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Abstract: A simple organocatalytic Michael-aldol-dehydratialomino approach to chiral
3,5-diaryl-cyclohexenones from acetone asnjttunsaturated ketones was developed for the first
time using a simple chiral primary amine as a gataModerate to good yields (up to 85%) and

excellent enantioselectivities (88-98%@ were obtained.
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| ntroduction

Chiral cyclohexenones are important chiral scaffolchich have been widely used in the
synthesis of asymmetric natural products and acbspactrum of biologically active molecufes.
Therefore, many useful strategies have been deseldpr the synthesis of this kind of
compounds, including various multistep synthésigramolecular aldol condensation reactidns,
kinetic resolution of racemic substituted cyclohexees by asymmetric catalytic reactiéremnd

enantioselective Robinson annulation, which coss@t three consecutive processes: (I) the
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asymmetric Michael addition of a carbonyl compotma@no, B-unsaturated ketone/aldehyde, (11)
an intramolecular aldol reaction, and (lll) dehydna. Low cost starting materials are advantages
for Robinson annulation stratedy.

In recent 20 years, asymmetric organocatalysisenasrged as a versatile strategy for the
stereoselective preparation of valuable chiral coumgls. Pure organic molecules are utilized as
chiral catalysts providing a valuable complementhi® traditional organometallic and biological
approaches to asymmetric catalysihiese stereo-controlled methods offer a practiativpay for
the construction of a variety of enantio-enrichgdl@hex-2-enones.For instance, Jorgensen et
al.” and Hayashi et &l.successfully used diarylprolinol silyl ether as amanocatalyst, and
a,p-unsaturated aldehydes as the Michael acceptanepare various chiral cyclohexenones with
excellent enantioselectivities. Deng and coworkeported an asymmetric Michael addition for
the synthesis of chiral cyclohexenones catalyzedd4amino-9-deoxyepiquinine.Zhao et al.
applied chiral primary-secondary diamine catalysiscatalyze the Michael-aldol-dehydration
reaction between benzoylacetat@sketoamides and,f-unsaturated ketones to form chiral
cyclohexenones in high enantioselectivities wititestent yields:® However, the reports about
synthesis of chiral 3,5-diaryl-cyclohexenones agyvare. In 2000, the Corey group reported the
preparation of $)-3,5-diaryl-cyclohexenones via a five step synth&sTwo straightforward
procedures for the preparation of non-chiral 3a&ndicyclohexenones via Robinson annulation
reaction of chalcones and acetone have been revelel998, Inanaga et al. synthesized
non-chiral 3,5-diaryl-cyclohexenones via the reactof chalcones and acetone catalyzed by
lanthanoid saltd’ In 2014, the Ghosh group reported the pyrrolidiaglyzed direct synthesis of

non-chiral 3,5-diaryl-cyclohexenones from acetond ehalcone$? However, to the best of our



knowledge, the asymmetric version of the Robinsamuéation of chalcones with acetone for the
preparation of chiral 3,5-diaryl-cyclohexenones haisbeen reported yet.

In asymmetric catalysis, chiral secondary amine® lieeen widely studied as highly versatile
and extremely powerful catalysts. However, chirglmpry amines as organocatalysts are
relatively underutilized. In consideration of thelvantage of primary amine catalysis for
successfully dealing with major challenges in vasicterically hindered carbonyl compounds,
which many approaches hardly hantflé is greatly desirable to develop more chiranpaiy
amine catalysts in asymmetric organocatalysis. B\@e for the choice of chiral catalysts for
asymmetric synthesis, a combination of efficienayailability, and economy is the core
consideration. Enantiomerically purgans-1,2-diaminocyclohexane is a structurally simple
molecule which fits the requirements very well. dsscribed in a review by Hanessian and
coworker** trans-1,2-diaminocyclohexane was first reported by Widlat al in 1926 who
prepared it from hexahydrophthalic acid throughwvession to the hydrazide followed by a
Curtius reaction. Nowadays, this diamine is rea@ipilable because it is a component in a
byproduct amine stream produced during the putifioaof 1,6-hexanediamine, which is one of
the materials for the manufacture of Nylon 86ts optical resolution can be easily done in
aqueous medium by utilization of D- or L-tartaricica to obtain the (R,R)- or the (S,S)-
enantiomer in enantiopure form, respectiélascinated by its features of ready availabilitg an
structural simplicity, our group has been payingchmuattention on development of new

trans-1,2-diaminocyclohexane derived chiral catalfar asymmetric organocatalysfs.



o o)
9] o) o)
R1/\)J\R2 =+ )J\ — —
R? R2
R R2

Scheme 1 Robinson annulation reaction

Although there are numerous asymmetric aldol reastireported, aliphatic ketones and
aldehydes are mainly concerned; to the best ofkaowledge, there is scarcely any reported
example for the aromatic ketones without any othssisted functional group participating
asymmetric (domino) aldol reactions with other la¢ific ketones. For the Robinson annulation
reaction (the sequential asymmetric Michael addlitidramolecular aldol reaction/dehydration)
as shown irScheme 1, generally when Rand R are both aliphatic groups or* Rromatic while
R? aliphatic, the initial (metal free organocatalytiichael reaction and subsequent aldol
reactions may readily take place, while when bottail B are aromatic substituted groups such
as chalcone, the enantioselectivity and reactioftyhe first Michael addition is difficultly to be
controlled due to steric hindrance and the minf@etinces between the two groups. To the best
of our knowledge, there has been only one exampléhe asymmetric Michael addition of
acetone to chalcone which was reported in 2014 aactiral benzoylthiourea—pyrrolidine was
used as a catalyst; only 53% yield with 58@was obtained without subsequent aldol reaction.

Based on double catalysis: enamine/imine-hydrogamding mechanisrauch as Noyori’s
chiral ligand N-[(1R,2R)-2-amino-1,2-diphenylethyijmethylbenzenesulfonamid&s-DPEN) 2
a chiral primary amine bifunctional catalyst, whibhs been successfully used for the highly
enantioselective Michael addition of acetone tooaikene<’ (1S,2S)-diaminocyclohexane and
its benzoyl derivatives were chosen as very sirbflenctional organocatalysts. In this work, a

highly enantioselective Robinson annulation of cbaés with acetone was developed using a
4



chiral primary amine as a catalyst to construct3R}diaryl-cyclohexenones.

Results and discussion

Initially, the domino reaction of chalcoria and aceton@ was used as a model reaction at
30°C in PhMe, and a variety of optically active prippamines shown iffigure 1 were screened
as catalysts. As can be seen from the resulfalahe 1, when3a was used in the reaction, only a
trace amount of produela was detectedT@ble 1, entry 1). Catalyst8b-3f could promote the
model reaction, giving the desired product withhh@nantioselectivities (92-96&g the absolute
configuration of3a was determined @ by comparison of HPLC with literatuf&.'%j but in low
yields (10-31%) Table 1, entries 2-6). Taking into consideration of boteldy and enantiomeric
excess3f was chosen as the catalyst for the cascade reatte speculated that the low yields
may be due to the evaporation of acetone. Thusatteenpted to improve the yield by adding
acetone (20 eq.) in two portions (10 eq. each @oytat the beginning and after 2 days into the
reaction mixture, which gave the product in a betield of 42% with 96%ee (Table 1, entry 7).
Therefore, the amount of acetone (10 equiv. + 10ivégd) was adopted in the following

investigation.

HO)‘_@R 3b: R=H
Q--‘NHQ QN ] 3c: R = 4- OCHg

3d: R = 4- CH;
NH, NH, 3e:R=4-Cl
3a 3f. R=23,4,5-OCH;

Figure 1. Structures of the catalysts

Table 1. Screening of chiral primary amine cataly3#s3f.?
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0]
O N O . )0]\ Cat. (20 mol %) ‘
PhMe, 30 °C O O
1a 2 4a
Entry Catalyst Yield (%) ee(%) (R)
1 3a trace n.d
2 3b 15 92
3 3c 27 94
4 3d 24 94
5 3e 10 92
6 3f 31 96
7 3f 42 96

2The reactions were carried out usiba (0.20 mmol),2 (10 equiv., 0.15 mL), and catalyst (20 mol %) in
PhMe (1.0 mL) at 30C for 4 days.

®|solated yield after column chromatography on ailiel.

¢ Determined by chiral HPLC analysis (AS-H).

4 Acetone? (10 equiv., 0.15 m).was used when setting the reaction, and anothtiopof acetone? (10

equiv., 0.15 m was added into the reaction mixture after 2 days.

Different solvents were tested for the model remctiatalyzed byf at 30°C (Table 2). The
results revealed that the solvent had a signifieffett on the rate and the enantioselectivityhef t
reaction. In polar solvents, such as DMF, MeCN, Me@nd EtOH, the reaction resulted in poor
yields (Table 2, entries 1-4). By contrast, in qumar solvents or solvents with low polarity, such
as PhMe, PhBr, and xylene, the reaction gave bejields (42-56%) and better
enantioselectivities (90-97%e Table 2, entries 10-12). Among them, the reactiorxylene
provided product with an excellent enantioselettiyb6% eg in a relatively good yield (52%)

(Table 2, entry 12). Thus, xylene was selectedfdother optimization. Next, the influence of



temperature on the model reaction in xylene wassdtigated at 20, 40, and 80, respectively.
The results indicated that the yield improved fr@8% to 60% when the temperature was
increased from 20 to 5tC (Table 2, entries 12-15), however the enantictiglty decreased from
96%eeto 90%ee Therefore, in view of both yield and stereosédityt 30 °C was selected as the

suitable temperature for the domino reaction.

Table 2. Effect of solvents and temperature on the reaétion

O
O

O A O + )?\ 3f (20 mol %) ‘

solvent O O

1a 2 4a
Entry Solvent Temp2C) Time (d) Yield (%) ee(%) (R)

1 DMF 30 6 trace n.d.
2 MeCN 30 6 trace n.d.
3 MeOH 30 6 18 86
4 EtOH 30 6 25 84
5 Ethyl acetate 30 4 48 88
6 MTBE 30 6 28 86
7 Acetone 30 6 38 84
8 CHCk 30 4 48 84
9 CH.Cl, 30 4 42 82
10 PhMe 30 4 42 97
11 PhBr 30 4 56 90
12 xylene 30 4 52 96
13 xylene 20 4 36 96
14 xylene 40 4 54 94
15 xylene 50 4 60 920

2The reactions were carried out usitw (0.20 mmol),2 (10 equiv. + 10 equiv./2d), ar&f (20 mol %) in

solvent (1.0 mL).

®|solated yield after column chromatography on ailiel.

¢ Determined by chiral HPLC analysis (AS-H)



Other parameters, including the amount of acetthreecatalyst loading and the volume of
solvent, were also investigaté@able 3). No superior results were obtained bgeting of the
amount of acetone and catalyst loading (Table Bjesnl-7). However, when the volume of the
solvent (xylene) was reduced from 1.0 mL to 0.50, tile reaction gave a better yield of 62%
with high stereoselectivity of 94%e after 4 d Table 3, entry 9). Through these screenings, the
optimized reaction conditions were found to be mlsimation of3f (20 mol %), acetone (10 equiv.
+ 10 equiv./2d), and 0.5 mL of xylene as the sdiyéar 0.20 mmol scale of chalcora) at 30°C.

In addition, the effect of some additives, suchAg®H, CRCO,H and PhCGH etc, was also

investigated, but no positive results were obtained

Table 3. Effect of the amount of acetone, catalyst loadind @lume of solvent on the reactifn.

o]
O
O AN O o )OJ\ 3f (x mol %) R ‘
xylene, 30 °C O O
1a 2 4a
Entry 2 (x equiv.) 3f (mol %) Xylene (mL) Yield (% ee(%) (R)
1 5 20 1.0 41 96
2 10 20 1.0 52 96
3 15 20 1.0 54 90
4 20 20 1.0 54 88
5 10 10 1.0 36 96
6 10 15 1.0 45 96
7 10 30 1.0 53 95
8 10 20 2.0 42 96
9 10 20 0.5 62 94

@The reactions were carried out usitey(0.20 mmol),2 (x equiv. + x equiv./2d), and catalyftin xylene at
30°C for 4 d.

P|solated yield aftecolumn chromatography on silica gel.



¢ Determined by chiral HPLC analysis (AS-H)

Under the optimized reaction conditions, the scepéd the limitations of this domino
reaction were examined with different chalcorie¢Table 4). As can be seen from the table,
catalyst3f showed good catalytic activity for the cascadectien. The product yields of up to
85% and enantioselectivities of up to 98#were achieved with various chalcones bearing eithe
electron-withdrawing or electron-donating substitisein theortho, metaor para position of the
aromatic ring (Table Zentries 1-18). The position of substituent in thenaatic ring had obvious
effect on the yields. For instance, the reactioth\#2-Cl substituted chalcone gave better yield
than that with 3- or 4-Cl substituted chalcone (&ad, entries 2-4). Besides chalcones,
4-phenylbut-3-en-2-one was also tested, givingpioeluct in 80% yield and 88%e (Table 4,
entry 19). In addition, some ketones other thariomee were also surveyed, such as butanone,
3-methylbutanone, 3-pentanone, 1-chloroacetone, Yyl eth acetoacetate and
1,3-diphenylpropan-2-one, under the present reaatanditions, but no desired products were

detected.

Table 4. Substrate scoge

@]
o o] 3f (20 mol %)
mol /o
NSNS NP Py .
xylene, 30 °C = R2
1 2 4
Entry R R? Product Time (d) Yield (%) ee(%) (R)
1 Ph Ph 4a 4 62 94
2 2-CIGH, Ph 4b 2 82 96
3 3-CIGH, Ph 4c 4 62 94
4 4-CIGH, Ph 4d 6 54 94




5 3-BrGH, Ph de 4 60 95
6 4-BrCH, Ph 4f 4 56 95
7 2,3-ChCqH3 Ph 4g 4 74 95
8 2,4-ChCqH3 Ph 4h 2 85 96
9 2,6-ChCqH3 Ph 4 2 72 98
10 4-NOCeHa Ph 4 6 52 92
11 4-CHCgH, Ph 4k 6 41 91
12 4-CHOGH, Ph 4 6 32 96
13 Ph 4-CHCeH, 4m 6 48 97
14 2-CIGH, 4-CH,CH, 4n 4 67 96
15 Ph 4-CIGH, 40 6 50 94
16 2-CIGH, 4-CICH, 4p 2 76 96
17 4-CIGH, 4-CICsH, 4q 4 71 94
18 Ph 4-NQCgH, 4r 2 64 95
19 Ph CH 4s 4 80 88

2The reactions were carried out usitay(0.20 mmol),2 (10 equiv. + 10 equiv./2d, except for entries 29,8
16 and 18, in which only 10 equiv. ®fvas used), and catalyaft (20 mol %) in xylene (0.50 mL) at 3C.
®|solated yield after column chromatography on ailiel.

“Determined by chiral HPLC analysis (AS-H, AD-H)

Finally, the mechanism of the primary amine catadytandem Michael-aldol-dehydration
reaction was explored. To investigate the interfpletwveen catalysf and substrates, some NMR
control experiments were conducted. Chalcdi® &nd acetone2] were separately mixed with
catalyst3f to test theirH NMR in DMSO4d; It was found thathe 'H NMR for the mixture of
acetonedf showed some interesting changes: The signals arhaiic protons and methoxyl
groups of3f were obviously split, revealing that acetone must hasdgain interaction with the
amide part which directly connects to the benzémg in catalyst3f. However, in the mixture of
chalcone8f, the chemical shifts for the aromatic protons ar@hoxyl groups o8f didn’t show
obvious changes, but the chemical shifts of profoms the cyclohexyl o8f moved to downfield
slightly; on the contrary, the chemical shifts of protonsrrchalcone moved to upfield slightly.

This suggested that chalcone did not affect thedampart of3f, and instead it may have some
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interaction with NH of catalyst3f. This is probably due to the steric hindrancehalcone. (For
the’H NMR spectra of these NMR control experimentsapéesee the Supporting information).
Based on the above control experiments and previepmrts™*'°**% possible mechanism
was proposedStheme 2): Firstly, chalcondl is activated by cataly$f via the formation of imine,
and aceton@ is activated by the amide 8f through the formation of enol and hydrogen bond
with amide carbonyl oxygen. The enol attacksdlffeunsaturated iminérom Siface to generate
the Michael adduct. Secondly, catalgsfurther activates the Michael addwéd the formation of

chiral enamine intermediate, and an intramolecwkfol addition occurs which gave the

cyclohexane ring. Finally, product chiral cyclohexenodes generated by the dehydrationsof

H,CO  OCHs
OCH, HCQ  ocH,
§
t, O s o
Jl)J\R2 NH, 3f O:N S intermolecular \/I/\/\n/
" Michael addition 2
R 4 o Ny R' O
)J\ ”)\Rz <O
2 R" N~ HsCO  OCH;
OCH,
H
N
Sk
NH, Of
Y
OCH,
OCH,

N
o) o Q OCH;
dehydration intramolecular NH O
- -
-H20 oH aldol reaction
R1 R2 R1 R2
4 5 R )

0~ "R2

Scheme 2 Possible mechanism for the primary amine catalylmedino reaction.

Conclusion



In conclusion, a highly enantioselective organdgtitadomino Michael-aldol-dehydration
reaction for the synthesis of 3,5-disubstitutedalntyclohexenones was developed for the first
time. Easily available acetone and chalcones wsed as starting materials, and a simple chiral
primary amine was used as a catalyst. The varioodupts were obtained in moderate to good
yields of up to 85% with excellent enantioseletitdd of 91-98%ee This procedure provided a

simple and straightforward method to constructdsbtstituted chiral cyclohexenones.

Experimental

General

NMR data were obtained foH at 300 MHz, 600 MHz and foPC at 75 MHz, 150 MHz.
Chemical shifts are reported in ppm from tetramisilane with the solvent resonance as the
internal standard in CDglor (CD;),SO solution. In each case, the enantiomeric exe&ss
determined by chiral HPLC analysis on chiralpak ACand AS-H in comparison with authentic
racemates. All optical rotationsu]f;, were obtained from a polarimeter (WZZ-2S 2SS).
High-resolution mass spectra were obtained by ug#®j ionization sources (Varian 7.0T
FTICR-MS). All chemical reagents (includa) and solvents were purchased from commercial
vendors, and used without any further purificatiotess otherwise stated. All the reactions were
monitored by thin-layer chromatography (TLC) withaiang GF254 silica gel plates. Flash

column chromatography was carried out using 200-+#3€¢h silica gel at increased pressure.

General procedurefor the synthesis of catalysts 3b-3f.
Catalysts3a was purchased from commercial vend@ts3f were synthesized following previous

12



procedure$?

General procedurefor the Michael-aldol-dehydration reactions.

A mixture of catalysBf (12 mg, 20 mol %), chalcorfe(0.20 mmol) and acetoriz(10 equiv. +

10 equiv./2d) in xyleng0.50 mL) was stirred at 36C. Upon completion of the reaction
(monitored by TLC), the solvent was evaporated uneeluced pressure. The residue was
purification by flash column chromatography (EtOWetane = 1/3-1/10, v/v) to afford the

corresponding products.
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