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Functionalized cyclohexanones are formed in excellent
yield and diastereoselectivity from a phase transfer catalyzed
double addition of active methylene pronucleophiles to non-
symmetrical divinyl ketones.

The development of single-pot reactions which allow the
rapid construction of several bonds and stereocenters remains a
considerable challenge in modern organic chemistry.! In many
instances this strategy can offer a simple and versatile synthesis
of valuable building blocks from inexpensive starting materials.

Highly substituted cyclohexanones and the related cyclo-
hexanols, provide key skeletal components of many natural
products with significant biological and pharmaceutical
importance.? In particular, a number of important cyclo-
hexanol natural products exist which have a quaternary
center at C-4 (Figure 1). Jiadifenolide 1° and jiadifenin 2*
are highly active neurotrophins which possess such a cyclo-
hexanol motif embedded within their compact and complex
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molecular structure (Figure 1). Therefore, these natural
products offer themselves as challenging synthetic targets
and have attracted considerable attention.’
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FIGURE 1. Jiadifenolide 1 and jiadifenin 2.

A number of synthetic routes to functionalized cyclo-
hexanones have been be reported in recent years, underlining
the continued importance of this framework to the synthetic
community. Most notably [4 + 2] cycloadditions,**° organo-
catalyzed domino annulations,” Rh(I)-catalyzed Pauson—
Khand,? Pd-catalyzed intramolecular hydroalkylation,9 and
reductive tandem double Michael cascades.'”

Divinyl ketones (DVKs) are predominantly associated
with the Nazarov reaction.'! However, they also act as com-
petent double electrophiles reacting with a variety of double
nucleophiles.'> The double addition of a methylene pro-
nucleophile is well-known (Scheme 1)."3

SCHEME 1. Reaction of a Malonate with a Divinyl Ketone'*
o
h MeO,C” >CO,Me NaOMe |
Ph 3a Ph 4a MeOH Ph Ph 5a

MeO,C CO,Me

For example, Kohler reported in 1924 that dibenzylidene
acetone 3a formed meso-cyclohexanone 5a when exposed to
dimethylmalonate and NaOH. The reaction is syn-selective,
with all subsequent reports involving the use of symmetrical
diaryl DVKs, or similar pseudosymmetrical diaryl sub-
stituted ketones, forming syn-diaryl cyclohexanones.'* The
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TABLE 1.  Optimisation Study”

O 3b %

O Me
h base (10 mol%) MCOZMe
-
Ph Me solvent Ph 7 “Me | CO,Me

“ Ph
MeO,C° TCO,Me 6a

MeO,C” COMe ,, 5b

entry base solvent  time (h) yield 5b (%)  dr5b”
1 PrNEt, PhMe 24 0° -
2 DBU PhMe 24 0 -
3 NaOMe PhMe 24 11 91:9
4 NaOH PhMe 24 5¢ nd
5 KOH PhMe 24 3¢ nd
6 CsOH-H,0 PhMe 24 19¢ >95:5
7 CsOH-H,0O° PhMe 0.5 98 >95:5
8 CsOH-H,0¢ CH,Cl, 0.5 75 71:29
9 CsOH-H,0¢ CH;CN 0.5 95 75:25
10 CsOH-H,0° Et,O 0.5 92 86:14
11 CsOH-H,0¢ hexane 0.5 84 >95:5

“General reaction conditions: base (10 mol %), [1 M] at 25 °C.
PMeasured by "H NMR analysis of crude reaction mixture. “Reaction
conversion: measured by "H NMR analysis of crude reaction mixture.
“Enone 6a recovered in 99%. n-BuyNBr (5 mol %) additive used.

limited substrate scope and inherent symmetry of the prod-
ucts suggests a reaction of limited applicability in a stereo-
selective target-orientated context.

We felt the potential of this annulation had not been fully
realized regarding divinyl ketone scope and stereochemical
control.'® Indeed, similar concerns had prompted our recent
studies concerning a highly diastereoselective annulation of
nonsymmetrical DVKs and indoles.'® Herein we report
studies concerning the double addition of a range of methy-
lene pronucleophiles to nonsymmetrical DVKs. DVK 3b
was chosen as the initial substrate for examination as each
enone terminus is sterically and electronically differentiated.
Accordingly, dimethyl malonate was exposed to a range of
bases at catalytic loadings, with toluene initially examined
(Table 1)."7

Organonitrogen bases were found to be largely ineffective
at catalyzing the desired reaction (entries 1—2). However,
DBU catalyzed the formation of the monoaddition product
6a (entry 2). This observation confirmed the order of the
stepwise double addition as initial intermolecular addition to
the Me-substituted enone followed by subsequent cycliza-
tion onto the Ph-substituted enone. Catalytic loadings of
sodium methoxide and hydroxide bases were also found to
be unsuccessful (entries 3—6). However, the formation of the
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TABLE 2.  Divinyl Ketone Substrate Scope

(e} o
CsOH.H,0 (10 mol %)
" | ‘ . MeOQC/\COQMe "BugNBr (5 mol %) A . 5b-k
r 3
3bk 4a PaMe. 10 \leo,c” “coMe
entry R Ar product yield (%)  dr5 (anti/syn)*

1 Me Ph 5b 98 >95:5
2 Me 4-OMeCgHy Sc 64 >95:5
3 Me 2-CIC¢H4 5d 90 >95:5
4 Me 4-CIC4H, Se 89 >95:5
5 Me 4-MeC¢Hy 5f 93 >95:5
6 Me 3-MeCgHy S5¢g 82 >95:5
7 Me  2-furyl Sh 58 >95:5
8 Me  2-pyridyl 5i 88 >95:5
9 "Pr  Ph 5j 85 >95:5
10 Cy Ph 5k 82" 93:7
11 Me Ph 5b 86 >95:5

“Measured by 'H NMR analysis of crude reaction mixture.
b Attempted at 85 °C for 24 h. “Conducted on 5 mmol scale for 5 h.

desired cyclohexanone was observed when CsOH was uti-
lized with tetrabutylammonium bromide phase transfer
catalyst in toluene solvent (entry 6). This led to a dramatic
improvement in reaction efficiency with complete conversion
observed in under 30 min when compared with the absence
of "BuyNBr (entry 5). Application of these phase transfer
conditions in other common organic solvents provided no
significant improvement to either yield or reaction rate
(entries 7—10). Unexpectedly, the anti-diastereomer was
observed to form in this reaction as ascertained by 1D and
2D 'H NMR spectroscopy. Furthermore, these studies
suggested the phenyl group had adopted an axial disposition,
in contrast to the syn-selectivity reported in all diaryl systems
reported in the literature.'*

With optimized reaction conditions developed, the scope
of the DVK was subsequently examined (Table 2).

The reaction of dimethyl malonate provided access to anti-
substituted cyclohexanones. In all instances, methyl-aryl
substituted DVKs reacted efficiently and with high diaste-
reoselectivity. This reaction allowed for the incorporation of
heteroaryl substitution upon the cyclohexanone ring (entries
7—28). In contrast, replacing the methyl group by a cyclohexyl
unit led to a dramatic reduction in reactivity with a slight
reduction in diastereoselectivity (entry 10). Importantly, this
reaction is amenable to being conducted on a larger scale
with a S mmol scale reaction forming 5b in 86% (entry 11).

The anti-diastereoselectivity of this tandem-sequence was
confirmed by X-ray crystallography of cyclohexanone 5¢
which also confirmed the axial positioning of the aryl group
and equatorial disposition of the methyl group (see Support-
ing Information).

Having assessed the scope of divinyl ketone electrophile,
this methodology was in turn examined with respect to
pronucleophile (Table 3).

A range of pronucleophiles reacted smoothly with 3b to
form cyclohexanone products in good yield. The use of
symmetrical pronucleophiles resulted in excellent yields
and diastereoselctivities (entries 1 —3). In contrast, the use of
nonsymmetrical active methylene nucleophiles formed dia-
stereomeric mixtures (entries 4—7). Symmetrical methylene
pronucleophiles gave excellent levels of trans-diastereo-
selectivity. In general, more acidic pronucleophiles
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TABLE 3.  Pronucleophile Scope
o O
., CSOH.H0 (10 mol %)
| ] E'SE2  nBu,NBr (5 mol %) on -
Ph Me - = o, ME
3b 4ak PhMe, rt E'" E* b, 5l5r
entry E' E? time (h)  yield (%) dr*
1 CO,Me CO,Me 0.5 98 (5b) >95:5
2 CN CN 0.5 97 (51) >95:5
3b 0. o
T\f 24 48 (5m) >95:5
PaN
4 CN COMe 0.5 92(5n)  81:19:0:0%¢
5 C(O)Me CO;Me 48 79 (50) 61:39:0:0¢
6 CO,Me  SO,Ph 16 82 (5p) 75:25:0:0%¢
7
¥ ° 16 72 (5q) 60:40:0:0°
8 H NO, 24 0 -

“Measured by '"H NMR analysis of crude reaction mixture. *Reaction
conducted in CH,Cl,. “Major diastereomer isolable and relative config-
uration confirmed by NOESY "H NMR spectroscopy. “Minor diaste-
reomer confirmed as epimeric at C-4 quaternary center as confirmed
by 1D- and 2D-"H NMR analysis. “Major diastereomer not defined, dr
value stated.

»~ = NOE

FIGURE 2. Major diastereomer of 5n—p with key NOE interac-
tions.

demonstrated lowered reactivity, presumably a reflection of
reduced nucleophilicity of the respective conjugate base as
exemplified by the double addition of a f-keto ester pronucleo-
phile (entry 5). Full conversion in this instance took 48 h
compared to the short reaction times with malonate and mal-
onitrile pronucleophiles (entries 1—2). The major isomers of
Sn—p were isolated after chromatography with the relative
configuration confirmed by 'H NOESY spectroscopy (Figure 2).
Efforts have been made to form three stereocenters by
employing trisubstututed divinyl ketones (Scheme 2).

SCHEME 2. Formation of Three Stereocentres

o) 4a (1 equiv) (o] 63%
Me CsOH.H,0 (10 mol%) Me Me,, dr=71:29:0:0
‘ | "BuyNBr (5 mol%)
Me" 2 “Ph Me™ Yy “Ph

Me Ph 1 .
3l PhMe, . 30h  Meo,C' COMe  MeO,C CO,Me
anti,anti-5r

anti,syn-5r

Divinyl ketone 31 was observed to offer significantly
reduced reactivity when compared to the corresponding
disubstituted system 3b. Ultimately, only two diastereomers
from a possible four were observed after 30 h and were iso-
lated in 63%, with the major anti,anti-diastereomer deduced
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after extensive 1D- and 2D-NMR spectroscopy. Therefore,
complex cyclohexanones with multiple stereocenters are
rapidly accessible from divinylketone substrates.

This tandem phase-transfer catalyzed reaction has also
allowed access to contiguous quaternary centers. Reaction of
dimethyl terminated divinyl ketone 3m and dimethyl malo-
nate under the developed conditions forms cyclohexanone 5s
in good yield (Scheme 3).

SCHEME 3. Contiguous Quaternary Center Formation“
CsOH.H,0
o (10 mol %) on o
"Bu,NBr o
[ (5 mol %) IVYCOZME Ve
— S "
Me™ “Me P ohive, t, 1h, COMe e 75 “Ph
3m  da(lequy) LM Me ob MeO,C CO,Me

5s 54%

“Intermediate enone 6b isolated in 25%.

In this instance, the initial intermolecular Michael reaction
is found to occur at the Ph-substituted enone moiety before
continuing through a slower intramolecular Michael reac-
tion as gauged by the isolation of enone 6b.

In conclusion, an operationally simple, high-yielding and
stereoselective double Michael addition to nonsymmetrical
divinyl ketones has been developed. Substrate scope and
reactivity trends have been investigated.

Experimental Section

Representative Procedure of Phase Transfer-Catalyzed Double
Michael Reactions; Synthesis of 5b. To a vigorously stirring
solution of dimethyl malonate (665 uL, 5.3 mmol) and divinyl
ketone 3b (910 mg, 5.3 mmol) in toluene (0.5 M, 10 mL) was
added "BuyNBr (85 mg, 0.27 mmol, 5 mol %) and CsOH-H,O
(79 mg, 0.53 mmol, 10 mol %) at room temperature. The
reaction mixture was allowed to stir until TLC analysis showed
complete consumption of the starting reagents (5 h). The reac-
tion was quenched by diluting with CH,Cl, (15 mL) and passing
through a short pad of silica. The solvent was removed in vacuo
and crude material purified by flash chromatography (SiO», 8:1
petrol/EtOAc) to afford 5b as a clear oil (1.381 g, 4.56 mmol,
86%, dr > 95:5). FTIR (film/cm ") vmax: 3628 (W), 2953 (s),
2849 (m), 1754 (s), 1727 (s), 1611 (m). '"H NMR (500 MHz,
CDCl3) 0y 7.23—7.28 (3H, m), 7.04—7.06 (2H, m), 4.03 (1H, dd,
J=17.0,4.6 Hz), 3.80 (3H, s), 3.46 (3H, s), 3.31 (1H, ddd, J =
15.8,7.0,0.8 Hz),2.96 (1H,dqd, J = 12.0,6.7,4.5Hz),2.73 (1H,
ddd,J = 15.6,4.5,1.7Hz), 2.68 (1H,ddd, J = 15.8,4.6, 1.7 Hz),
2.29 (1H,ddd, J = 15.6,12.0,0.8 Hz), 1.10 (3H, d, J = 6.7 Hz).
13C NMR (125 MHz, CDCl;) d¢ 209.8, 170.8, 169.7, 140.4,
128.7,128.3, 127.6, 61.7, 52.3, 51.9, 46.3, 45.5., 43.9, 32.6, 18.8.
HRMS (ES) caled for C17H»Os (m/z M + H™): 305.1389.
Found 305.1373.
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