5 A 3a +Bu Me 86 80:20  90¢
6 A 3 +-Bu i-Pr 60 70:30 86
7 A 3c t-Bu t+-Bu 71 90:10 95
8 B 2a Et Me 75 85:15 82
9 B 2 Et Bu 50 >95:5 92
10 B 3a -Bu Me 20 80:20 86

“ Reactions performed at 80 °C. ® Ee’s have been measured by chiral
HPLC. (S,S)-FerroPHANE and (S)-Binepine give the same sense of
chiral induction.'® ¢ Minor isomer, ee = 92%.

Fe P—Cy P-tBu

cyclohexanone. A satisfying level of stereoselectivity, that is a
>95 : Sdrand a 92% ee, was attained in the synthesis of 2¢ from
ethyl allenoate and the 7-Bu-substituted cyclohexanone 1c¢ (entry
3). The 4-i-Pr- and 4-phenyl-substituted cyclohexanones 2b and
2d also gave high ees (82% and 92% ee respectively), with
however lower diastereomer ratios (entries 2 and 4). In the
starting allenoate, the ethyl group could be replaced by a #-Bu
group (entries 5-7): the corresponding annulation products 3a—c
(R' = r-Bu) were produced with ees up to 95%, higher than
those obtained from ethyl allenoate.

In parallel experiments, (S)-z-Bu-Binepine, B, has been
evaluated as the catalyst for these cyclizations (entries 8-10).
This catalyst gave comparable levels of diastereo- and
enantioselectivity with respect to FerroPHANE. It displayed
however a lower catalytic efficiency and comparatively lower
yields.

Different substrates were examined then to test the scope of
the [3+2] cyclizations above. Specifically, variations of the
arylidene moiety have been performed on 4-z-Bu-substituted
cyclohexanones. A set of substrates of this class (le—j) have
been prepared and reacted then with ethyl allenoate under
FerroPHANE catalysis. The corresponding spirocyclic
compounds 2e—j have been obtained as depicted in Table 3.

The cyclization reactions afford good yields (72-95%), good
diastereoselectivity and high enantioselectivity (85-94%) for
Ar = naphthyls and para-substituted aryls (entries 1-5). The
2-furyl-substituted enone 1j affords 2j in 57% yield and
a 75 :25 diastereomeric ratio only, while the enantiomeric
excess remains fully satisfying (92% ee).

A further step toward increased product complexity has
been taken then by considering the bicyclo[3.1.0]hexanes 4a
and exo-4b as the substrates. Compounds 4'* have been
reacted with ethyl 2,3-butadienoate in the presence of the
chiral phosphorus catalysts A and B (Scheme 3).

The FerroPHANE promoted cyclizations led to the
4-spiro-bicyclo[3.1.0]hexanes 5a and Sb, which display four
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Table 3 (S,S)-FerroPHANE catalyzed [3+2] cyclizations on 2,6-
diarylidene-4-tert-butyl-cyclohexanones

o) CO,Et Et0,C
:'/

. o]
Ar” X =~ “Ar
A, 10 mol%
toluene, 80°C
t-Bu
1e§

Entry  Product Ar Yield (%) dr ee (%)
1 2e p-MeOC¢H, 91 >95:5 94
2 2f p-MeCgHy 77¢ 85:15 90
3 2g p-CIC¢H, 86" 95:5 86
4 2h 1-Naphthyl 95¢ 95 :5 85
5 2i 2-Naphthyl ~ 72° 95 ;5 90
6 2j 2-Furyl 57° 75 :25 92

@ Reaction time: 60 h.” Reaction time: 18 h. ¢ By chiral HPLC.
Samples of racemic 2e—j have been obtained under CyPPh, catalysis.

—_/COZEt EtO,C Ph
R
A or B, 10 mol% :
toluene, 80°C, 18h H Ph
4a,R=H, 5a,b
4b, R = Me

Cat. Product R Yield(%) e.e.(%)

A Sa H 63 83
A 5b Me 66 83
B Sa H 20 86

Scheme 3 Enantioselective [3+2] cyclizations on the 2,5-dibenzyl-
idene-bicyclo[3.1.0]hexanes 4.

and five stereogenic carbons, respectively, with good diastereo-
selectivity. 5a was isolated as a 9 : 1 mixture of isomers, while
for 5b only one out of eight possible isomers is produced in
significant amount. The structures of the major isomers of 5a,b
have been tentatively assigned as shown in Scheme 3, by
assuming that the cyclization takes place following the same
stereochemical pathway as for substrates 2, with the allenoate
approaching the less hindered, exo-face of the bicyclic moiety.
Under FerroPHANE catalysis, compounds 5a (R?> = H) and
5b (R?> = Me) are formed in comparable ee, showing that the
additional Me substituent of 5b does not affect the enantio-
control. Under 7-Bu-Binepine A catalysis, the bicyclic spiranic
compound 5a is obtained in a satisfying 86% ee, however the
conversion rate is of only 22% after 18 h at 80 °C.

In summary, we have developed an efficient, highly
stereoselective  synthetic approach to the spirocyclic
compounds 2, as well as to the unique spiranic scaffolds 5,
involving the stereocontrolled formation of up to five
stereogenic carbon centres in a single process. As far
as we know, this is the first example of an enantioselective

desymmetrization process based on phosphine promoted
cyclizations.
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