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An Efficient and Scalable One-Pot Double Additionally, 4-aryl-4-cyano-2-carbomethoxycyclohexanone in-
Michael Addition-Dieckmann Condensation for termediates have found synthetic utility in the preparation of

the Synthesis of 4,4-Disubstituted Cyclohexane non-natural products, such as phosphodiesterase 4 (PDE4)
ﬁ—ke to Esters inhibitors6” and7.8 Advantageously, numerous diverse benzylic

nitriles and esters are commercially available, allowing for the
rapid synthesis of a variety of 4-aryl-4-cyano-2-carbomethoxy-
Michael R. DeGraffenreid, Sarah Bennett, Sebastien Chaille, cyclohexanone and 4-aryl-2,4-biscarbomethoxycyclohexanone
Felix Gon;algz-Lopez de Turiso, Randall W. Hungate, intermediates, which can be especially valuable in the discovery
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Veterans Bouleard, South San Francisco, California 94080 hypotensivé and analgesi€ agents, as well as calcium channel
antagonistd!

ljulian@amgen.com Despite the wide applicability that these intermediates have
_ found in the preparation of biologically active molecules, we
Receied June 6, 2007 were unable to identify a general and operationally simple

synthesis of this class of intermediates. The most commonly
used method in the literature for the synthesis of 4-aryl-4-cyano-

OH 2-carbomethoxycyclohexanones involves a two-step procedure,
2~CoMe CO,Me initially reported by Irie and co-workers (Scheme'4)n this
A x z reaction sequence, arylacetonit@lendergoes a double Michael
X =CN, CO,R ‘BUOK, THF, 1t, 0.25-3 h A x addition reaction with methyl acrylate in the presence of benzyl-

(trimethyl) ammoniumhydroxide (Triton B) to afford the diester
A simple, scalable, and efficient one-pot methodology for 12. Subsequently, in a separate step, diesgis treated with
the synthesis of 4,4-disubstituted cyclohex@reeto esters  95% sodium hydride (although a few cases have been reported
from benzylic nitriles or esters and methyl acrylate promoted which replace the sodium hydride with potassitar-butoxide)
by potassiuntert-butoxide is described. The process relies to effect the Dieckmann cyclization providing the 4-aryl-4-
on a tandem double Michael addition-Dieckmann condensa- cyano-2-carbomethoxycyclohexanohé° In our hands, we
tion reaction, which results in the formation of three discrete found this reaction sequence to be problematic, particularly on
carbon-carbon bonds in a Sing|e pot, including a quaternary a Ial’ger scale. In the first Step, the--l.-rlton B addlthr'! WaS-fOUnd
center. The method allows for the convenient and rapid 10 be extremely vigorous, requiring long addition times.
synthesis of a variety of 4-aryl-4-cyano-2-carbomethoxycy- Additionally, the sodium hydride promoted Dieckmann con-
clohexanone and 4-aryl-2,4—biscarbomethoxycyclohexanonedensat'on was often unpredictable with a variable induction

building blocks for use in natural products synthesis and period which led to poor reproducibility and significant issues
medicinal chemistry of lab safety, especially when conducted on a larger scale.

Although a more recent report describes a one-pot transforma-
tion for the double Michael addition-Dieckmann cyclization of
The 4,4-disubstituted cyclohexanone structural unit has servedthe parent unsubstituted phenylacetonitrile and phenylacetate
as a useful synthetic intermediate in a wide range of applications. Promoted by NgFe(CO) or sodium methoxide, this method
For example, 4-aryl-4-cyano-2-carbomethoxycyclohexandnes ( affords the 4-phenyl-4-cyano-2-carbomethoxycyclohexanone
Figure 1) have been employed in the synthesis of natural @hd 4-phenyl-2,4-biscarboalkoxycyclohexanone products in only

products such as themaryllidaceaealkaloids lycoramine )2 moderate yields (56 and 52%, respectivéfy)Due to the
and ana|ogs of the anticholinesterase galantharﬁ):%dnd the limitations with existing approaches, we set out to Investigate
Sceletiumalkaloid¢ mesembrine 4)° and tortuosaminesj.5 an improved method to effect the double Michael addition-

Dieckmann condensation reaction sequence. This effort has
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FIGURE 1. 1. Biologically active molecules obtained from 4-aryl-4-cyano-2-carbomethoxycyclohexanones.

SCHEME 1. One-Pot vs Two-Pot Method for the Synthesis the reaction was found to be slightly exothermic with a
of 4,4-Disubstituted-2-carbomethoxycyclohexanones temperature peak of50 °C (<5 g scale). On this scale, when
OH the reaction was attempted at°G, it typically did not go to
CO,Me completion and yields were lowered to-450%. However, the
larger scale experiments b0 g) were initiated at OC, then
XX allowed to warm to room temperature to ensure minimization
of potentially rigorous exotherni$ These conditions were found
9, X=CN 1,X=CN to be applicable to a wide variety of substituted arylacetonitriles
9, including electron rich (e.g., entry 15), electron deficient (e.g.,

MeOC COMe entry 6), and sterically encumbered (e.g., entry 9) arylacetoni-
A CoMe z z triles and heteroarylacetonitriles (entries-29). The substrates
limiting the scope of this method were the 4-nitrophenylaceto-
. X
!

Z>Co,Me

— BUOK, THF, 1, 0.5-3 h

Triton i’ ‘BUOH 95% NaH, toluene nitrile (entry 19) and 3-nitrophenylacetonitrile (entry 20), which
re reflux gave only trace or no desired product.
CN In addition to arylacetonitriles, methyl arylacetatéswere
COR demonstrated to be effective substrates in the one-pot double
Michael addition-Dieckmann cyclization sequence (Table 2).

resulted in the development of a safe, efficient, and scalable Similarly to the arylacetonitriles, heretoaryl and electron rich
method for the synthesis of 4-aryl-4-cyano-2-carbomethoxycy- and poor arylacetates were tolerated in the reaction to afford
clohexanonesl and 4-aryl-2,4-biscarbomethoxycyclohexa- the 4-aryl-2,4-biscarbomethoxycyclohexanone prodddisn
nonesll good to excellent yields (6689%).

We chose to initially examine formation of 4-aryl-4-cyano- ~ This method was also applicable to 1,3-phenylene- and 1,4-
2-carbomethoxycyclohexanongsising a stoichiometric amount ~ phenylenediacetonitrile subtratb$and16, in which two 4-aryl-
(3.0 equiv) of potassiurtert-butoxide as the base for the tandem 4-cyano-2-carbomethoxycyclohexanones could be generated
double Michael addition-Dieckmann condensation of arylac- Simultaneously to afford the highly functionalized meso products
etonitriles9 and methyl acrylate (2.0 equiv). As summarized 15 and 17, respectively (Scheme 2). The corresponding C1
in Table 1, we found the reaction to proceed at room temperatureSymmetric isomers were not detecéédt should be noted that
in good to excellent yields (7092%) with short reaction times  1,2-phenylenediacetonitrild8 gave only the monocyclized
(0.25-3 h). The reactions were generally found to be very clean product 19 under the standard conditions, which could be
with little side product formation. Further experimentation
revealed that reducing the potassitent-butoxide to a subs- (14) See supporting information for large scale50 g) experimental

S . . . procedures for the synthesis of compoudgsand1lc
toichiometric amount (1.2 equiv), afforded the desired products ™ 15y A small impurity was observed in the crude reaction mixture, but
in comparable yields (6591%). Under either set of conditions, was not identified.
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TABLE 1. Scope of the One-Pot Synthesis of SCHEME 2. One-Pot Synthesis of
4-Aryl-4-cyano-2-carbomethoxy-cyclohexanonés Bis-4-aryl-2,4-biscarbomethoxycyclohexanones

OH

CO,Me Me0,C
ArSCN Z>C0o,Me - 2 /\@/\CN A COZMe (4.0 eq)
BUOK, THF, rt BUOK (1.2 eq)
9 A ON THF, tt, 18h
63%
yield® yield®
(1.2 equiv (3.0 equiv
entry  product Ar time (h) 'BuOK) BUOK) /\©\/ COzMe (4.0 eq)
1 la Ph 1,0.25 73 82 T BuoK(12eq)
2 1b 4-BrPh 1 88 82 THF, tt, 18h
3 1c 4-CIPh 2 87 82 59%
4 d 3-CIPh 1 87 85
5 le 2-CIPh 1 85 83
6 1f 3,4-CIPh 3 84 81 ocN A ZCOMe, (4.0eq)
7 19 4-MePh 2 89 86 —_—
8 1h 3-MePh 1 86 92 BUOK (1.2 eq)
9 1i 2-MePh 1 nd 76 THE, b 18
10 1j 2-(CR)Ph 1 80 84 ’
11 1k 4-(OCR)Ph 0.33 91 nd
12 1l 2-OMePh 1 nd 76 SCHEME 3. Double Michael Addition-Dieckmann
13 im 3-OMePh 1 nd 87 Condensation Employing Methyl Crotonate
14 in 4-OMePh 1 nd 85 OH ©
15 10 3,4-OMePh 1 65 90 Me. _~ §
16 1p 4-FPh 0.25 nd 76 N ~ZC0o,Me OMe
17 1 3-FPh 0.25 nd 79 T "
18 It 2-FPh 0.25 nd 84 BUOK (3.0 €q) Me f,CNMe
19 1s  4-NOPh 18 nd 0 THF, 1t 1h
20 1t 3-NO,Ph 1 nd 6 . 68%
21 1u 4-CNPh 1 nd 70 a 20
22 1v 1-naphthyl 1 nd 84 (major isomer)
23 1w 2-naphthyl 1 nd 90
24 1x thiazol-2-yl 1 82 nd treatment of phenylacetonitrile with 3.0 equiv of potasstent
32 iy thiazol-5-yl 0.33 88 nd butoxide in the presence of methyl crotonate gave the cyclization
z thiophen-2-yl 0.5 nd 78 . . . . A
27 laa pyrid-2-yl 05 87 nd product in 68% yield as a mixture of diastereomers (3:2:1:0.1),
28 1bb pyrid-3-yl 0.5 82 nd further expanding the scope of the present methodology (Scheme
29 lcc pyrid-4-yl 0.5 86 nd 3).16
aReactions were conducted in THF at 28 with 1.0 equiv of The -keto ester products obtained from the one-pot double
arylacetonitrile, 2.0 equiv of methyl acrylate, and 1.2 or 3.0 equiBoOK. Michael addition-Dieckmann cyclization reaction described

The arylacetonitrile concentration was 0.37 Msolated yield after column above were found to undergo facile decarboxylation to afford
chromatography: nd = not determined. the corresponding 4,4-disubstituted ketones. We demonstrated
that, in addition to the standard Krapcho decarboxylation
method” (method A), 4-aryl-4-cyano-2-carbomethoxycyclo-
hexanone4 and 4-aryl-2,4-biscarbomethoxycyclohexanohks

TABLE 2. One-Pot Synthesis of
4-Aryl-2,4-biscarbomethoxycyclohexanonés

OH underwent decarboxylation at lower temperatures in the presence
A" COMe Z>C0o,Me COMe of potasgigm hydroxid.e (method B) in comparable yield§ (Table
‘BUOK THE. 1 3). Gratifyingly, the diester substrafelc could be selectively
uor TR T Ar” ~CO,Me decarboxylated to give the desired prod22; however,
10 " prolonged reaction times (under both methods) resulted in
entry product AT fime (h) yiekd hydrolysis of the 4-carbomethoxy group and uItlmaterlgave
the monosubstituted 4-arylcyclohexanone byproducts ¢X).18
; ﬁg 2_;;'; é %% Having discovered the decarboxylation reactionfeeto
3 11c 4-FPh 2 66 estersl and 11 could be accomplished by simply heating in
4 11d 4-OMePh 0.5 89 the presence of aqueous potassium hydroxide, we speculated
5 11e pyrid-2-yl 3 74 that the entire reaction sequence (double Michael addition-
aReactions were conducted in THF at 23 with 1.0 equiv of methyl Dieckmann condensation-decarboxylation) could be achieved
arylacetate, 2.0 equiv of methyl acrylate, and 3.0 equiVBoiOK. The in one-pot facilitated by potassiutert-butoxide. Indeed, we

methyl arylacetate concentration was 0.37"Nkolated yield after column  found that this was a viable approach to obtain 4,4-disubstituted
chromatography: Reaction carried out with 1.2 equiv 8uOK.

: : : : (16) Ratio of diastereomers determined #&NMR analysis. Only the
attributed to the increased steric demand required for the major diastereomer could be obtained in sufficient purity for full charac-

formation of the second ring. terization (see supporting information).
It had been previously reported in the literature that attempts (b)(17) (a)hKfapcho, A. P.; Lovey, A. JITPi(tjraéledron Lett19g3 12, 957.
i ; ; Krapcho, A. P.; Weimaster, J. F.; Eldridge, J. M.; Jahngen, E. G. E.,
to u_t_|I|ze methyl crotongte in the tandem double Michael 3 Lovey, A. J.. Stephens, W. B. Org. Chem1978 43, 138,
addition-Dieckmann cyclization led to only monoalkylated (18) Sanchez, I. H.; Ortega, A.; Garcia, G.; Isabel, M.; Flores, L.; Flores,

products'® However, under our conditions, we found that H.J.Synth. Commuri985 15, 141.
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TABLE 3. Decarboxylation of #-Keto Esters to 4,4-Disubstituted
Cyclohexanones

OH O A: NaCl, DMSO 9
N NoMe H,0, 150 °C
or
X B: KOH, THF, MeOH X
H,0, 100 °C
F F
1p; X=CN 21;X=CN
11¢; X = CO,Me 22; X = CO,Me
entry substrate product conditions yield
1 1p 21 AP 53
2 1p 21 B¢ 62
3 1llc 22 A 75
4 1llc 22 B 71

alsolated yield after column chromatograpMyReactions carried out
with 1.0 equiv of NaCl* Reactions carried out with 0.6 equiv of KOH.

SCHEME 4. One-Pot Double Michael Addition-Dieckmann
Condensation-Decarboxylation

1) Z°>CO,Me, BUOK (1.2 eq)

/@ACN THE.h 30mn
F 2) H,0 (5 volumes), 85 °C, 12 h
23

70%

1) 2 CO,Me, BUOK (1.2 eq)

gCOzMe THF, 1t, 1 h A
F 2) H,0 (5 volumes), 85 °C, 5.5 h

50%

24

cyclohexanones as exemplified with substrates 4-fluoropheny-

lacetonitrile23 and methyl 2-(4-fluorophenyl)acete2d (Scheme

promoted by potassiumert-butoxide affords the corresponding
4,4-disubstituted cyclohexang-keto esters. Owing to the
operational simplicity, generality, and scalability, this method
represents a notable improvement over existing procedures
described in the literature.

Experimental

General Procedure for the Tandem One-Pot Double Michael
Addition-Dieckmann Condensation.To a solution of arylaceto-
nitrile or methyl arylacetate (1.0 equiv) and methyl acrylate (2.0
equiv) in THF (0.37 M) was added solid potassitnt-butoxide
(1.2 or 3.0 equiv). After being stirred for 0.23 h at 25°C, the
reaction mixture was acidified with aqueo8 N HCI and extracted
with CH,Cl, (x3). The organic layers were combined, dried with
NaSQy, and concentratedh vacua Purification of the crude
product by flash chromatography on silica gel provided the title
compounds.

4-Phenyl-4-cyano-2-carbomethoxycyclohexanone (lapre-
pared according to the general procedure using phenylacetonitrile
(5.0 g, 42.7 mmol), methyl acrylate (7.7 mL, 85.4 mmol), &nd
BuOK (14.4 g, 128.1 mmol) in THF (115 mL). Flash column
chromatography using a gradient elution (§i00% to 25% EtOAc/
hexanes) afforded 8.96 g &k (82%) as a white solid. Analytical
data forla: mp 96-98 °C; *H NMR (500 MHz, CDC}) 6 12.28
(s, 1 H), 7.53 (dJ = 8.3 Hz, 2 H), 7.45 (t) = 7.6 Hz, 2 H), 7.38
(dt,J=8.3, 1.2 Hz, 1 H), 3.80 (s, 3 H), 3.03 (d= 16.1 Hz, 1
H), 2.85 (m, 1 H), 2.71 (dd] = 16.1, 1.0 Hz, 1 H), 2.52 (m, 1 H),
2.32 ABXY, Jag = 13.2 Hz,Jax = 6.1 Hz,Jay = 3.1 Hz, 1 H)
2.24 (ABXY, Jag = 13.2 Hz,Jgx = 11.9 Hz,Jgy = 5.6 Hz, 1 H);
13C NMR (100 MHz, CDC}) 171.8, 170.7, 139.4, 129.1, 128.3,
125.6, 122.0, 95.0, 51.7, 41.2, 34.8, 31.5, 27.1; IR (neat,'tm
3100-2800, 1660, 1617, 1443, 1354, 1291, 1219; MS (ESI) 256.0
[M — H]~; Anal. Calcd for GsH1sNOg: C, 70.02; H, 5.88; N, 5.44.
Found: C, 70.02; H, 5.88; N, 5.45.
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4). The double Michael addition-Dieckmann condensation was With NMR spectrometric analysis of compou@and Manuel
carried out according to our standard procedure with 1.2 equiv Ventura for purification support of this compound.

of potassiumtert-butoxide. Upon completion, the reaction

mixture was diluted with water (6 the volume of THF) and
heated to 85C to afford the desired cyclohexanones (i&,
22) in moderate to good yields.

In summary, a tandem one-pot double Michael addition-

Supporting Information Available: Full characterization data
for all new compounds and details of experimental procedures are
included. This material is available free of charge via the Internet
at http://pubs.acs.org.
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