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Quaternary stereocenters on a 2-cyclohexen-1-one ring are synthesized with good to excellent levels of
enantioselectivity. The quaternary stereocenter is created through a new synthetic sequence involving
three reactions: the enantioselective Birch reduction-allylation, enol ether hydrolysis, and the Cope
rearrangement. To illustrate the ability of the sequence to enantioselectively generate complex structures,
a variety of substrates are described. Notably, the sequence works for the enantioselective generation of
vicinal quaternary-tertiary stereocenters, the generation of congested arylic quaternary stereocenters, and
hydroxyalkyl substituted quaternary stereocenters.

Introduction SCHEME 1. Birch—Cope Sequence

The enantioselective construction of quaternary stereocenters R R /\ 1
is a significant challenge in contemporary synthetic organic x T % .
chemistry! New synthetic tools capable of generating quaternary OCH; OCH,
carbons with stereocontrol are necessary due in part to the
abundance of bioactive natural products containing quaternary s 0
stereocenters. In a preliminary repdwe related a new method, R : X, RS X
the Birch—Cope sequence, which can enantioselectively gener- o . ¢

ate quaternary stereocenters on a carbocyclic ring. The Birch
Cope sequence combines three reactions: an enantioselective Xe= ~N
Birch reduction-allylatior?, an enol ether hydrolysis reaction,

OCH,

() (@) McFadden, R. M.; Stoltz, B. Ml. Am. Chem. So2006§ 128

7738-7739. (b) Overman, L. E.; Velthuisen, E.JJ.0rg. Chem2006 71,
1581-1587. () Lee, K-s.: Brown, M. K. Hird, A. W.; Hoveyda, A. H.  and a Cope rearrangemér{Scheme 1). The product of the

J. Am. Chem. So006 128 7182-7184. (d) Fillion, E.; Wilsily, A. sequence is a 4,4-disubstituted-2-carboxamide-2-cyclohexen-
J. Am. Chem. So@006 128 2774-2775. For reviews see: (e) Douglas, 1-one, which is a versatile intermediate in natural product

C. J.; Overman, L. EProc. Natl. Acad. Sci. U.S.2004 101, 5363- ; : ; ; ; ;
5367, (f)Quaternary Stereocentershristoffers, J., Baro, A., Eds.: Wiley- synthesis as previously illustrated in a succinct synthesis of

VCH: Weinheim, Federal Republic of Germany, 2005. (g) Douglas, C. J.; (+)-mesembriné. Our earlie_r report contained only two sub-
Overman, L. EProc. Natl. Acad. Sci. U.S./2004 101, 5363-5367. (h) strate examples. For the BirelCope sequence to have broad

Denissova, |.; Barriault, L.Tetrahedron2003 59, 10105-10146. (i) i ity i i ; _
Christoffers, J.: Mann, AAngew. Chem.. Int. EQO0L 40, 45914597, applicability in the synthesis of carbocyclic quaternary stereo

(j) Corey, E. J.; Guzman-Perez, Angew. Chem., Int. EA.998 37, 388—

401. (k) Fuji, K.Chem. Re. 1993 93, 2037-2066. (4) For reviews of the Cope rearrangement see: (a) Nubbemeyer, U.
(2) Paul, T.; Malachowski, W. P.; Lee, @rg. Lett. 2006 8, 4007 Synthesi2003 961-1008. (b) Hill, R. K. Cope, Oxy-Cope and Anionic
4010. Oxy-Cope Rearrangements. @omprehengie Organic Synthesislrost,

(3) (a) Schultz, A. G.; Macielag, M.; Sundararaman, P.; Taveras, A. G.; B. M., Fleming, |., Eds.; Pergamon Press: Oxford, U.K., 1991; Vol. 5,
Welch, M.J. Am. Chem. S0d.988 110, 7828-7841. For reviews of the Chapter 7.1, pp 785826. For recent examples of the Cope rearrangement

asymmetric Birch reduction-alkylation, see: (b) Schultz, A. Ghem. see: (c) Davies, H. M. L.; Dai, X.; Long, M. S. Am. Chem. So2006
Communl1999 1263-1271. (c) Schultz, A. GAcc. Chem. Re4.99Q 23, 128 2485-2490. (b) Sauer, E. L. O.; Barriault, 1. Am. Chem. So2004
207-213. 124, 8569-8575.
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SCHEME 2. Allyl Derivatives in Birch —Cope Sequence
Ry Ry
O 1) M, NHa/THF, =\ o R)"‘\_ 0 R 32\ o
HsC X, t-BuOH, -78°C H30R2 6N HCI H,Co G w & HC X,
2) 1,3-pentadiene CH-OH ¢ 1,2-DCB
OCHj3 3R X OCH s ’ 0
1N 3
\(v 2 3 4
enry  alylatingreagent M X dr  yield (%) yield (%) vield (%)
1 a:R=R,=H K Br 110:1 72 97 88
2 b:R,=CHz, R,=H K Br 8:1 62 - -
3 b Li Br 11:1 60 99 70
4 b K Cl >99:<1 73 - -
5 ¢:R=R,=CH, Li Br 111 88 86 0
Xc=(S)-2-(methoxymethyl)pyrrolidine
SCHEME 3. Cope Rearrangement Results for 3c quaternary center iBa and of all subsequent Birch products is

H3C<_-CHj

+4c + decomposition
(2%)

Xe

SCHEME 4. Suzuki Reactions with C-5-Haloe-anisic Acid
Derivatives
o 0
Y.
\dxc Ar-B(OH), A’\©f‘\xc
Pd(OAC),,
OCH 2
5 * PPhs, K2CO3 g OCHs
n-C3H;O0H/H,0
eV Ar yield (%)
STE a: Ph Y=Br, 100; Y=I, 79
b: 4-(CH30)-Ph  Y=I,96
¢:3,4-(CH30)-Ph  Y=Br, 93; Y=I, 96
d: 2,3-(CH30),-Ph  Y=I, 96

Xc=(S)-2-(methoxymethyl)pyrrolidine

centers, the sequence will have to permit variations of the
o-anisic acid structure and the allylation agent. In this report, a
more thorough exploration of the BiretCope sequence is
undertaken, with particular attention to variability in the allyl
groug and the R group(Scheme 1).

Results and Discussion

Allyl Derivatives in the Birch —Cope SequenceAs previ-
ously communicated Birch reduction-allylation of the 5-meth-
yl-o-anisic acid derivativel, afforded exceptionally high levels
of enantioselectivity (d= 110:1) in the new quaternary center
of 2a (entry 1, Scheme 2).The absolute sense of the new

(5) For previous examples of asymmetric syntheses of 4,4-dialkyl-
cyclohexenones, see: (a) Trost, B. M.; Bream, R. N. Xénhew. Chem.,
Int. Ed.2006 45, 3109-3112. (b) Mohr, P. J.; Halcomb, R. I. Am. Chem.
S0c.2003 125 1712-1713. (¢c) Kozmin, S. A.; Rawal, V. H.. Am. Chem.
So0c.1999 121, 9562-9573. (d) Meyers, A. |.; Berney, [Drg. Synth199Q
69, 55—-65. For previous examples of asymmetric syntheses of 4-alkyl-4-
aryl-cyclohexenones, see: (e) Taber, D. F.; HeJYOrg. Chem2005
70, 7711-7714. (f) Honda, T.; Kimura, N.; Tsubuki, MTetrahedron:
Asymmetryl993 4, 21-24. (g) Meyers, A. |.; Lefker, B. A.; Wanner,

K. T.; Aitken, R. A.J. Org. Chem1986 51, 1936-1938. (h) Otani, G.;
Yamada, SChem. Pharm. Bull1973 21, 2125-2129.

(6) For previous examples of Birch reduction-allylation witfprolinol
benzamides see: (a) Schultz, A. G.; Green, N.. Am. Chem. S0d.991],

113 4931-4936. (b) Schultz, A. G.; Macielag, M.; Podhorez, D. E.;
Suhadolnik, J. C.; Kullnig, R. KJ. Org. Chem1988 53, 2456-2464. (c)
Schultz, A. G.; McCloskey, P. J.; Court, JJJAm. Chem. Sod987 109,
6493-6502. (d) Schultz, A. G.; Sundararaman;Tietrahedron Lett1984
25, 4591-4594.

based on the preferences reported by Schultz &aal was
confirmed in the previous repdrtwith the enantioselective
synthesis of )-mesembrine. The enantioselectivities seen in
the reactions reported herein are similar to those previously
reported for related C-5 substitutedprolinol benzamide
substrateg.

Hydrolysis of the enol ether provided 3-cyclohexen-1-8ae
Heating3aat reflux for 10 h in 1,2-dichlorobenzene (1,2-DCB)
resulted in complete conversion to the more thermodynamically
stable 2-cyclohexen-1-ona.° Microwave reactor heating of
3a provided a comparable yield (96%) @& but in a much
shorter time (1 h). This represents the first example of
acceleration of a standard Cope rearrangement through micro-
wave heating? The three-step BirchCope sequence with the
5-methyl derivativel was performed on gram scale in 61%
overall yield.

Under identical conditions, substitution ns-crotyl bro-
mide for allyl bromide in the Birch reduction-alkylation provided
a 62% vyield of 2b (entry 2, Scheme 2) and much lower
enantioselectivity (de= 8:1). Performing the Birch reduction
with lithium instead of potassium afforded the less reactive
lithium enolate (entry 3), which upon reaction witns-crotyl
bromide improved the enantioselectivity slightly (er11:1).

Use of a less reactive alkylating agetrans-crotyl chloride
(entry 4), restored the excellent stereoselectivity to the process
with either lithium or potassium. Presumably, the more reactive
enolates or alkylating agents contributed to a less selective
outcome.

Reaction of the lithium enolate generated in the Birch
reduction ofl with dimethylallyl bromide afforded an 88% yield

(7) For previous examples of Birch reduction-alkylation with C-5
substituted L-prolinol benzamides see: (a) Guo, Z.; Schultz, A. G.
Tetrahedron Lett2004 45, 919-921. (b) Khim, S.-K.; Dai, M.; Zhang,

X.; Chen, L.; Pettus, L.; Thakkar, K.; Schultz, A. G.Org. Chem2004
69, 7728-7733. (c) Schultz, A. G.; Malachowski, W. P.; Pan, J.Org.
Chem.1997, 62, 1223-1229. (d) Reference 3a.

(8) Diastereomeric ratios for all compounds were determined on purified
material by comparison with an independently synthesized diastereomeric
mixture. The most convenient manner to generate the mixture was to remove
ammonia after the Birch reduction and prior to alkylation.

(9) Attempted Cope rearrangement2afleads to a mixture of products
resulting from competing rearrangements between the two different 1,5-
diene systems.

(10) For examples of oxy-Cope rearrangements accelerated by microwave
see: (a) Gauvreau, D.; Barriault, 1. Org. Chem2005 70, 1382-1388.

(b) Farand, J. A.; Denissova, |.; Barriault, Heterocycle2004 62, 735~

748. For examples of silyloxy-Cope rearrangements accelerated by micro-
wave see: (c) Schneider, C.; Khaliel, Synlett2006 1413-1415. (d)
Davies, H. M. L.; Beckwith, R. E. 1. Org. Chem2004 69, 9241-9247.

For examples of aza-Cope rearrangements accelerated by microwave see:
(e) Kvaerno, L;, Norrby, P-O; Tanner, [Drg. Biomol. Chem2003 1,
1041-1048. (f) Yadav, J. S.; Subba Reddy, B. V.; Abdul Rasheed, M.;
Sampath Kumar, H. MSynlett200Q 487—488.
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SCHEME 5. C-5 Aryl Derivatives in Birch —Cope Sequence

Q1L NHSITHF
2) 1,3-pentadiene .
OCH, 2)1 3 pentadene CH30H 12DCB

6 3) BT OCH3
Ar dr &dv_o) M%} &d%l
a: Ph 35:1 62 64 80
b:4-(CH;0)-Ph 50:1 58 89 80
c: 3,4-(CH30),-Ph  >99:<1 70 95 80
d:2,3-(CHzO0)-Ph  >99:<1 70 9% 50
Xc=(S)-2-(methoxymethyl)pyrrolidine
SCHEME 6. Spontaneous Cope Rearrangement of 7a Under Cope rearrangement conditioBs, afforded a very
o o) small amount {2%) of the expected productc (Scheme 3).
Ph /\ P X, The more common transformation &¢involved 1,3-migration
Xo 2 s of the dimethylallyl group to forndd (~8% yield), along with
OCH3 I OCH a considerable amount of decomposition. The creation of two
7a X Te

adjacent quaternary centers is not favored under the equilibrium
conditions of the Cope rearrangement3af

C-5 Aryl o-Anisic Acid Derivatives. A variety of biaryl
o-anisic acid derivatives were prepared that would lead to

) iPrMgCl, arylated quaternary carbocyclic stereocenters. Their synthesis
\d\ _ THF Rs X, was easily accomplished using a divergent strategy involving
+ Suzuki coupling reactions of the 5-brombaj or the 5-iodo
OCHjz 2)E OCH;8

o-anisic acid derivative5b).2 Besides the previously reported
3,4-dimethoxyphenylboronic acid which lead to the synthesis

SCHEME 7. Synthesis of C-5 Hydroxyalkylo-Anisic Acid
Derivatives

+ R vield (%
H(%HO a: Ha%Hz- |e4o(_l of (4+)-mesembriné, phenyl-, 4-methoxyphenyl-, and 2,3-
dimethoxyphenylboronic acid, all provided excellent yields of
0 ~ N
cubr; 4] : CE)H ¥ the biaryl products (Scheme 4).

Birch reduction-allylation oba—d afforded good yields and
X¢=(8)-2-(methoxymethyl)pyrrolidine high enantioselectivities for all cases (Scheme 5). In our
experience, lithium worked better than potassium for the
of 2c (entry 5, Scheme 2) with modest enantioselectivitydr ~ reduction of the biaryl compoundd.The isolated phenyl
11:1). In all probability, the factors that compromised the derivative7awas unstable and spontaneously underwent a Cope
enantioselectivity in the alkylation with crotyl bromide were rearrangement to forie(Scheme 6) while being stored at room
also present with dimethylallyl bromide. Nevertheless, with our temperature. All other aryl derivatives were stable and did not
focus on the amenability Bc to generate adjacent quaternary show any propensity to undergo rearrangements or degrade.
centers in the Cope rearrangement (vide infra), we did not Hydrolysis of the enol ether occurred uneventfully in high
attempt to further optimize the enantioselectivity of the Birch yield for 7b—d to form 8b—d (Scheme 5). The lower hydrolysis
reduction-alkylation t@c. In all the Birch reduction-allylation  yield for 7a was partially due to its inherent instability. Cope
reactions described, the most common side product results fromrearrangement da—d occurred in high yield for most cases,
gamma-allylation of the enolate at the C-3 carbosfisic acid but a less favorable equilibrium than f8a was seen because
numbering). of the loss of styrene conjugation Ba—d and due to the
Hydrolysis of both2b and 2c occurred efficiently to afford formation of more congested quaternary cent@dy. Neverthe-
3b and3cin 99 and 86% vyield, respectively. As anticipated, less, the starting material is recovered and can be resubjected
the equilibrium in the Cope rearrangemenBbfto 4b was less to the Cope equilibrium making for an efficient transformation.
favorable than foBa/4adue to the concomitant creation of a  Surprisingly, the styrene conjugation8a—d is not a prohibitive
tertiary carbon center adjacent to the quaternary center. Nev-barrier to formation of the 2-cyclohexen-1-one system3aof
ertheless, a 70% yield of the rearranged prodibiavas isolated, d. This represents the first case of a Cope equilibrium that
along with the recovery of 24% of the starting materizth, balances the stabilization of phenyl group conjugation versus
Despite the high temperatures of the Cope rearrangement, littleconjugation with a ketone. Amide conjugation is expected to
decomposition occurs. Consequently, the recovered startingbe weak because the steric bulk of the amide forces it orthogonal

material can be recycled making the process efficient. to the enone system (vide infra).
Besides forming the highly congested contiguous tertiary-  C-5 Hydroxyalkyl o-Anisic Acid Derivatives. Functional-
quaternary carbon centers, the Cope rearrangemeiit twf4b ized alkyl groups were appended at the C-5 position of the

occurred with complete stereocontrol. Chromatographytof ‘ N

showed only one diastereomer, and NOESY studies identified . (tll_) Fotf exafl?p'es Oicppedrelasffzhgemems O‘iCl)Jlen? byNa b}gatt tr?(n5|t|Llon
e state In sterically constraine ,o-alenes see:. (a ato, N.; Kataoka, H.;

the prot_:iuct to be t_he lresult o_f_ a boat transition state_ (see Ohbuchi, S.; Tanaka, S.; Takeshita,JHChem. Soc., Chem. Commu:&88

Supporting Information}! In addition to the transfer of chiral 354356, (b) Ziegler, F. E.; Piwinski, J. J. Am. Chem. S0d.98Q 102,

information generated in the Birch reduction-allylation to the 652;3;)6277 . | . | biarvl Birch red

C-4 quaternary center, the alkene stereochemistry is translated or other examples of chemoselective biaryl Birch reduction-

. . . . alkylations, see: (a) Lebeuf, R.; Frederic, R.; LandaisQ¥g. Lett.200

into the new tertiary chiral center through the stereospecific 7. X557 4560. (bg %;uo 7. Schultz, A. G.: Amou“nsﬁ(lg Brg. Leﬁ

Cope rearrangement. 2001, 3, 1177-1180. (c) See also refs 6a, 7a, and 7b.
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SCHEME 8. C-5 Hydroxyalkyl Derivatives in Birch —Cope Sequence

Q 1) K, NHa/THF 0
R ) gLl 2~ 0 2N 9 S
3 X, R, : 6N HCl R4\d‘\ A Ry X
Xe— Xe —— c
2) 1,3-pentadiene N
OCH, )1.3-p CH4OH S 1,2-DCB
12

3) > Br(excess) OCH3 0
10 1 13
Ry Ry dr  vield (%) vield (%) vield (%)
a: HOCHo- a: CH,=CHCH,OCH»- 14:1 68 90 100
b > b: YT 461 57 94 72
OH NP
Xc=(S)-2-(methoxymethyl)pyrrolidine
SCHEME 9. Deprotection of Allyl Ether in 13a proton!® The amenability of these complex substrates to Birch

reduction-alkylation further illustrates the versatility of this

Xe PMHS, ZnCl, underutilized synthetic tool.

PA(PPhy) The hydrolysis reaction dfla/band the Cope rearrangement
lw THF, .t of 12a/b occurred in high yield (Scheme 8). The larger
13a (86%) hydroxypropyl substituent of2b made the Cope equilibrium

slightly less favorable thad2a with approximately 27% of

SCHEME 10.  Cope Equilibrium with Methyl Ester the starting material recovered. The allyl ethel@ahas been

Derivative selectively cleaved without isomerization of the other terminal
a A R ~ 9 alkene (Scheme 9¥.In this manner, two uniquely functionalized
R5\&LOCH3 . OCH; alkyl groups can be created in the C-4 position of the
o 12-DCB N 2-cyclohexen-1-one.
14 15 Controlling Elements in the Cope Equilibrium. As previ-
Rs equilibrium ratio! ously described,the Cope rearrangement equilibrium is con-
a: CHj 33/67 trolled primarily by the formation of the stable conjugated enone
b:Ph 7067 system. Computational studfeand previous report$ with
! ratio=14/15 as determined by GC related systems show the amide is orthogonal to the enone
2 13% of decarbomethoxylated 15 also seen system, therefore, offering no stabilization through conjugation.

Nevertheless, besides inducing stereocontrol in the enolate
alkylation step, the amide also plays an essential role in
controlling the Cope equilibrium. Studies with the analogous
methyl estersl4a/b (Scheme 10) showed the equilibrium of
the Cope rearrangement was much less favorable under identical
thermal conditions. Furthermore, computational studidsat
determined the lowest energy conformatiorist showed the
methyl ester substituent to be coplanar with the enone (see
Supporting Information). Despite the more extensive conjugation

o-anisic acid derivatives through Grignard reactions. Although
conventional Grignard formation did not work, the transmet-
allation conditions of Knochel et &P were successful when
applied to5b. Quenching the Grignard reagent with formalde-
hyde providedlOa while adding CuBr and reacting withr)-
propylene oxide providedOb (Scheme 7).

Both 10a and 10b were successfully subjected to Birch
reduction-allylation (Scheme 8}ert-Butyl alcohol was not
needed in the Birch reduction due to the presence of an alcohol

in _10a/_h which PrOVideS a PTOtO“ source to que”Ch the radical (15) For previous examples of asymmetric Birch reduction-alkylations
anion intermediate. Allylation of the alkoxide could not be with kinetically acidic N-H groups see: (a) Casimiro-Garcia, A.; Schultz,
avoided during the alkylation step. To avoid inseparable A- G. Tetrahedron Lett.2006 47, 2739-2742. (b) Schultz, A. G;

: : McClosky, P. J.; Sundararaman,Tetrahedron Lett1985 26, 1619-1622.
mixtures, we used an excess of allyl bromide to alkylate both (c) Schuitz, A. G.. McCloskey, P. J.. Court, JJJ.Am. Chem. Sod 987,

the enolate and the alkoxide. 109, 6493-6502.
The diastereoselectivity in Birch reduction-allylationifia (16) Chandrasekhar, S.; Reddy, C. R.; Rao, Riedrahedror2001, 57,

. 3435-3438.
and 10b was somewhat compromised by the presence of the (17) Schultz, A. G.: Harrington, R. El. Am. Chem. Sod991, 113

alkoxide, a strong chelating group. Through the formation of 4956-4931.

aggregates, the alkoxide might disrupt the enolate structure that (18) Energy minimization calculations were accomplished with semiem-
results in the higher levels of enantioselectivity normally séen.  Ppirical calculations (AM1) using Gaussian 03 suite of programs. Frisch,
The detrimental effect of chelation on the reaction stereoselec- '\CﬂheJe"seTr;L;crllij_ (RB_'; X,,Vc',’mz%?r',%?s"’ J_HA'FJ';_;S\frléf,‘zrr']"”"T?kEdinﬁgPﬁ’_; '\élijr';‘h’t,
tivity was more pronounced witilOa Nevertheless, this  J.c.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.;

represents a rare example of an asymmetric Birch reduction-Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuiji, H.; Hada,

: ; o oAt R M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
alkylation with a substrate containing a kinetically acidic T Honda, Y. Kitao. O. Nakai, H. Klene. M. Li, X.. Knox, J. E.:

Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.;

(13) (a) Jensen, A. E.; Dohle, W.; Sapountzis, |.; Lindsay, D. M.; Vu, Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R,;
V. A.; Knochel, P.Synthesi®002 (4), 565-569. (b) Knochel, P.; Dohle, Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A,;
W.; Gommermann, N.; Kneisel, F. F.; Kopp, F.; Korn, T.; Sapountzis, I.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
Vu, V. A. Angew. Chem., Int. EQ003 42, 4302-4320. A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D

(14) With theo-anisic acid derivatives, enantioselectivity in the Birch  Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G;
reduction-alkylation arises from the rigid structure created from the Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
coordination of the metal between the enolate oxygen and the 2-methoxy P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
group. The alkoxide ion generated in the Birch reductiori@é/b might Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
compete intermolecularly with the 2-methoxy group for metal coordination, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
thereby compromising the structure of the normal enolate intermediate. Revision B.05; Gaussian, Inc.: Wallingford, CT, 2004.
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with the methyl ester analogukba, the Cope equilibrium is
more favorable for the formation ofia. The absence of
coplanarity for the amide idais due to its steric bulk; however,

Paul et al.

9.4 Hz), 3.42, 3.06 (two s, 3H), 3.338.23, 3.16-3.06 (two m,
1H), 2.106-1.70 (m, 4H)3C NMR (CDCk, a mixture of rotational
isomers)), 128.3, 128.0, 126.0, 114.2,111.6, 59.1, 58.8, 57.3, 56.3,

the steric bulk of the amide creates considerable congestion at>>-8,55.7, 55.304 167.9, 158.9, 154.3, 133.7, 133.6, 132.8, 1277,

the quaternary center a, which is relieved in the Cope
rearrangement to fordha. Therefore, the Cope equilibria in the
Birch—Cope sequence benefit from both the conjugation of the

127.5,73.5,72.4,48.5, 45.8,29.7, 28.5, 27.8, 24.2,22.2. IR (§DCI

1610 cmt. GC tgr = 22.73 min. EI-MSm/z (%): 356 (2, M" +

1), 355 (Mf, 1), 310 (8), 242 (17), 241 (100).
(S9)-(2-(Methoxymethyl)pyrrolidin-1-yl)(2 ',3',4-trimethoxybi-

enone system in the products and the reduction of steric strainphenyi-3-yl)methanone (6d).Use of the general procedure with

in the starting materials.

Conclusion

5d and 2,3-dimethoxyphenylboronic acid afforded a 96% yield.
Column eluted with 1:1 EtOAc/hexanes. TIRE= 0.40 (EtOACc).
IH NMR (CDCls, mixture of rotational isomers) 7.57 (dd, 1H,J
= 8.6, 2.2 Hz), 7.45 (d, 1H] = 2.2 Hz), 7.09 (t, 1H,) = 8.0 Hz),

The Birch—Cope sequence has demonstrated the ability to 6.99-6.88 (m, 3H), 4.56-4.40, 3.873.78 (two m, 1H), 3.90 (s,

efficiently and enantioselectively generate quaternary stereo-

centers on a carbocyclic ring. Importantly, a variety of substit-
uents have been incorporated at the quaternary center of th
2-cyclohexen-1-one product in good yield and with good to
excellent levels of enantioselectivity. Use of a defined allylic

3H), 3.87 (s, 3H), 3.75 (dd, 1H] = 9.4, 3.3 Hz), 3.673.50 (m,
1H), 3.57 (s, 3H), 3.41, 3.09 (two s, 3H), 3:38.25 (m, 1H), 3.15

&3-08 (m, 1H), 2.08-1.72 (m, 4H).13C NMR (CDCk, mixture of

rotational isomers), 132.0, 130.9, 128.5, 124.0, 122.2, 111.2,
110.8, 60.3,59.0, 58.6, 57.2, 56.1, 55.8, 55.6, 55,367.7, 154.4,
153.0, 146.3, 134.7, 130.5, 127.1, 126.6, 73.3, 72.2, 48.6, 45.7,

alkylating agent allows the generation of two adjacent chiral 583 577 241 22.1. IR (CDg11623 cntl. GCtg = 21.9 min.
centers. Quaternary stereocenters with ortho-substituted arylg|.ms m/z (%): 385 (M, 3), 353 (11), 340 (16), 272 (28), 271

substituents and hydroxyalkyl substituents were both efficiently

generated with stereocontrol. In the process of this study, an

understanding of the unique features of the Cope equilibria in

(100).
(S)-(5-(Hydroxymethyl)-2-methoxyphenyl)(2-(methoxymeth-
yl)pyrrolidin-1-yl)methanone (10a). Isopropyl magnesium chloride

the Birch—Cope sequence has been developed. As previously(0.73 mL, 2.0 M soln in THF) was added dropwisesin (500 mg,

illustrated? the prolinol chiral auxiliary can be easily removed

1.33 mmol) in THF (7 mL) at CC. The reaction was warmed to

with hydroxylamine reagents, and subsequent transformationsft: was stired for 1 h, and then was recooled to

of the 2-cyclohexen-1-one structures into complex natural

product targets have been accomplished. Future applications o

the Birch—Cope sequence to challenges in natural product
synthesis are underway and will be reported in due course.

Experimental Section

General Procedure for the Suzuki Reaction.The 5-haloe-
anisic acid derivative (1.0 equiv) was dissolved in 1-propanol (5.5
mL/mmol halo derivative) with the arylboronic acid derivative (1.1
equiv) and was treated with Pd(OAQ)0.05 equiv), P§P (0.15
equiv), and the 10% ¥CO; solution (1.25 equiv KCOs). The dark

0 °C. Formaldehyde gas (generated by heating paraformaldehyde)

gvas passed through the reaction solution for several minutes, after

which the reaction was stirred at°@ for 1 h. The reaction was
quenched with cold water, was warmed to rt, was treated with
saturated NELCI, and the product was extracted with EtOAc. The
combined organic layers were washed with brine, were dried with
N&SO, and were concentrated. Column chromatography (4:1,
EtOAc/hexanes) of the crude product provided plde, 150 mg
(40% yield). TLCR = 0.20 (EtOAc).*H NMR (CDCls, mixture

of rotational isomersy 7.34 (dd, 1H,J = 8.5, 1.9 Hz), 7.26 (s,
1H), 6.90 (d, 1HJ = 8.5 Hz), 4.62 (s, 2H), 4.434.38, 3.80-3.76
(two m, 1H), 3.84 (s, 3H), 3.73 (dd, 1H,= 9.4, 3.3 Hz), 3.57
(dd, 1H,J = 9.4, 6.7 Hz), 3.42, 3.09 (two s, 3H), 3:38.15 (m,

green reaction was heated at reflux overnight turning progressively 2H), 3.08-3.03 (m, 1H), 2.16-1.70 (m, 4H).23C NMR (CDCk, a

darker with time. The crude reaction was partially concentrated
and filtered through a plug of cotton. The product was extracted
with EtOAc and the organic layer was washed with 5% NaHCO
and brine, was dried with MgSQand was concentrated. Purifica-
tion by column chromatography afforded pure product.
(9)-(4-Methoxybiphenyl-3-yl)(2-(methoxymethyl)pyrrolidin-
1-yl)methanone (6a) Use of the general procedure wifta and
phenylboronic acid afforded a 100% yield of a white crystalline
product. Column eluted with 7:3 EtOAc/hexanes. TRC= 0.40
(7:3 EtOAc/hexanes), mg 80—81 °C. 'H NMR (CDCl;, mixture
of rotational isomers) 7.60-7.45 (m, 4H), 7.447.36 (m, 2H),
7.31-7.26 (m, 1H), 6.986.94 (m, 1H), 4.56-4.38 (m, 1H), 3.85
(s, 3H), 3.75 (dd, 1H) = 9.4, 3.3 Hz), 3.57 (dd, 1H]= 9.4, 6.8
Hz), 3.41, 3.05 (two s, 3H), 3.368.20 (m, 2H), 3.16-3.05 (m,
1H), 2.10-1.86 (m, 3H), 1.781.70 (m, 1H).13C NMR (CDCk,
mixture of rotational isomers), 128.8, 128.7, 127.0, 126.7, 126.4,
111.6, 59.1, 58.8, 57.4, 56.4, 55@; 167.9, 167.8, 154.8, 140.1,

mixture of rotational isomers), 129.0, 126.5, 111.1, 59.0, 58.7,
57.3, 56.3, 55.794 168.1, 154.4, 133.8, 127.3, 126.8, 73.3, 72.2,
64.0, 48.4, 45.7, 28.3, 27.7, 24.1, 22.1. IR (CRA611 cnl.
GC tg = 15.76 min. EI-MSm/z (%): 279 (M, 1), 247 (10), 234
(18), 164 (11), 165 (100).
(5-((R)-2-Hydroxypropyl)-2-methoxyphenyl)((S)-2-(methoxy-
methyl)pyrrolidin-1-yl)methanone (10b). Isopropyl magnesium
chloride (1.50 mL, 2.0 M soln. in THF) was added dropwisé&lo
(1.00 g, 2.67 mmol) in THF (14 mL) at 0C. The reaction was
warmed to rt, was stirred for 1 h, and then was recooled 16
°C. CuBr (211 mg, 1.47 mmol) was added and the reaction was
stirred for several minutes at15 °C. A solution of R)-propylene
oxide (0.41 mL, 5.85 mmol) in THF (0.5 mL) was added dropwise
and the reaction was stirred overnight at@. The reaction was
quenched with cold water, was warmed to rt, was treated with
saturated NELCI, and the product was extracted with EtOAc. The
combined organic layers were washed with brine, were dried with

134.0, 133.9, 128.0, 127.6, 73.6, 72.4, 48.5, 45.8, 28.5, 27.8, 24.2,Na,SQ,, and were concentrated. The crude product was purified

22.2. IR (CDC}) 1617 cnt. GCtgr = 27.54 min. EI-MSmWz (%):
325 (M*, 1), 293 (9), 280 (32), 211 (100).
(9)-(4,4-Dimethoxybiphenyl-3-yl)(2-(methoxymethyl)pyrro-
lidin-1-yl)methanone (6b).Use of the general procedure wisip
and 4-methoxyphenylboronic acid afforded a 96% yield. Column
eluted with 1:1 EtOAc/hexanes. TLR; = 0.50 (EtOAc).'H NMR
(CDCls, mixture of rotational isomers) 7.52-7.43 (m, 4H), 6.96-
6.92 (m, 3H), 4.454.40, 3.92-3.80 (two m, 1H), 3.85 (s, 3H),
3.83 (s, 3H), 3.76 (dd, 1H} = 9.5, 3.5 Hz), 3.56 (dd, 1HI = 6.9,
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with column chromatography (4:1, EtOAc/hexanes) to afford pure
10b (370 mg, 45% vyield). TLCR = 0.20 (EtOAc).H NMR
(CDCl;, mixture of rotational isomersy 7.17 (dd, 1H,J = 8.4,

2.2 Hz), 7.09 (d, 1H) = 2.2 Hz), 6.85 (d, 1H) = 8.4 Hz), 4.42-
4.37, 3.85-3.75 (two m, 1H), 4.063.90 (m, 1H), 3.81 (s, 3H),
3.73 (dd, 1H,J = 9.4, 3.4 Hz), 3.55 (dd, 1H] = 9.4, 6.8 Hz),
3.41, 3.09 (two s, 1H), 3.273.12 (m, 1H), 3.2#3.12, 3.16-3.03
(two m, 1H), 2.75-2.59 (m, 2H), 2.06-1.70 (m, 4H), 1.21 (d, 3H,

J = 6.2 Hz).13C NMR (CDCk, a mixture of rotational isomerg),
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131.0,128.4,111.2, 68.6, 59.0, 58.6, 57.3, 56.2, 55.6, 32 H37.9,
153.8,130.9, 127.4, 126.9, 73.4, 72.2, 48.3, 45.6, 44.6, 28.4, 27.7
24.1, 22.1. IR (CDG)) 3413, 1617 cm*. GCtg = 21.57 min. El-
MS m/z (%): 307 (M+, 1), 275 (11), 262 (18), 193 (100).

General Procedure for the Birch Reduction-Allylation. To a
solution of benzamide (1.0 equiv) atett-butyl alcohol (1.0 equiv)
in THF (10 mL/mmol amide) and N§H(130 mL/mmol amide) at
—78 °C was added alkali metal in small pieces until a blue
coloration was maintained for 20 min. Piperylene was added
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(s, 3H), 3.75 (s, 3H), 3.663.62 (m, 1H), 3.54 (s, 3H), 3.433.30

(m, 2H), 3.35 (s, 3H), 3.17 (dg, 2H,= 22, 2.8 Hz), 2.87 (dd, 1H,

J=14.2,7.7 Hz), 2.63 (dd, 1H,= 14.2, 7.0 Hz), 2.061.68 (m,
4H).13C NMR (CDCk) 6 170.0, 152.8, 152.3, 146.4, 136.4, 136.3,
135.0, 125.5, 124.0, 121.3, 116.9, 111.5, 93.2, 72.0, 60.9, 58.8,
58.1,55.7,54.2,52.8, 46.1, 41.3, 30.5, 26.4, 25.0. IR (GD(&16
cm™1, HPLC tr = 8.752 (minor), 9.121 (major) min. de >99:
<1.

((R)-1-Allyl-5-(allyloxymethyl)-2-methoxycyclohexa-2,5-dienyl)-

dropwise to consume the excess metal, and then allyl bromide (2.5((S)-2-(methoxymethyl)-pyrrolidin-1-yl)ymethanone (11a).Use of

equiv) was added. The solution was stirred-&t8 °C and was
allowed to slowly warm to rt to allow the N§to evaporate. Water
was added and the mixture was extracted withClH The organic
layer was washed with brine, was dried ¢(S&y), and was

the general procedure witbaand potassium afforded a 68% yield.
TLC R = 0.67 (7:3 EtOAc/hexanesiH NMR (CDCl) & 5.94—
5.85 (m, 1H), 5.66-5.57 (m, 1H), 5.38-5.16 (m, 3H), 5.06-4.93
(m, 2H), 4.78 (t, 1HJ = 3.6 Hz), 4.35-4.25 (m, 1H), 3.943.91

concentrated in vacuo to give 2,5-cyclohexadiene product. Pure(m, 4H), 3.62 (dd, 1HJ = 9.5, 3.2 Hz), 3.553.48 (m, 1H), 3.51

product was obtained by column chromatography (3:7 or 1:3

(s, 3H), 3.36-3.25 (m, 2H), 3.34 (s, 3H), 2.92.68 (m, 3H), 2.55

EtOAc/hexanes). Diastereomeric ratios were determined by GC or (dd, 1H,J = 14.1, 7.0 Hz), 1.951.69 (m, 4H).13C NMR (CDCk)

LC on purified material in comparison with independently synthe-
sized diastereomeric mixtures.
((R)-1-((E)-but-2-enyl)-2-methoxy-5-methylcyclohexa-2,5-di-
enyl)((S)-2-(methoxymethyl)-pyrrolidin-1-yl)methanone (2b).Use
of the general procedure with and potassium followed by the
addition of crotyl chloride instead of allyl bromide afforded a 73%
yield. TLC Ry = 0.80 (EtOAc).'H NMR (CDCl;, mixture of
rotational isomers) 5.40-5.28 (m, 1H), 5.2#5.14 (m, 1H), 5.04
(s, 1H), 4.69 (t, 1HJ = 3.6 Hz), 4.46-4.28 (m, 1H), 3.58 (dd,
1H,J=9.4, 3.4 Hz), 3.48 (s, 3H), 3.443.21, 3.15-2.98 (two m,
3H), 3.35 (s, 3H), 2.792.55 (m, 3H), 2.34 (dd, 1H] = 14.0, 6.6
Hz), 2.00-1.55 (m, 4H), 1.74 (s, 3H), 1.59 (d, 3H,= 6.1 Hz).
13C NMR (CDCh) 0, 127.0, 121.9, 92.6, 58.8, 57.7, 54.2, 22.3,
18.1;04171.2,152.8, 133.0, 72.0, 52.9, 46.1, 40.0, 31.5, 26.5, 24.7.
IR (CDCls) 1618 cn1t. GCtr = 16.88 (major), 16.92 (minor) min.
dr = >99:<1. EI-MS m/z (%): 319 (M+, 7), 304 (3), 288 (3),
264 (15), 176 (39), 149 (100).
((R)-1-Allyl-2-methoxy-5-phenylcyclohexa-2,5-dienyl)&)-2-
(methoxymethyl)pyrrolidin-1-yl)methanone (7a). Use of the
general procedure witBa and lithium afforded a 62% yield. TLC
R: = 0.50 (1:1 EtOAc/hexanesiH NMR (CDCl;) 6 7.44-7.28
(m, 5 H), 5.82 (t, 2 HJ = 1.5 Hz), 5.86-5.65 (m, 1H), 5.05
4.87 (m, 3 H), 4.464.32 (m, 1 H), 3.64 (dd, 1 H) = 9.5, 3.2
Hz), 3.58-3.52 (m, 1 H), 3.56 (s, 3H), 3.38.32 (m, 2 H), 3.36
(s, 3H), 3.36-3.15 (m, 2 H), 2.9+2.84 (m, 1 H), 2.68 (dd, 1 H,
J=14.1, 6.7 Hz), 1.921.65 (m, 4 H)13C NMR (CDCk) ¢ 169.9,

0,134.8,124.4,123.7,92.5, 58.8, 58.1, 542169.8, 152.8, 134.3,
116.9, 116.8, 72.9, 71.9, 70.5, 52.5, 46.0, 41.1, 27.4, 26.3, 24.8.
IR (CDCl) 1623 cntl. GCtg = 20.73 (minor), 21.06 (major) min.
dr=16:1. EI-MSn/z (%): 361 (M, 1), 346 (1), 320 (2), 290 (5),
258 (7), 218 (8), 205 (10), 200 (10), 176 (9), 161 (37), 142 (100).
HPLC tg = 11.07 (major), 11.91 (minor) min. d¢ 14:1.

((R)-1-Allyl-5-(( R)-2-(allyloxy)propyl)-2-methoxycyclohexa-
2,5-dienyl)((S)-2-(methoxymethyl)-pyrrolidin-1-yl)methanone
(11b). Use of the general procedure wittDb and potassium
afforded a 57% yield. TLGR = 0.70 (3:1 EtOAc/hexanesjH
NMR (CDCl;, mixture of rotational isomers) 5.95-5.82 (m, 1H),
5.71-5.57 (m, 1H), 5.28, 5.23 (two d, 1Hd,= 1.6 Hz), 5.16, 5.13
(two s, 2H), 4.99, 4.94, 491 (three s, 2H), 4.72 (t, TH+ 3.5
Hz), 4.35-4.25 (m, 1H), 4.04 (dd, 1H) = 12.6, 5.5 Hz), 3.89
(dd, 1H,J =12.5, 5.5 Hz), 3.653.54 (m, 3H), 3.49 (s, 3H), 3.35
(s, 3H), 3.32-3.21 (m, 2H), 2.96-2.66 (m, 3H), 2.53 (dd, 1H,
J=14.1, 6.5 Hz), 2.31 (dd, 1Hl = 14.2, 6.8 Hz), 2.12 (dd, 1H,
J=14.2,5.8 Hz), 1.961.65 (m, 4H), 1.14 (d, 3H) = 6.1 Hz).
3C NMR (CDCh) ¢, 135.1, 122.9, 92.7, 73.7, 58.9, 58.0, 57.8,
54.2, 19.5;04 170.3, 152.8, 134.7, 116.5, 116.4, 72.0, 69.3, 52.7,
46.0, 43.2, 41.2, 30.7, 26.3, 24.9, 24.7. IR (CRA617 cni.
GC tg = 23.09 min. EI-MSm/z (%): 389 (M, 1), 348 (20), 233
(26), 189 (100). HPLGR = 4.72 (minor), 4.951 (major) min. @
47:1.

General Procedure for the Hydrolysis Reaction.Enol ether
(1.0 equiv) was dissolved in MeOH (6 mL/mmol enol ether) and

152.8,139.9, 135.7, 134.8, 128.5, 127.6, 125.2, 123.5, 117.1, 92.7 was treated wit 6 N HCI (2.5 mL/mmol enol ether). After stirring

72.0, 58.9, 58.2, 54.4, 53.1, 46.1, 41.4, 28.8, 26.4, 24.9. IR (film)
1620 cntt. GCtg = 26.99 (minor), 27.68 (major) min. dr 35:1.
EI-MS m/z (%): 367 (M', 5), 326 (9), 225 (72), 224 (100), 211
(95), 184 (87), 142 (98).
((R)-1-Allyl-2-methoxy-5-(4-methoxyphenyl)cyclohexa-2,5-di-
enyl)((S)-2-(methoxymethyl)-pyrrolidin-1-yl)methanone (7b).Use
of the general procedure with and lithium afforded a 58% yield.
TLC R = 0.60 (EtOAc).'H NMR (CDCl;, mixture of rotational
isomers)o 7.37 (d, 2H,J = 8.9 Hz), 6.89 (d, 2H,) = 8.9 Hz),
5.73 (s, 1H), 5.725.62 (m, 1H), 5.03-4.86 (m, 3H), 4.38-4.28
(m, 1H), 3.81 (s, 3H), 3.64 (dd, 1H,= 9.5, 3.2 Hz), 3.573.50
(m, 1H), 3.55 (s, 3H), 3.403.28 (m, 2H), 3.36 (s, 3H), 3.22
3.10 (m, 2H), 2.96-2.83 (m, 1H), 2.66 (dd, 1H] = 14.0, 6.7 Hz),
1.90-1.67 (m, 4H).13C NMR (CDCk) 6, 134.7, 126.1, 121.6,
113.7, 92.6, 58.8, 58.0, 55.2, 542; 170.0, 159.1, 152.6, 134.9,
132.2, 116.9, 71.8, 52.8, 46.0, 41.3, 28.7, 26.2, 24.8. IR (gDCI
1617 cnmtt. HPLC tr = 15.32 (major), 16.24 (minor) min. de
50:1.
((R)-1-Allyl-5-(2,3-dimethoxyphenyl)-2-methoxycyclohexa-
2,5-dienyl)(©)-2-(methoxymethyl)-pyrrolidin-1-yl)methanone (7d).
Use of the general procedure wild and lithium afforded a 70%
yield. TLC R = 0.70 (EtOAc).*H NMR (CDCls) 6 7.00 (t, 1H,
J=7.9Hz),6.85(dd, 1H) = 8.2, 1.3 Hz), 6.71 (dd, 1H} = 7.6,
1.2 Hz), 5.85-5.65 (m, 1H), 5.43 (s, 1H), 5.664.98 (m, 2H), 4.83
(t, 1H,J = 3.6 Hz), 4.38-4.28 (m, 1H), 3.96-3.76 (m, 1H), 3.86

at rt for 15 h, the reaction solution was diluted with@Hand was
extracted with CHCIl,. The organic layers were combined and
washed with saturated NaHG@nd brine and then were dried with
MgSQO,. Concentration afforded an oil which was purified by
column chromatography (1:3 or 3:7 EtOAc/hexanes).

(R)-2-((E)-But-2-enyl)-2-((S)-2-(methoxymethyl)pyrrolidine-
1-carbonyl)-4-methylcyclohex-3-enone (3b)Use of the general
procedure witt2b afforded a 99% yield. TL& = 0.60 (EtOAC).

IH NMR (CDClg, mixture of rotational isomers) 5.47-5.40 (m,
2H), 5.33 (s, 1H), 4.384.27 (m, 1H), 3.53 (dd, 1H] = 9.3, 3.1
Hz), 3.40-3.29 (m, 1H), 3.33 (s, 3H), 3.28.18 (m, 1H), 3.13
3.01 (m, 1H), 2.672.38 (m, 6H), 1.96:1.70 (m, 4H), 1.64, 1.59
(two d, 3H,J = 3.6 Hz).13C NMR (CDCk) ¢, 128.6, 126.5, 123.6,
58.9,57.7,23.1, 17.94 208.7, 169.4, 135.4, 72.0, 61.3, 46.6, 40.5,
36.9, 30.5, 26.7, 24.5. IR (CDgI1709, 1628 cm. GCtg = 17.58
min. EI-MS m/z (%): 306 (M* + 1, 3), 305 (Mt, 17), 260 (39),
249 (46), 206 (25), 163 (43), 142 (100).

(R)-2-Allyl-2-(( S)-2-(methoxymethyl)pyrrolidine-1-carbonyl)-
4-phenylcyclo hex-3-enone (8a)Jse of the general procedure with
7aprovided a 64% yield. TLG = 0.30 (7:3 EtOAc/hexanesh
NMR (CDCl3) 6 7.43-7.29 (m, 5H), 5.99 (s, 1H), 5.9%.80 (m,
1H), 5.11 (s, 1H), 5.07 (d, 1Hl = 3.9 Hz), 4.35-4.20 (m, 1H),
3.68-3.60 (m, 1H), 3.43-3.28 (m, 2H), 3.36 (s, 3H), 3.263.08
(m, 1H), 3.05-2.84 (m, 2H), 2.86-2.57 (m, 4H), 1.981.65 (m,
4H).13C NMR (CDCh) ¢, 134.3, 128.5, 127.9, 125.2, 125.0, 58.8,
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57.9;04 207.0, 168.0, 139.8, 138.4, 118.3, 71.7, 61.3, 46.7, 41.3, GC analysis showed the reaction was 96% prodiecand 4%

36.7, 27.7, 26.5, 24.5. IR 1710, 1635 tinGC tg = 28.52 min.

EI-MS miz (%): 353 (M, 6), 308 (11), 297 (19), 211 (24), 142-

(100).
(R)-2-Allyl-2-((S)-2-(methoxymethyl)pyrrolidine-1-carbonyl)-
4-(4-methoxyphenyl)cyclohex-3-enone (8b)Jse of the general
procedure wittvb provided an 89% yield. TL& = 0.50 (EtOAc).
IH NMR (CDClz, mixture of rotational isomersy 7.35 (d, 2H,
J=8.7 Hz), 6.89 (d, 2HJ = 8.9 Hz), 5.90 (s, 1H), 5.955.80 (m,
1H), 5.10 (s, 1H), 5.05 (d, 1H] = 4.1 Hz), 4.35-4.25 (m, 1H),
3.82 (s, 3H), 3.64 (dd, 1H] = 9.3, 2.9 Hz), 3.46-3.30 (m, 2H),
3.36 (s, 3H), 3.153.07 (m, 1H), 3.02-2.83 (m, 2H), 2.86-2.55
(m, 4H), 1.98-1.65 (m, 4H).13C NMR (CDCh) 6, 134.2, 126.4,

123.2,113.9, 58.9, 57.9, 55&; 207.4, 168.3, 159.5, 137.7, 132.2,
118.3, 71.7, 61.3, 46.5, 41.6, 36.9, 27.7 26.6, 24.5. IR (GPCI

1712, 1610 cmt. HPLC tr = 20.32 min.
(R)-2-Allyl-4-(2,3-dimethoxyphenyl)-2-(S)-2-(methoxymeth-
yh)pyrrolidine-1-carbonyl)cyclohex-3-enone (8d). Use of the
general procedure witfid provided a 96% vyield. TLG= = 0.50
(EtOAc). *H NMR (CDClg) 6 7.03 (t, 1H,J = 7.9 Hz), 6.89 (dd,
1H,J = 8.2, 1.4 Hz), 6.76 (dd, 1H] = 7.6, 1.4 Hz), 5.965.82
(m, 1H), 5.73 (s, 1H), 5.11 (d, 1H,= 1.4 Hz), 5.06 (d, 1HJ =
2.4 Hz), 4.35-4.25 (m, 1H), 3.88 (s, 3H), 3.79 (s, 3H), 3:72.60
(m, 1H), 3.58-3.48 (m, 1H), 3.453.30 (m, 1H), 3.36 (s, 3H),
3.27-3.17 (m, 1H), 2.952.83 (m, 2H), 2.77 (d, 2H) = 7.4),
2.72-2.52 (m, 2H), 2.03-1.70 (m, 4H)13C NMR (CDCk) 6 207.4,

starting material3a. The product obtained was identical to that
previously reportetifor conventional heating over a 10-h period.
(R)-4-((S)-but-3-en-2-yl)-2-(©)-2-(methoxymethyl)pyrrolidine-
1-carbonyl)-4-methylcyclohex-2-enone (4b)JUse of the general
procedure witl3b afforded a 70% yield ofib, along with 24% of
recovered starting material. TL& = 0.40 (EtOAc).'H NMR
(CDCls, mixture of rotational isomers) 6.84 (t, 1H,J = 6.0 Hz),
5.88-5.65 (m, 1H), 5.155.02 (m, 2H), 4.354.25, 3.81-3.72 (two
m, 1H), 3.67 (dd, 1HJ) = 9.5, 3.4 Hz), 3.43 (dd, 1H] = 9.4, 7.2
Hz), 3.38, 3.26 (two s, 3H), 3.38.10 (m, 2H), 2.582.48 (m,
2H), 2.40-2.20 (m, 1H), 2.16-1.68 (m, 6H), 1.18, 1.17 (two s,
3H), 1.06 (d, 3H,J = 6.9 Hz). 23C NMR (CDCk, mixture of
rotational isomersd, 156.7, 156.5, 139.4, 139.0, 59.1, 58.9, 57.6,
56.3,47.0,46.1,21.4,21.2,15.4, 14.4, 143195.6, 195.2, 165.9,
137.2,116.7, 116.2, 116.1, 74.0, 72.1, 48.4, 48.3, 45.5, 38.2, 38.1,
33.9, 30.9, 30.6, 30.0, 28.3, 27.6, 24.1, 21.8. IR (CipTb84,
1617 cnml, GCtg = 15.83 min. EI-MSm/z (%): 306 (M™ + 1,
1), 305 (M+, 3), 260 (89), 250 (39), 206 (100), 191 (31), 163 (33),
137 (56).
(S)-4-Allyl-2-((S)-2-(methoxymethyl)pyrrolidine-1-carbonyl)-
4-phenylcyclo hex-2-enone (9a)Jse of the general procedure with
8aafforded an 80% yield 0®a along with 18% recovered starting
material. TLCRs = 0.42 (EtOAc).*H NMR (CDCl;, mixture of
rotational isomers) 7.38-7.23 (m, 5H), 7.19, 7.15 (two s, 1H),
5.61-5.47 (m, 1H), 5.13-5.06 (m, 2H), 4.39-4.29, 3.873.80 (two

168.2,152.8, 146.3, 139.1, 136.0, 134.2, 127.1, 124.1, 120.9, 118.3m, 1H), 3.68 (dd, 1HJ = 9.5, 3.4 Hz), 3.49 (dd, 1H = 9.5, 6.9
112.0,71.8,61.5,60.8, 59.0, 57.9, 55.8, 46.5, 41.2, 37.1, 29.3, 26.7 Hz), 3.38, 3.21 (two s, 3H), 3.33.18 (m, 2H), 2.7#2.68 (m,

24.6. IR (CDC}) 1710, 1628 cm!. HPLC tg = 15.04 min.
(R)-2-Allyl-4-(allyloxymethyl)-2-(( S)-2-(methoxymethyl) pyr-
rolidine-1-carbonyl)cyclohex-3-enone (12a)Use of the general
procedure witil1aprovided a 90% yield. TL& = 0.60 (EtOAc).
IH NMR (CDClg) 6 5.96-5.72 (m, 2H), 5.65 (s, 1H), 5.366.17
(m, 2H), 5.06 (s, 1H), 5.01 (d, 1H,= 6.6 Hz), 4.35-4.15 (br s,
1H), 3.97 (s, 4H), 3.61 (dd, 1H, = 9.3, 2.7 Hz), 3.46-3.25 (m,

2H), 3.34 (s, 3H), 3.1863.03 (m, 1H), 2.69-2.42 (m, 6H), 2.06-

1.70 (m, 4H).23C NMR (CDCk) 6,134.4, 134.0, 125.0, 58.9, 57.9;

1H), 2.65-2.52 (m, 1H), 2.452.26 (m, 4H), 2.051.78 (m, 4H).
13C NMR (CDCk, mixture of rotational isomers) 195.8, 195.3,
166.0, 165.9, 153.4, 152.6, 142.6, 139.2, 138.6, 133.0, 132.9, 128.8,
128.7,127.0, 126.7,119.4,119.3, 74.0, 72.2, 59.1, 58.9, 58.0, 56.5,
48.5,46.2,46.0,45.4,43.8,43.7,35.2,35.1, 34.6, 34.5, 28.4, 27.7,
24.3, 22.0. IR (CDG) 1684, 1617 cm’. GC tg = 10.983 min.
EI-MS m/z (%): 353(Mf, 6), 312 (30), 308 (93), 239 (100), 198
(71), 141 (52).
(S)-4-Allyl-2-((S)-2-(methoxymethyl)pyrrolidine-1-carbonyl)-

04 207.6, 168.1, 136.7, 118.2, 117.1, 72.7, 71.8, 71.1, 70.0, 46.5, 4-(4-methoxyphenyl)cyclohex-2-enone (9blse of the general

41.2, 36.6, 26.6, 26.1, 24.5. IR (CDLIL712, 1629 cmt. GCtr
= 16.25 min. EI-MSm/z (%): 347 (M, 8), 302 (45), 291 (19),
244 (14), 205 (21), 142 (100).
(R)-2-Allyl-4-((R)-2-(allyloxy)propyl)-2-((S)-2-(methoxymeth-
yhpyrrolidine-1-carbonyl)cyclohex-3-enone (12b).Use of the
general procedure withlb provided a 94% yield. TLG = 0.60
(EtOAc).H NMR (CDCl, mixture of rotational isomers) 5.93—
5.76 (m, 2H), 5.42 (s, 1H), 5.28, 5.23 (two d, 1H= 1.5 Hz),
5.17, 5.14 (two s, 1H), 5.06 (s, 1H), 5.02 (d, 1H= 5.8 Hz),
4.35-4.25 (m, 1H), 4.06 (dd, 1Hl = 12.6, 5.4 Hz), 3.88 (dd, 1H,
J=12.6, 5.6 Hz), 3.63 (dd, 2H] = 9.2, 3.1 Hz), 3.36 (s, 3H),
3.35-3.25 (m, 2H), 3.12-3.05 (m, 1H), 2.67 (d, 2H] = 7.3 Hz),
2.60-2.44 (m, 4H), 2.36 (dd, 1H] = 14.2, 7.1 Hz), 2.23 (dd, 1H,
J=14.2,5.2 Hz), 1.971.67 (m, 4H), 1.18 (d, 3H) = 6.1 Hz).

13C NMR (CDCk) 6, 134.9, 134.3, 124.7, 73.5, 58.9, 57.8, 19.5;

procedure with8b afforded an 80% yield 08b along with 15%
recovered starting material. TL& = 0.30 (EtOAc).'H NMR
(CDCls, mixture of rotational isomers) 7.23 (d, 2H,J = 8.8 Hz),
7.17,7.12 (two s, 1H), 6.89 (d, 2H,= 8.8 Hz), 5.62-5.48 (m, 1
H), 5.12-5.06 (m, 2H), 4.384.30, 3.88-3.75 (two m, 1H), 3.80
(s, 3H), 3.69 (dd, 1HJ = 9.5, 3.3 Hz), 3.49 (dd, 1H] = 9.4, 7.1
Hz), 3.39, 3.24 (two s, 3H), 3.38.18 (m, 2H), 2.752.65 (m,
1H), 2.60-2.49 (m, 1H), 2.452.20 (m, 4H), 2.08-1.79 (m, 4H).
13C NMR (CDCk, mixture of rotational isomers), 153.6, 152.7,
133.0, 127.8, 114.1, 59.1, 58.9, 58.0, 56.5, 554195.9, 195.4,
165.9, 158.4, 139.0, 138.3, 134.3, 119.3, 74.0, 72.2, 48.5, 46.2,
46.0,45.4,43.0, 35.3, 34.5, 28.3, 27.7 24.3, 21.9. IR (GPLE85,
1617 cml, GCtg = 22.67 min. EI-MSm/z (%): 384 (M™ + 1,
2), 383 (M, 9), 342 (23), 338 (53), 269 (100), 241 (22), 228 (50).
(9)-4-Allyl-4-(2,3-dimethoxyphenyl)-2-(§)-2-(methoxymeth-

04 207.9, 168.5, 137.4, 118.0, 116.7, 71.8, 61.2, 46.4, 44.1, 41.4,yl)pyrrolidine-1-carbonyl)cyclohex-2-enone (9d). Use of the

36.9,29.2, 26.6, 24.6. IR (CD§I1709, 1627 cm!. GCtr = 17.34

min. EI-MS mz (%): 375 (M*, 4), 330 (37), 319 (35), 246 (22),

142 (100).
General Procedure for the Cope RearrangementThe 1,5-

general procedure witBd afforded a 50% yield 09d along with
40% recovered starting material. TIR= 0.40 (EtOAc).!H NMR

(CDCls, mixture of rotational isomers) 7.40 (d, 1H,J = 1.6 Hz),
7.34 (d, 1H,J = 1.5 Hz), 6.99 (q, 1H,) = 8.0 Hz), 6.89 (d, 1H,

diene was dissolved in 1,2-dichlorobenzene (2 mL/mmol diene) J = 8.2 Hz), 6.79, 6.78 (two dd, 1H,= 7.8, 1.5 Hz), 5.635.47
and was heated at reflux temperature for 10 h. The solvent was(m, 1H), 5.12-5.04 (m, 1H), 4.39-4.30, 3.973.78 (two m, 1H),
removed in vacuo and the crude product was purified by chroma- 3.88 (s, 6H), 3.68 (dd, 1H, = 9.5, 3.3 Hz), 3.49 (dd, 1Hl = 9.4,

tography (1:1 or 3:7 EtOAc/hexanes).
Microwave Procedure for the Cope Rearrangement of 3a.

7.0 Hz), 3.39, 3.22 (two s, 3H), 3.29 (t, 18,= 6.6 Hz), 3.20-
3.15 (m, 1H), 2.85 (dd, 1H] = 6.2 Hz), 2.76-2.58 (m, 2H), 2.56-

The 1,5-dien8a (70 mg, 0.24 mmol) was transferred as a neat oil 2.30 (m, 2H), 2.23-2.08 (m, 1H), 2.081.75 (m, 4H).13C NMR
to a reactor tube, was capped, and was placed in the microwave(CDCl; mixture of rotational isomers), 155.6, 153.9, 133.5, 133.3,
reactor. The reaction was conducted neat with the following 123.3,123.1, 120.5, 120.3, 111.8, 60.3, 58.9, 58.6, 57.8, 56.2, 55.5;

parameters: temperature, 28CQ; max pressure, 250 psi; max

d4 196.0, 195.6, 166.0, 153.3, 147.8, 136.7, 136.4, 134.6, 134.4,

power, 300 W; ramp time, 2 min; reaction time, 30 min. The heating 118.6, 118.5, 73.7, 72.0, 48.2, 45.3, 44.3, 44.2, 43.6, 43.5, 34.8,
period was repeated a second time. After a total of 1-h heating, 33.1, 32.8, 28.2, 27.5, 24.1, 21.8. IR (CRC1680, 1622 cm'.
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GCtg = 23.78 min. EI-MSm/z (%): 414 (M" + 1, 2), 413 (M,
9), 372 (15), 368 (56), 350 (15), 300 (20), 299 (100), 271 (28),
258 (51).

(9)-4-Allyl-4-(allyloxymethyl)-2-(( S)-2-(methoxymethyl)pyr-
rolidine-1-carbonyl)cyclohex-2-enone (13a)Use of the general
procedure withl2a afforded a 100% yield of3a TLC R = 0.55
(EtOACc). ™H NMR (CDCls, mixture of rotational isomers) 6.85,
6.83 (two s, 2H), 5.925.70 (m, 2H), 5.285.10 (m, 4H), 4.32
4.26, 3.83-3.70 (two m, 1H), 3.9#3.95 (m, 2H), 3.66 (dd, 1H,
J=9.5, 3.4 Hz), 3.483.30 (m, 3H), 3.37, 3.25 (two s, 3H), 3.23
3.16 (m, 2H), 2.63-2.45 (m, 2H), 2.38-2.25 (m, 2H), 2.051.70
(m, 6H).13C NMR (CDCk, mixture of rotational isomers), 152.6,
152.4,134.3, 132.8, 59.1, 58.9, 57.6, 53195.7, 195.3, 166.1,

JOC Article

156.6, 156.1, 134.9, 134.8, 133.2, 133.1, 71.8, 59.1, 58.9, 57.7,
56.3, 20.3p9¢ 195.8, 195.3, 166.1, 136.9, 136.5, 119.1, 116.9, 116.8,
73.7,72.1,69.2,48.2, 455,453, 45.2, 42.3, 41.5, 38.2, 38.1, 34.0,
32.1, 32.0, 28.3, 27.6, 24.1, 21.9. IR (CRICL679, 1616 cm.

GC tg = 18.18 min. EI-MSmz (%): 375 (M, 1), 360 (1), 343

(2), 334 (24), 331 (24), 330 (100), 274 (27), 203 (45).
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