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ABSTRACT

The enantioselective synthesis of R,R-disubstituted cycloalkanones has been developed using a primary amine, thiourea-based dual catalysis pathway.
A range of electrophiles and ring sizes are tolerated under the reaction conditions. A possible catalytic cycle is presented to explain the reactivity.

Stereogenic, R,R-disubstituted cycloalkanones have at-
tracted the attention of numerous researchers due to their
use as versatile building blocks in pharmaceuticals and
natural product synthesis.1 Despite this utility, primarily
stoichiometric auxiliary and transition-metal-catalyzed
approaches have been reported in the literature. Pfau
and d’Angelo reported one of the earliest methods
(Scheme 1).2 Their traceless auxiliary protocol employed
stoichiometric (þ)-R-methylbenzylamine to generate and
isolate a chiral imine/enamine intermediate, which was
then reacted with Michael acceptors such as methyl vinyl
ketone and methyl acrylate to generate quaternary centers
with good levels of enantiomeric excess (Scheme 1).2

Key to this transformation is the observation that the
imine derived from the primary amine slowly tautomerizes
selectively to the more substituted enamine. In contrast,
attempted direct formation of the desired enamine geome-
try using pyrrolidine (7) preferentially gives the unwanted
enamine 8 (9:1 rr).3 While palladium-based catalytic,
asymmetric methods for allylation of cycloalkanones
have been developed,4�10we are unaware of an organocata-
lytic method for facilitating the Michael addition of
R-alkyl-substituted cycloalkanones with acrylates.11 In
this Communication, we describe the development of a
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primary amine, thiourea bifunctional catalyst system12 to
facilitate this key transformation.

The development of an organocatalyzed method for the
synthesis of R,R-disubstituted cyclohexanone 11 is shown
in Table 1. In order to facilitate a catalytic version of
enamine-mediated,R,R-disubstituted cycloalkanone synth-
esis, we first attempted to simply use substoichiometric
amounts of primary amine 2 (entry 1). Not surprisingly,

this reaction proceeded in low yield. Interestingly, addition
of Brønsted acid additives such as p-TsOH completely
suppressed the reaction (entry 2). We next screened a series
of bifunctional thiourea/primary amine catalysts 12�15.13

While cyclohexyl-based catalyst 12 performed poorly in
this transformation (entry 3), use of an acyclic diamine
backbone (e.g., catalyst 13) provided dramatic increases in
both chemical yield (49%) and enantioselectivity (98%)
(entry 4). Further increases in chemical yield were achieved
using the benzyl thiourea derivative 15, now providing the
optimum level of chemical yield (95%)with continued high
enantioselectivity (98% ee) (entry 6). The absolute config-
uration was established by comparison with the optical
rotation with literature values.2a Use of alternate solvents
(xylenes, 1,4-dioxane, MeCN, DMF) or lower tempera-
tures (e.g., 60 �C) provided inferior chemical yields. The
thioureamotif appeared important to catalytic turnover, as
use of a sulfonamide derivative 16 or the parent diamine 17
led to a significant reduction in chemical yield.

With these catalytic reaction conditions established,
we studied the scope of the reaction of nucleophiles with

Scheme 1. Precedent for Enamine-Mediated Michael Additions
of R-Substituted Cycloalkanones

Table 1. Optimization of Organocatalyzed Michael Addition to
2-Methylcyclohexanone

entry conditions % yield % eea

1 2 (20 mol %) 10 90

2 2 (20 mol %),

p-TsOH (1 mol %)

0 n/a

3 12 (20 mol %) 18 67

4 13 (20 mol %) 49 98

5 14 (20 mol %) 80 98

6 15 (20 mol %) 95 98

7 15 (10 mol %) 76 98

8 16 (20 mol %) 17 98

9 17 (20 mol %) 5 n/d

aDetermined by chiral HPLC analysis.
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Michael acceptor 10 (Table 2). Five- and six-membered
cycloalkanones underwent clean reaction to provide the
desired products in excellent yields and enantioselectivities
after 48 h at 90 �C (42�96% yields, 97�98% ee). Larger
ring sizes appeared to be problematic; 2-methylcyclohep-
tanone provided none of the desired product. Steric effects
were important in transforming nucleophiles to the desired
products. For instance, 2-ethyl cyclohexanone 18c (entry 3)
provided a lower yield than the parent 2-methyl cyclohex-
anone 11 (42% and 95% yields respectively). The hetero-
cyclic nucleophiles provided good to excellent chemical
yields (91 and 64% yield, entries 4 and 5).14 Dihydrocar-
vone (18f) has been exploited previously in modestly
diastereoselective Michael additions (e.g., methyl acrylate,
t-BuOK, t-BuOH, 0 �C, 76% yield, 6:1 dr).15 We were
pleased to observe excellent levels of diastereoselectivity
and chemical yield (96% yield, >95% de) using our
catalyst system (entry 6).16 In all cases shown in Table 2,
none of the potential 2,6-substituted regioisomeric cyclo-
alkanones were observed.

We next explored the scope of electrophiles in this
organocatalyzed process (Table 3). We were pleased to
observe that other acrylates2a were tolerated in the trans-
formation (entries 1�2). Vinyl sulfones proved effective
under the reaction conditions (entries 3�7). It should be
noted that the phenyl-substituted thiourea catalyst 13

generally gave improved chemical yields with both phenyl
vinyl sulfone (20b)17 and methyl vinyl sulfone (20c). We
attribute this difference in reactivity to the more ionic
nature of the phenyl-substituted thiourea N�H bonds,
which better coordinates with the sulfone moiety. Acryloni-
trile (20d) also proved to be effective in this transformation;

however, the enantioselectivities for these substrates were
reduced (entries 8�9).2b,18 One rationale may be found in
the sp-hybridized nature of the nitrile moiety, reducing the
efficiency of preorganization with the catalyst. Finally,
the amide derivative 20e was a viable electrophile using
2-methylcyclopentanone (18a) providing product 21j; how-
ever, no Michael addition product was observed in the
analogous six-membered ring series.

A possible catalytic cycle is illustrated in Scheme 2.
Imine formation using the primary amine 15 and ketone
1 would generate the imine 22. Next, complexation of the
thiourea 22 with the electrophile 10 could generate inter-
mediate 23. The imine/enamine equilibrium likely favors
the imine 23; however, only reactive intermediate enamine
24 is capable of undergoing hydrogen-bond assisted
Michael addition and protonation to form the key
carbon�carbon bond. Hydroylsis of the sterically con-
gested imine 25 is likely facilitated by the pendant thiourea
motif to regenerate catalyst 15 and release product 11.
In summary, we have developed an organocatalyzed,

asymmetric protocol for the construction of R,R-disubsti-
tuted cycloalkanones containing all-carbon, quaternary
stereocenters in high levels of chemical yield and enantio-
selectivity. This process proceeds on both five- and six-
membered cycloalkanones as well as heterocyclic ketones.
A range of electrophiles are tolerated under the process.
The disclosed technology efficiently addresses the com-
plete regioselective control of the catalytic, enantioselective
Michael addition using unsymmetrically functionalized

Table 2. Exploration of Substrate Scope (Nucleophile)

entry x n R0, R00 % yield % eea

1 CH2 0 Me, H 96 (19a) 99

2 CH2 2 Me, H 0 (19b) n/a

3 CH2 1 Et, H 42 (19c) 99

4 O 1 Me, H 91 (19d) 98

5 S 1 Me, H 64 (19e) 97

6 CH2 1 Me, 2-propenyl 96 (19f) >95b

aDetermined by chiral HPLC analysis. bDetermined diastereomeric
exess by 1H NMR.

Table 3. Exploration of Substrate Scope (Electrophile)

entry n X EWG % yield % eea

1 0 CH2 CO2Me (20a) 70 (21a) 99

2 1 CH2 CO2Me (20a) 91 (21b) 98

3b 0 CH2 SO2Ph (20b) 34 (21c) 89

4b 1 CH2 SO2Ph (20b) 65 (21d) 94

5c 1 O SO2Ph (20b) 65 (21e) 98

6b 0 CH2 SO2Me (20c) 50 (21f) >95d

7b 1 CH2 SO2Me (20c) 50 (21g) >95d

8b 0 CH2 CN (20d) 54 (21h) 72e

9 1 CH2 CN (20d) 75 (21i) 85

10 0 CH2 C(O)NHBn (20e) 31 (21j) 80

11 1 CH2 C(O)NHBn (20e) 0 (21k) n/a

aDetermined by chiral HPLC analysis. bCatalyst 13 (20 mol %)
proved to be the optimum catalyst for this transformation. cCatalyst 14
(20 mol %) proved to be the optimum catalyst for this transformation.
dDetermined by 1H NMR using europium tris[3-(heptafluoropropyl-
hydroxymethylene)-(þ)-camphorate]. eDetermined by chiral GC
analysis.
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ketones (e.g., 1) with anR,β-unsaturated electrophile.While
two regiomeric enamines could potentially be generated
under the reaction conditions, a preferential reaction
through the sterically more congested enamine is achieved
under the thiourea/primary amine bifunctional catalyst

system. This work represents one of the first general one-
step catalytic, asymmetric methods to facilitate stereoselec-
tive, all-carbon quaternary center bond-forming reactions
(e.g., Michael additions) using simple, unsymmetrical ke-
tones (e.g., 2-alkylcycloalkanones) as starting materials.
The products derived from this transformation should serve
as useful building blocks in organic synthesis. Further
applicationof this technologywill be reported in due course.
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Scheme 2. Simplified Catalytic Cycle for Michael Addition
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