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The 3-ma-Cope rearrangement of N-alkyl-N-allyl enamine substrates, which required temperatures of 250 
OC to proceed thermally, was promoted at 111 O C  in the presence of electrophilic reagents such as HCl(0.5 equiv), 
TiC1, (0.2 equiv), A1Me3 (1.2 equiv), or (ArO)2A1Me (1.2 equiv). In order to probe the regioselectivity of this 
accelerated carbon-carbon bond forming process under these reaction conditions, several enamine substrates 
were prepared from both isobutyraldehyde and cyclohexanone. Each substrate used in these studies was prepared 
having an unsymmetrical N-allylic group, substituted with either an alkyl or phenyl substituent at the 4 or 6 
position of the 3-ma-Cope framework. In all cases examined, reaction acceleration by the electrophilic reagent 
produced regiospecific [3,3] rearrangement to the correapnding imines; products resulting from [1,3] rearrangement 
were not observed. Hydride reduction of the resulting imines generated the 6,c-unsaturated amines in 5594% 
overall yield in the three-step condensation-rearrangement-reduction process from the secondary allylamine. 

Introduction 
Regiochemical control is an essential feature of any 

successful carbon-carbon bond forming process, and in- 
tramolecular approaches have been important strategies 
for achieving regioselective methodologies. A prominent 
example of this strategy has been the Claisen rearrange- 
ment, the [3,3] sigmatropic shift of allyl enol ether sub- 
strates (1, R3-X = 0 Scheme 11.l In a sense, thia reaction 
constitutes a concerted SN2' allylation of a carbonyl de- 
rivative, and such intramolecular thermal rearrangements 
have led to regiospecific carbon-carbon bond formation. 
Thermal 3-ma-Cope rearrangement of N-alkyl-N-allyl 
enamine substrates (1, X = N), the nitrogen analog of the 
Claisen rearrangement, also resulted in regiospecific for- 
mation of 5 after hydrolysis.2 Because the Claisen and 
3-ma-Cope rearrangements t y p i d y  proceed at tempera- 
tures ranging from 180 to 250 "C, studies have been di- 
rected toward acceleration of these reactions in order to 
promote substrate rearrangement at  lower reaction tem- 
perature~.~ 

Acceleration of the [3,3] sigmatropic rearrangement of 
allyl vinyl ethers having unsymmetrical allyl groups has 
been achieved primarily through the use of stoichiometric 
aluminum reagents. One group of aluminum reagents, the 
di- and trialkylaluminum complexes including Et,AlX, 
A1Me3, and Al(iBu),, has produced regiospecific rear- 
rangement of substrates followed by reduction of the re- 
sulting carbonyl f~nctionality.~ In addition to alkyl 
substitution on the allyl group (R4 or R6 = alkyl), regios- 
pecific [3,3] rearrangement occurred even when R4 = 

(1) For reviews on [3,3] sigmatropic rearrangementa see: (a) Rhoads, 
S. J.; Raulins, N. R. Org. React. (N.Y.) 1975,22,1. (b) Ziegler, F. E. Acc. 
Chem. Res. 1977,10, 227. (c) Bennett, G. B. Synthesis 1977,589. (d) 
Bartlett, P. A. Tetrahedron 1980, 36, 3. (e) Gajewski, J. Hydrocarbon 
Thermal Isomerizations; Academic: New York, 1981. (0 Hill, R. K. 
Chirality Transfer via Sigmatropic Rearrangements. In Asymmetric 
Synthesis; Morrison, J. D., Ed.; Academic: New York, 1984; Vol. 3, p 503. 
(g) Ziegler, F. E. Chem. Reo. 1988,841423. (h) Blechert, S. Synthesis 
1989, 71. 

(2) For reviews on aza-[3,3] sigmatropic rearrangements see: (a) 
Winterfeldt, E. Fortshr. Chem. Forsch. 1971, 16, 75. (b) Heimgartner, 
H.; Hansen, H.-J.; Schmid, H. Ado. Org. Chem. 1979, 9, Part 2, p 655. 

(3) For reviews on the catalysis on the Cope and Claisen rearrange- 
ments, see: (a) Lutz, R. P. Chem. Reo. 1984, 84, 205. (b) Overman, L. 
E. Angew. Chem., Int. Ed. Engl. 1984, 23, 579. 

(4) (a) Takai, K.; Mori, I.; Oshima, K.; Nozaki, H. Tetrahedron Lett. 
1981,22,3985. (b) Stevenson, J. W. S.; Bryson, T. A. Tetrahedron Lett. 
1982,23, 3143. (c) Mori, I.; Takai, K.; Oshima, K.; Nozaki, H. Tetrahe- 
dron 1984,40,4013. (d) Takai, K.; Mori, I.; Oshima, K.; Nozaki, H. Bull. 
Chem. SOC. Jpn. 1984,57,446. (e)  Piers, E.; Fleming, F. F. J. Chem. Soc., 
Chem. Commun. 1989,1665. (0 Paquette, L. A.; Friedrich, D.; Rogers, 
R. D. J.  Org. Chem. 1991, 56, 3841. (g) Philippo, C. M. G.; Vo, N. H.; 
Paquette, L. A. J.  Am. Chem. SOC. 1991, 113, 2762. 
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Scheme I. Approaches to the Allylation of Carbonyl 
Derivatives 
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Ph.4a9c7d Recent advances in this area have been reported 
for reagents of the type (ArO),AlMe5 as well as the closely 
related binapthol reagent, which promoted rearrangement 
at  temperatures as low as -78 "C without subsequent re- 
duction of the carbonyl products6 However, although 
complete [3,3] rearrangement was achieved with R4 or R6 
= alkyl, substrates having R4 = Ph or vinyl and those with 
R6 = vinyl resulted in mixtures of 6 and 6, the products 

(5) (e) Maruoka, K.; Nonoshita, K.; Banno, H.; Yamamoto, H. J.  Am. 
Chem. SOC. 1988,110,7922. (b) Maruoka, K.; Banno, H.; Nonoshita, K.; 
Yamamoto, H. Tetrahedron Lett. 1989, 30, 1265. (c) Nonoshita, K.; 
Banno, H.; Maruoka, K.; Yamamoto, H. J.  Am. Chem. SOC. 1990,112,316. 
(d) Yamamoto, H.; Maruoka, K. Pure Appl. Chem. 1990,62,2063. 

(6) (a) Maruoka, K.; Banno, H.; Yamamoto, H. J .  Am. Chem. SOC. 
1990,112, 7791. (b) Maruoka, K.; Banno, H.; Yamamoto, H. Tetrahe- 
dron: Asymmetry 1991,2,647. (c) Maruoka, K.; Yamamoto, H. Synlett 
1991, 2, 793. 
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of both [1,3] and [3,3] rearrangement. A nonconcerted 
reaction was proposed in which initial bond breakage 
generated ionic intermediate 2 followed by recombination 
to give the observed product distribution. Regiospecific 
[3,3] rearrangement of 1 (R2 # H, R3-X = 0), in which 
regiochemical control was proposed to result from initial 
C 4  bond formation followed by C-O bond cleavage, has 
also been promoted by Pd(I1) catalysis.' A different re- 
action pathway was followed for the tetrahydrofuran 
substrates (R1 = C02Et, R2,R4 = -CH2CH2-), which gen- 
erated products of [1,3] and [3,3] rearrangement resulting 
from r-allylpalladium intermediatesq8 

Comparatively, the 3-aza-Cope reaction has been in- 
vestigated far less extensively than the Claisen rear- 
rangement. In part, the high temperatures required for 
thermal rearrangement when X = N (250 OCI9 or with 
N-allyl-N,O-ketene acetal substrates (R2 = OR, 180 OC)l0 
has placed limitations on this synthetic method. Charge 
acceleration of the 3-aza-Cope rearrangement, by quater- 
nization of the nitrogen (4), has been accomplished by 
allylation of d e l  enamine substrates (3, X = N). When 
crotyl bromide (R6 = Me) was used to alkylate dialkyl 
enamine substrates in which R1,R1' # H, products from 
initial N-&lation (4) and subsequent [3,3] rearrangement 
produced 5 after hydrolysis.ll However, when enamines 
derived from cyclopentanone,12 cyclohe~anone,~~ or buta- 
nal14 were treated with crotyl bromide, the products of 
C-alkylation (6) contributed from 10 to 100% of the final 
reaction mixture. Studies of unsymmetrical allyl sub- 
strates were limited to the crotyl group, and have not 
included substrates with R4 = alkyl. 

Acceleration of the 3-aza-Cope rearrangement has been 
achieved with titanium catalysts, and substrates having 
unsymmetrical allyl groups were investigated.lS Both 
reports studied the rearrangement of enamines in which 
R1,R1' # H. In an example having R4 = Me, 1 was 
transformed regiospecifically to 5 as a 90:lO ratio of E2 
olefin i80mers.l~~ In contrast, acceleration of the 3-aza- 
Cope rearrangement by reaction with Pd(PPhJ4/CF3C02H 
proceeded through a T-allyl intermediate, and only prod- 
ucts of [1,3] rearrangement were observed when R6 = Me.16 

Recently, we reported the electrophile-promoted 3-aza- 
Cope rearrangement for N-alkyl-N-allyl enamine sub- 
strate~.'~ In these studies, the effectiveness of protic and 
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Lewis acids in accelerating the rearrangement of Substrates 
was examined for a variety of enamine substitution pat- 
terns; a symmetrical allyl group was used in each case. A 
study of the regiochemical selectivity of this charge-ac- 
celerated reaction, with respect to the [1,3] or [3,3] nature 
of this rearrangement, is presented. Acceleration of the 
3-aza-Cope rearrangement with HC1, T ic4 ,  AIMes, and 
(ArO)2A1Me was examined for substrates derived from 
isobutyraldehyde and cyclohexanone and having a phenyl 
or alkyl substituent at the R4 (allylic) or R6 (terminal 
vinylic) position. 

Results and Discussion 
In order to examine the regioeelectivity of the 3-aza-Cope 

rearrangement with aldehyde derived N-alkyl-N-allyl en- 
amine substrates, two pairs of enamine substrates were 
selected. One pair had n-propyl (nPr) Substituents at the 
allylic and terminal vinylic positions, while the other pair 
had phenyl substituents at those positions (Scheme 11). 
Rearrangement of these substrates through a [3,3] process 
would transform 11 to 13 and 12 to 14. These related seta 
of enamine substrates were designed so that if [1,3] rear- 
rangement occurred to any extent during the charge-ac- 
celerated rearrangement, then 11 would produce 14, and 
the rearrangement of 12 would give 13. In order to gen- 
erate substrates 11 and 12 by enamine condensation with 
isobutyraldehyde, amines 9 and 10 were prepared. 

Synthesis of the required secondary amines was accom- 
plished using several different routes. The amines sub- 
stituted in the allylic position, 9a and 9b, were made from 
products obtained through Overman's 1,3 transposition of 
alcohol and amine functionality (eq 1).l8 The hydrolysis 

~~ ~~ 

(7) (a) Oshima, M.; Murakami, M.; Mukaiyama, T. Chem. Lett. 1984, 
1535. (b) van der Baan, J. L.; Bickelhaupt, F. Tetrahedron Lett. 1986, 
27, 6267. (c) Mikami, K.; Takahashi, K.; Nakai, T.  Tetrahedron Lett. 
1987,28,5879. (d) Hayashi, T.; Yamamoto, A,; Ito, Y. Synth. Commun. 
1989, 19, 2109. 

(8) (a) Troet, B. M.; Runge, T. A.; Jungheim, L. N. J. Am. Chem. SOC. 
1980,102, 2840. (b) Troet, B. M.; Jungheim, L. N. J.  Am. Chem. SOC. 
1980,102,7910. (c) Teuji, J.; Kobayashi, Y.; Kataoka, H.; Takahashi, T.  
Tetrahedron Lett. 1980,21,1475. (d) Troet, B. M.; Runge, T. A. J.  Am. 
Chem. SOC. 1981,103,2485. (e) Trost, B. M.; Runge, T. A. J.  Am. Chem. 
SOC. 1981,103, 7550. 

(9) Hill, R. K.; Gilman, N. W. Tetrahedron Lett. 1967, 1421. 
(10) (a) Corbier, J.; Creason, P.; Jelenc, P. C. R. Acad. Sci. Paris 1970, 

C270,1890. (b) Ireland, R. E.; Willard, A. K. J. Org. Chem. 1974,39,421. 
(c) Kurth, M. J.; Decker, 0. H. W. J .  Org. Chem. 1986, 51, 1377, and 
references therein. (d) Kurth, M. J.; Soares, C. J. Tetrahedron Lett. 1987, 
28, 1031. 

(11) (a) Opitz, G.; Mildenberger, H. Angew. Chem. 1960,72,169. (b) 
Brannock, K. C.; Burpitt, R. D. J.  Org. Chem. 1961,26, 3576. (c) Opitz, 
G.; Hellmann, H.; Mildenberger, H.; Suhr, H. Liebigs Ann. Chem. 1961, 
649, 36. (d) McCurry, P. M., Jr.; Singh, R. K. Tetrahedron Lett. 1973, 
3325. 

(12) Opitz, G.; Mildenberger, H.; Suhr, H. Liebigs Ann. Chem. 1961, 
649, 47. 

(13) (a) Opitz, G. Liebiga Ann. Chem. 1961,650,122. (b) Houdewind, 
P.; Pandit, U.K. Tetrahedron Lett. 1974, 2359. 

(14) Opitz, G.; Mildenberger, H. Liebigs Ann. Chem. 1961, 649, 26. 
(15) (a) Hill, R. K.; Khatri, H. N. Tetrahedron Lett. 1978,4337. (b) 

Bailey, P. D.; Harrison, M. J. Tetrahedron Lett. 1989, 30, 5341. 
(16) (a) Murahashi, SA.; Makabe, Y. Tetrahedron Lett. 1986,26,5563. 

(b) Murahashi, S.-L; Makabe, Y.; Kunita, K. J. Og. Chem. 1988,53,4489. 

.. 

7 a 9 
a R-nPr 
b R-Ph 

of 7a produced Sa, which was then alkylated by sequential 
treatment with isobutyraldehyde and then L M 4  to yield 
9a. In a similar manner, imine formation followed by 
reduction gave 9b from 8b in 81% yield. Secondary amine 
10a was obtained in 86% overall yield by tosylation of 
2-hexen-1-01 and subsequent reaction with isobutylamine 
(eq 2). The reduction of the imine formed from treatment 
of cinnamaldehyde with isobutylamine provided 10b (eq 
3). 

iBu, 
NH 

1) nWLI 
2)pTaCl OTS IBuNH2 

(2) 
b n P r  

- OH 

L n P r  - L n P r  

1 Oa 

10b 

Formation of enamines 11 and 12 was most effectively 
accomplished by the reaction of 9 or 10 with isobutyr- 
aldehyde and pTsOH in benzene, and the condensation 
was driven to completion by azeotropic removal of H20. 
Under these conditions, conversion of 9a to lla was 
achieved without formation of 13a or 14a. Amine 10a 
required the use of toluene as the solvent for effective 
formation of 12a, and production of 14a as a result of 

(17) (a) Cook, G. R.; Stille, J. R. J. Org. Chem. 1991, 56, 5578. (b) 
Cook, G. R.; Barta, N. S.; Stille, J. R. J. Org. Chem. 1992, 57, 461. 
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Scheme 11. Charge-Accelerated Rearrangement of 
N-Alkyl-N-allyl Enamine Substrates 
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catalysis by pTsOH at these higher temperatures was not 
observed. Complications arose with the condensation of 
isobutyraldehyde with 9b; under the conditions used to 
generate the enamine in benzene at reflux (80 "C), facile 
rearrangement of llb to 13b occurred. Although a solution 
of llb was never obtained for separate rearrangement 
studies, the regiochemistry of this two-step process, the 
condensation reaction coupled to the sigmatropic rear- 
rangement, was investigated for selected catalysts. In 
contrast to the reactivity observed for 9b, formation of 12b 
from lob was achieved through azeotropic removal of H20 
with benzene; even with the use of toluene as solvent, 
heating the mixture at  reflux in the presence of pTsOH 
did not promote rearrangement of 14b. In preparation for 
the rearrangement studies, benzene was removed in vacuo 
from substrates lla and 12 and replaced with toluene. 

Rearrangement of lla and 12a was investigated using 
the three types of reagents previously reported to effi- 
ciently promote the 3-aza-cope rearrangement (Table I).17 
The reagents examined in this regiochemical study were 
the protic acid HCl(O.5 equiv), the metal halide Lewis acid 
catalyst TiCll (0.2 equiv), and the organoaluminum com- 
plexes AlMe3 and [bis(2,6-diphenylphenoxy)methyl]alu- 
minum, which were required in a stoichiometric amount 
to achieve complete conversion of substrate to product. In 
each case, heating the substrate and reagent to reflux in 

(18) Overman, L. E. J. Am. Chem. SOC. 1976, 98, 2901. 
(19) Compound 12a could ale0 be prepared in a manner eimii  to that 

illustrated in Scheme 111. Hydrolysis of the appropriate trichloroacet- 
amide,18 followed by condensation with isobutyraldehyde and acylation 
with isobutyryl chloride produced the corresponding enamide. LiAlH, 
reduction gave enamine 12a. This eource of 12a waa used for the rear- 
rangement studies with TiCl, and (ArO),AlMe. 

Table 1. Regiospecific 3-Aza-Cope Rearmingement and 
Reduction of 11 and 12 

conditionsc [the(h)/ product formation 
substratea reagentb temp ("C)] 1~%16~ yield (%)c 

l la  HC1 6/111 >999 69 
TiCl, 24/111 >%I 79 
AIMeS 24/111 >e1 80 

TiC1, 30/111 1:>99 788 

(ArO)2AlMd 30/111 1:>99 w 
pTsOH 48/80 >9!k1 80 

(ArO),AlMd 24/111 >W.1 61 
12a HCl 30/111 1:>99 76 

AlMe3 8/111 1:>99 87 

l l b  HCl 48/60 >w1 81 

TiCl, 48/80 >991 80 
12b HCl 24/111 h 

TiCl, 24/111 i 
AlMe3 5/111 1:>99 56 
(ArO),AlMd 18/111 1:>99 55 

"Substrates were generated in situ by condensation of 9 or 10 
with isobutyraldehyde in either benzene or toluene catalyzed by 
pTsOH. *Reagent (eqoiv): HCl (0.5), pTeOH (0.05), TiCl, (0.2), 
AlMe3 (l.l), and (ArO)2AlMe (1.1). 'Rearrangements were run 0.2 
M at reflux in toluene (111 "C) or benzene (80 "C). each m e ,  
the product of [1,3] rearrangement was not detected by 'H NMR 
or capillary GC. e Overall isolated yield of condensed, rearranged, 
and reduced products from 9 or 10. 'ArO = 2,6-diphenylphenoxy. 
#See ref 19. hDestruction of starting material. 'Formation of 13 or 
14 was not observed. 

toluene promoted regiospecific rearrangement of lla to 
13a and 12a to 14a (Scheme 11)>9 Reduction of the imines 
produced 1Sa and 16a, respectively, which were then iso- 
lated in 61-8790 yield for the three-step condensation- 
rearrangement-reduction process from 9a and loa. As a 
result of the rearrangement and reduction of lla, only the 
E alkene isomer of 1Sa waa observed. Evidence for the 
formation of the E isomer was the characteristic E alkene 
absorbance at 970 cm-', and the absence of the corre- 
sponding 2 alkene absorbance around 690 cm-'. Inter- 
estingly, at reaction times insufficient to produce complete 
conversion of 12a to 14a, reduction of the reaction mixture 
generated from 12a with HC1 or TiC14 resulted in forma- 
tion of small amounts of 17a (eq 4).20 Evidence of [1,3] 

12a 178 

rearrangement through an intermediate such as 2 or by 
a [1,3] sigmatropic shift, by formation of 14 from 11 or 13 
from 12, was not detectsd by capillary gas chromatography 
or 'H NMR spectral analysis. 

The phenyl-substituted allyl substrates, llb and 12b, 
also rearranged to give exclusive formation of [3,3] prod- 
ucts 13b and 14b, respectively, but these substrates were 
much more sensitive to the reaction conditions. A phenyl 
substituent in the allylic position produced significant 
acceleration of the reaction. During the condensation of 
9b to llb, facile rearrangement to 13b was promoted by 
either HC1 or pTsOH in benzene at  80 OC. Because llb 
could not be isolated, the charge-accelerated 3-aza-Cope 
rearrangement of llb was not examined. However, the 
w e  of the TiC14 reaction conditions reported by Hill, en- 

(20) For discussions of N- versus C-protonation of enaminea, 888: (a) 
Hickmott, P. W. Tetrahedron 1982,38,1975. (b) Hinman, R. L. Tetra- 
hedron 1968,24, 185, and references therein. 
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Scheme 111. The Synthetic Route to 23 
cc13 
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amine formation driven by 0.25 equiv TiC1, and subse- 
quent 3-ma-Cope rearrangement accelerated by the 
product(s) of the TiCl, with 1 equiv of H20 (generated 
during the enamine condensation), could be tested. Thew 
same conditions also produced 13b stereospecifically from 
9b. For each catalyst studied, the condensation, rear- 
rangement, and reduction of 9b produced only the E olefin 
isomer of Mb, as evidenced by the 16-Hz coupling constant 
measured for the olefinic protons. Substrate 12b, which 
was prepared by Condensation of 10b in benzene, was very 
sensitive to the conditions for promoting rearrangement 
due to the styrene-like moiety in the molecule. Treatment 
with HCl(80 "C) or TiCl, (80 or 111 "C) resulted only in 
the destruction of 12b without formation of 13b or 14b, 
and pTsOH would not cause rearrangement at 111 OC. 
However, both organoaluminum catalysts effectively gen- 
erated 14b at 111 OC, and reduction with LiAlH, gave 
exclusively 16b in moderate yield. 

In order to examine the regimpecificity of the 3-aza-cope 
rearrangement with enamines derived from ketones, sub- 
strate 23 was prepared by the route illustrated in Scheme 
111. Although enamine formation by condensation of 
cyclohexanone with the corresponding secondary amine 
could not be used to obtain 23, the reaction of cyclo- 
hexanone with 20 efficiently produced 21. Acylation of 21 
with isobutyryl chloride/NEt, gave 22 in 89% yield for the 
two-step process from 20, and LiAlH, reduction of 22 
generated the desired enamine substrate 23. The rear- 
rangement of 23 to 24 was accelerated by each of the four 
electrophilic reagents listed in Table 11, and subsequent 
treatment of the ketimine with iBuzAIH gave 25 as a 
mixture of two compounds (eq 5) .  Analysis of the in- 

termediate reaction mixture revealed that rearrangement 
occurred in a regiospecific manner to generate a mixture 

Table 11. Regiospecific 3-Aza-Cope Rearrangement in 
Reduction of 23 

25 reaction 
timeb diastereomer yield 

reaeent" (h) ratioC ( W ) d  

HCl 24 5446 69 
TiC1, 48 5545 12 
AlMe3 24 67:33 94 
(Ar0)2AlMee 24 11:23 73 

"Reagent (equiv): HC1 (l .O) ,  TiCl, (0.15), AlMe3 (Ll), and 
(ArO)*AlMe (1.1). bRearrangements were run 0.2 M at reflux in 
toluene. Ratio determined by 'H NMR. Isolated yield of rear- 
ranged and reduced products 26 from 23. (ArO = 2,6-diphenyl- 
phenoxy. 

of diastereomeric imines (24), and then hydride reduction 
with iBu2AlH was directed completely by the bulky a- 
imine substituent to stereoselectively produce 26 as the 
same mixture of allylic diastereomers. 

Summary 
The value of the electrophile-promoted 3-ma-Cope re- 

arrangement is evident from the unique features of this 
process. There have been a number of problems typically 
associated with the 3-ma-Cope rearrangement. One of 
these limitations has been the lack of regiospecific car- 
bon-carbon bond formation by systems such as allylation 
of dialkylenamines derived from ketones as well as the 
rearrangement promoted by Pd catalysis. In addition, 
problems have been encountered with enamine substrates 
derived from ketones. Ketone-derived enamines produce 
low yields from in situ titanium condensation and rear- 
rangement, and the regioeelectivity resulting from enamine 
allylation was poor. The inability to stereospecifically 
produce E olefins from dialkyl enamine allylation has also 
provided a limitation, and the in situ titanium reaction 
produced only a 9O:lO ratio of E 2  olefin isomers. 

Acceleration of the 3-aza-cope rearrangement with HC1, 
TiCl,, AlMe,, or (ArO)2AlMe provided a complementary 
method to these procedures. When substrates having 
unsymmetrical N-allyl groups, having an alkyl or aryl 
substituent at either the 4 or 6 position of the rearrange- 
ment framework, were treated with these electrophilic 
reagents, regiospecific [ 3,3] rearrangement occurred. 
Substrates derived from either isobutyraldehyde or cy- 
clohexanone were found to produce regiospecific carbon- 
carbon bond formation, and for substrates with an alkyl 
or phenyl substituent at C-4, only the E olefin isomer was 
produced. The use of the aluminum reagents, especially 
AlMe,, was particularly advantageous. AlMe, promoted 
the 3-ma-Cope rearrangement with the highest yields for 
each of the enamine substrates obtained. 

Experimental Section 
General Methods. All reactions were carried out performing 

standard inert atmosphere techniques to exclude moisture and 
oxygen.2l Benzene, toluene, tetrahydrofuran (THF), and EhO 
were distilled from sodium/benzophenone immediately prior to 
use. Triethylamine was heated at reflux over calcium hydride 
for a minimum of 12 h and then distilled immediately prior to 
use. Solutions of HCl(1 M in EbO) and LiAlH, (1 M in THF) 
were obtained from Aldrich Chemical Co. Solutions of A1Me3 
(2 M in toluene) and iBuzAIH (2 M in hexanes) were prepared 
from neat A1Me3 and iBuzAIH obtained from Aldrich Chemical 
Co. (ArO)*AlMe was prepared by dissolving 2,6-diphenylphenol 
(2.0 equiv) in toluene (2 M) followed by the slow addition of AlMe, 

(21) For more detailed General Experimental procedures from these 
labs, see ref 17b. 
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in 88% yield; 'H NMR (300 MHz, CDCl,) 6 0.84 (t, J = 7.4 Hz, 
3 H), 0.85 (d, J = 6.8 Hz, 6 H), 1.33 (sext, J = 7.4 Hz, 2 H), 1.68 
(nonet, J = 6.8 Hz, 1 H), 1.94 (m, 2 H), 2.35 (d, J = 6.8 Hz, 2 H), 
3.12 (d, J = 5.0 Hz, 2 H), 5.40-5.58 (m, 2 H), NH not observed; 

57.5, 128.6, 132.3; IR (neat) 3301, 2959, 2872, 2810, 1670, 1121, 
970 cm-'; HRMS calcd for Cl,,HzlN m/z 155.1669, found 155.1683. 
(E)-3-(N-(2-Methylprop-l-yl)amino)phenylpropl-ene 

(lob). A mixture of cinnamaldehyde (15 g, 114 "01) and iso- 
butylamine (8.1 g, 111 "01) in 380 mL of EhO was stirred over 
K2C03 ( ~ 1 5  g) for 12 h. The mixture was fitered, and the solids 
were washed with 50 mL of EhO. Acetic acid (34 g, 570 mmol) 
was added to the combined organic fractions and the solution was 
stirred at room temperature for 30 min. NaBH4 (1.12 g, 29 mmol) 
was added slowly over 20 min at 0 "C, and the mixture was 
warmed to room temperature and stirred for 8 h. The reaction 
was quenched at 0 OC with a mixture of saturated aqueous 
NaOH/solid NaOH, and the organic layer was separated and dried 
(K2COJ. The solution was concentrated and then purified via 
column chromatography by eluting the column first with a pe- 
troleum ether/EkO (8020) to remove nonpolar impurities, and 
then with EhO to give the crude lob. Shorbpath distillation gave 
10b (3.2 g, 16.9 mmol) in 15% yield (bp 90-95 "C, <1 mmHg): 
'H NMR (300 MHz, CDC1,) 6 0.91 (d, J = 6.7 Hz, 6 H), 1.33 (bs, 
1 H), 1.76 (nonet, J = 6.7 Hz, 1 H), 2.42 (d, J = 6.7 Hz, 2 H), 3.38 
(dd, J = 6.3, 1.2 Hz, 2 H), 6.31 (dt, J = 15.9, 6.2 Hz, 1 H), 6.51 
(bd, J = 15.9 Hz, 1 H), 7.16-7.39 (m, 5 H); '% (75.5 MHz, CDCl,) 
6 20.7, 28.4, 52.1,57.5, 126.2, 127.2, 128.4, 128.7,131.0, 137.1; IR 
(neat) 3316,3026,2955,2870,2810,1599,1119,966 cm-'; HRMS 
calcd for C13HIBN m/z 189.1513, found 189.1510. 

Preparation of N-(2-Methyl-l-propenyl)-N-(~)-hex-2- 
en-1-yl-2-methylpropanamide. The trichloroacetamide (33.7 
mmol, 8.20 g)18 was added to 200 mL of 6 N NaOH, and heated 
at reflux for 15 h. Following hydrolysis, the amine was separated, 
and the aqueous layer was washed with 2 X 15 mL portions of 
benzene. The organic layers were combined with 15 mL of ad- 
ditional benzene, isobutyraldehyde (100 mmol,7.21 g) waa added, 
and the mixture was heated at reflux with azeotropic removal of 
water using a glass trap containing molecular sieves. After 20 
h, EhN (36 mmol, 5.03 mL) was added, and the mixture was 
cooled to 0 "C. Isobutyryl chloride was added via syringe over 
a 10-min period. The reaction was then stirred for 36 h, filtered 
through a pad of silica, and washed with petroleum ether. The 
solvents were concentrated, and the crude enamide was purified 
by column chromatography (1:9 EtOAc/petroleum ether). Ku- 
gelrohr distillation (60-70 "C, <1 mmHg) gave 3.28 g of the 
enamide (44% yield). 'H NMR (300 MHz, CDCl,) 6 0.83 (t, J 
= 7.2 Hz, 3 H), 1.01 (d, J = 6.7 Hz, 6 H), 1.32 (sext, J = 7.2 Hz, 
2 H), 1.54 (8, 3 H), 1.70 (e, 3 H), 1.92 (4, J = 6.9 Hz, 2 H), 2.68 
(hept, J = 6.7 Hz, 1 H), 3.91 (d, J = 6.3 Hz, 2 H), 5.35 (dt, J = 
15.3,6.3 Hz, 1 H), 5.47 (dt, J = 15.3,6.5 Hz, 1 H), 5.79 (bs, 1 H); 
13C NMR (75.5 MHz, CDC13) 6 13.5, 17.6, 19.1, 21.8, 22.2, 31.1, 
34.2,49.3, 123.3,124.7, 133.8,135.6,177.2; IR (neat) 2967,2874, 
1736,1653,1406,1236,970 cm-'. HRMS calcd for Cl4HsNO m/z 
223.1936, found 223.1940. 

Preparation of N-(E)-Hex-2-en-l-yl-N-(2-methyl-l- 
propyl)-2-methylpropenylamine (12a). The enamide (4.0 
mmo1,0.89 g) was taken up in 5 mL of dry EhO, and LAH (5.0 
mmol, 5 mL, 1.0 M in THF) was added dropwise over a 15-min 
period. After 1.5 h, the mixture was cooled to 0 "C and quenched 
as described for the workup of the Lm4 reduction to make 9a. 
After 1.5 h, MgS04 was added, and the mixture was stirred for 
an additional 30 min. The solids were removed by filtration, and 
the mixture was concentrated. The enamine was purified by 
Kugelrohr distillation (60-65 "C, <1 mmHg) to give 0.83 g of 12a 
(99% yield): 'H NMR (300 MHz, CDCl,) 6 0.82 (d, J = 6.7 Hz, 
6 H), 0.89 (t, J = 7.4 Hz, 3 H), 1.30-1.42 (m, 3 H), 1.58 (8 ,  3 H), 
1.65 (s, 3 H), 1.96 (m, 2 H), 2.22 (d, J = 7.3 Hz, 2 H), 3.08 (d, J 
= 4.3 Hz, 2 H), 5.19 (bs, 1 H), 5.36-5.56 (m, 2 H); 13C NMR (75.5 

122.4,128.1,132.4,135.7; IR (neat) 2965,2803,1673, 1468,1377, 
1188, 970 cm-' (in heptane); HRMS calcd for Cl4Hz7N m/z  
209.2143, found 209.2126. 

General Procedures for Isobutyraldehyde Condensation 
and 3-Aza-Cope Rearrangements with 9 and 10. A mixture 
of the secondary amine (1.0 equiv, 2-5 mmol, 0.2 M in solvent), 

13C NMR (75.5 MHz, CDCl3) 6 13.6, 20.7, 22.4, 28.3, 34.4, 52.0, 

MHz, CDC13) 6 13.6, 17.7, 20.7, 22.3, 22.5, 27.6, 34.5, 58.9, 62.9, 

(1.0 equiv); the mixture was stirred at room temperature for 30-60 
min prior to addition to the enamine solution! Compound 19 
was prepared according to a literature procedure.18 Unless 
specified, concentration of mixtures after workup was performed 
using a Biichi rotary evaporator. 

Tri- 
chloroacetamide 7a (25 g, 102 mol) '*  was hydrolyzed in 200 mL 
of 6 N NaOH for 48 h. The organic portion was extracted using 
3 X 100 mL of EhO, and the solution was carefully concentrated 
on a rotary evaporator below 0 OC. A flask containing the resulting 
amine, 8a, and isobutyraldehyde (7.3 g, 101 mmol) in benzene 
(0.2 M) was equipped with a Dean-Stark trap that contained 4-A 
molecular sieves. The mixture waa heated to reflux until imine 
formation was complete. Solid LiAlH, (3.86 g, 102 mmol) was 
added slowly over 20 min at 0 "C, the solution was stirred for 1 
h, and then AIMeS (25.4 mL, 2.0 M in toluene, 50.8 mmol) was 
added dropwise via cannula over a period of 30 min at 0 "C. After 
24 h, the solution was quenched at 0 "C by the sequential addition 
of 4.0 mL of HzO, 4.0 mL of 15% w/v aqueous NaOH, and 12.0 
mL of H20, and then the mixture was stirred for 4 h. The 
aluminum salts were removed by filtration, and the combined 
filtrate and washings were concentrated and distilled (80 "C, 35 
"Hg) to give 9a (3.2 g, 20.5 mmol) in 20% overall yield; 'H NMR 

3 H), 1.2-1.5 (m, 4 H), 1.65 (nonet, J = 6.6 Hz, 1 H), 2.26 (dd, 
J = 11.5,6.6 Hz, 1 H), 2.38 (dd, J = 11.5, 7.1 Hz, 1 H), 2.90 (at, 
J = 5.5,7.5 Hz, 1 H), 4.98-5.07 (m, 2 H), 5.53 (ddd, J = 17.6,9.5, 
8.1 Hz, 1 H), NH not observed; 13C NMR (75.5 MHz, CDCl,) 6 
14.1,19.1, 20.7,20.8, 28.4,37.9,55.4,61.8,115.3, 141.9; IR (neat) 
3337,3077,2959,2872,1641,1117 cm-'; HRMS calcd for Cl,,HzlN 
m/z (MH+) 156.1676, found 156.1762. 
3-(N-(2-Methylpropl-yl)amino)-3-phenyl-l-propene (9b). 

A flask containing 8b (7.0 g, 53 mm01)'~ and ieobutylaldehyde (3.79 
g, 53 "01) in benzene (0.2 M) was equipped with a Dean-Stark 
trap that contained 4-A molecular sieves. The mixture was heated 
at reflux for 2 h until imine formation was complete as judged 
by gas chromatographic analysis. Solid LiAlH4 (2.0 g, 53 m o l )  
was added at 0 OC, and the mixture was warmed to room tem- 
perature and stirred for 10 h. The reaction waa quenched at 0 
"C by the sequential addition of 2.0 mL of HzO, 2.0 mL of 15% 
w/v aqueous NaOH, and 6.0 mL of H20. After stirring for 4 h, 
the aluminum salts were removed by fitration, and the combined 
filtrate and washings were concentrated and distilled to give 9b 
(8.1 g, 42.8 mmol) in 81% yield (65 OC, <1 mmHg): 'H NMR 
(300 MHz, CDC1,) 6 0.89 (d, J = 6.6 Hz, 6 H), 1.34 (bs, 1 H), 1.65 
(nonet, J = 6.6 Hz, 1 H), 2.19 (dd, J = 6.9, 11.4 Hz, 1 H), 2.35 
(dd, J = 6.6, 11.4 Hz, 1 H), 4.14 (d, J = 7.1 Hz, 1 H), 5.06 (ddd, 
J = 0.9, 1.5,lO.l Hz, 1 H), 5.19 (dt, J = 17.1, 1.6 Hz, 1 H), 5.85 
(ddd, J = 7.1,10.1, 17.1 Hz, 1 H), 7.22-7.39 (m, 5 H); 13C NMR 

127.2,128.2,141.4,143.2; IR (neat) 3310,3027,2955,2870,1620, 
1116 cm-'; HRMS calcd for C13H19N m/z  189.1513, found 
189.1520. 
(E)-1-(N-(2-Methylprop-l-yl)amino)hex-2-ene (loa). A 

small amount of l,l0-phenanthraline was added to a solution of 
2-hexen-1-01 (4.01 g, 40 "01) in 250 mL of THF'.= The solution 
was cooled to -78 "C, and n-BuLi (28 mL, 1.6 M in hexanes) was 
added until the orange, l,l0-phenanthralene endpoint was visible. 
Tosyl chloride (7.63 g, 40 mmol) was added in a single portion, 
and the mixture was stirred at -78 "C for 72 h. The reaction was 
worked up by diluting with 500 mL of cold petroleum ether, and 
washing with 2 X 100 mL of cold 50% saturated aqueous NaHC03 
followed by 1 X 100 mL of saturated aqueous NaHC03. The 
aqueous layer were combined and extracted with 1 X 70 mL of 
petroleum ether, and the combined organic fractions were dried 
over KzCO3. After filtration and concentration of the mixture, 
the tosylate was taken up in 200 mL of EhO, dried, fiitered, and 
concentrated in the same manner. The crude tosylate was then 
added to isobutylamine (17.5 g, 240 mmol) at 0 "C, and stirred 
at room temperature for 24 h. Excess isobutylamine was removed 
in vacuo, and the remaining oil was purified by Kugelrohr dis- 
tillation (25 mmHg, 80-100 "C) to give 10a (5.47 g, 35.3 mmol) 

3-(N-( 2-Methylprop- 1-y1)amino)- 1-hexene (9a). 

(300 MHz, CDC13) 6 0.86 (d, J = 6.6 Hz, 6 H), 0.87 (t, J = 6.9 Hz, 

(75.5 MHz, CDC13) S 20.67, 20.72, 28.4, 55.6, 66.2, 114.7, 127.0, 

(22) For a similar procedure, see: Kurth, M. J.; Decker, 0. H. W. J .  
Org. Chem. 1985,50,5769. 



Regiospecific 3-Aza-Cope Rearrangement 

isobutyraldehyde (3.0 equiv, 6-15 mmol), and pTsOH (0.0025 
equiv) was taken up in benzene (or toluene for loa) and heated 
to reflux. The mixture was heated to reflux with azeotropic 
removal of water,= and reaction progress was monitored by GLC 
for disappearance of amine.24 Once the condensation was com- 
plete (12-24 h),25 the mixture was cooled to room temperature 
and the benzene was removed in vacuo. The crude enamine was 
taken up in toluene (0.2 M), and the appropriate reagent was 
added at room temperature (see Table I). After complete rear- 
rangement in refluxing toluene,% the imine was reduced at  0 OC 
by the addition of LiA1H4 (1.1 equiv, 1.0 M in THF).26 After 
stirring for 6 h, the reaction was quenched by the sequential 
addition of H20 (1 mL/1.0 g LiAlH4), 15% w/v aqueous NaOH 
(1 mL/1.0 g LiA1H4), and then H20 (3 mL/1.0 g LiAlH,). The 
quenched mixture was stirred at room temperature overnight, 
filtered through K2C03, concentrated, and purified by Kugelrohr 
distillation to give the Corresponding product of condensation, 
rearrangement, and reduction (see Table I for yields). 

(E)- 1 -( N-( 2-Met hylprop l-yl)amino)-22-dimethyl-4sctene 
(Ea):  bp 70-80 "C (<1 mmHg); 'H NMR (300 MHz, CDC13) 6 
0.83 (s, 6 H), 0.86 (t, J = 7.3 Hz, 3 H), 0.86 (d, J = 6.6 Hz, 6 H), 
1.35 (sextet, J = 7.2 Hz, 2 H), 1.72 (nonet, J = 6.6 Hz, 1 H), 
1.87-1.99 (m, 4 H), 2.28 (s,2 H), 2.35 (d, J =  6.9 Hz, 2 H), 5.35-5.41 
(m, 2 H), NH not observed; 13C NMR (75.5 MHz, CDC13) 6 13.7, 
20.6, 22.8, 25.6, 28.0,34.4, 34.8,43.4,59.1,60.4, 126.9, 132.7; IR 
(neat) 3352,2959,2872,2810,1670,1120,970 cm-'; HRMS calcd 
for C14H29N m/z 211.2293, found: 211.2281. 

(E)- 1- (N-( 2-Met hylprop- l-yl)amino)-2,2-dimet hyl-5- 
phenyl-4-pentene (15b): bp 70-80 OC (<1 mmHg); 'H NMR 
(300 MHz, CDC13) 6 0.89 (d, J = 6.7 Hz, 6 H), 0.93 (8, 6 H), 1.74 
(nonet, J = 6.7 Hz, 1 H), 2.15 (dd, J = 7.3,0.8 Hz, 2 H), 2.36 (s, 
2 H), 2.39 (d, J = 6.9 Hz, 2 H), 6.25 (dt, J = 7.3, 15.9 Hz, 1 H), 
6.38 (bd, J = 15.9 Hz, 1 H), 7.15-7.37 (m, 5 H), NH not observed, 
13N NMR (75.5 MHz, CDClJ 6 20.6, 25.7, 27.9, 35.1, 43.8, 59.0, 
60.4, 125.9, 126.8, 127.7, 128.4,131.9, 137.8; IR (neat) 3325,3083, 
3061,3027,2955,2870,2811,1599,1117,966 cm-'; HRMS calcd 
for C17H27N m/z 245.2143, found 245.2172. 

l-(N-(2-Methylprop-l-yl)amino)-2~-dimethyl-3-propyl-4- 
pentene (16a): bp 70-80 OC (<1 mmHg); 'H NMR (300 MHz, 

Hz, 3 H), 0.99-1.19 (m, 2 H), 1.30-1.42 (m, 2 H), 1.69 (nonet, J 
= 6.6 Hz, 2 H), 4.90 (dd, J = 10.3,2.4 Hz, 1 H), 4.98 (dd, J =  10.3, 
2.4 Hz, 1 H), 5.55 (dt, J = 17.0, 10.3 Hz, 1 H), NH not observed; 
13C NMR (75.5 MHz, CDC13) 6 14.1, 20.6, 21.1, 23.3, 23.6, 27.9, 
30.5,36.2,51.0, 59.1,59.6,115.7, 140.2; IR (neat) 3310,3075,2959, 
2872, 2811, 1638, 1119, cm-'. HRMS calcd for C14H29N m/z  
211.2293, found 211.2264. 
l-(N-(2-Methylprop-l-yl)amino)-2,2-dimethyl-3-phenyl- 

4-pentene (16b): bp 70-80 OC (<1 mmHg); 'H NMR (300 MHz, 

Hz, 3 H), 0.90 (8,  3 H), 1.70 (nonet, J = 6.7 Hz, 1 H), 2.20 (d, J 
= 11.7 Hz, 1 H), 2.31 (d, J = 7.0 Hz, 2 H), 2.34 (d, J = 11.7 Hz, 
1 H), 3.25 (bd, J = 10.1 Hz, 1 H), 5.01-5.09 (m, 2 H), 6.28 (m, 
1 H), 7.10-7.30 (m, 5 H), NH not observed; 13C NMR (75.5 MHz, 

127.8,129.3,138.8, 142.5; IR (neat) 3320,3077,3069,3029,2057, 

CDClJ 6 0.78 (8, 6 H), 0.85 (d, J = 6.1 Hz, 6 H), 0.86 (t, J = 6.7 

CDC13) 6 0.82 ( ~ , 3  H), 0.87 (d, J = 6.7 Hz, 3 H), 0.89 (d, J = 6.7 

CDC13) 6 20.7, 23.6, 23.7, 28.1, 37.6, 57.3, 59.0, 59.3, 116.2, 126.0, 
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(23) Under these conditions, 9b was transformed to 13b, the product 
of condensation with isobutyraldehyde followed by [3,3] rearrangement. 
The addition of HCl or TiCll also resulted in the formation of 13b from 
9b under these reaction conditions (see text and Table I). 

(24) Samples of the reaction mixture were quenched with a 10% w/v 
solution of NaOMe/MeOH for analysis by GC. Under the quenching 
conditions, loss of 11,12,13, or 14 was not observed even after extended 
exposure (24 h). 

(25) In the examples in which 9b was transformed into 13b in a 
'one-pot" condensation and rearrangement, some hydrolysis of 13b to the 
corresponding aldehyde occurred under the reaction conditions. When 
hydrolysis occurred, enough isobutylamine was added during the azeo- 
tropic removal of HzO to regenerate 13b from the corresponding aldeh- 
yde. 

(26) Rearrangements promoted by TiCl, were first partially reduced 
with LiAIHl at -78 OC for 1 h, quenched at -78 OC, and then allowed to 
warm to room temperature. After stirring for 1-12 h, the solution was 
filtered to remove the aluminum and titanium salts. This modified 
procedure was performed in order to avoid reduction of the alkene 
functionality aa a result of titanium hydride species.'' The crude solution 
of imine was then reduced as described in the general procedure. 

2872,2811,1636,1601,1117 cm-'; HRMS calcd for C17H,N m / z  
245.2143, found 245.2206. 

(E)- 1 -( NJY-Bis (2-met hyiprop- l-yl)amino)-%- hexene ( 17a). 
Isobutyryl chloride (0.106 g, 1.0 mmol) was added slowly to a 
mixture of amine 10a (0.155 g, 1.0 mmol) and NE0 (0.15 g, 1.1 
mmol) in toluene at  0 "C. The reaction mixture was allowed to 
warm to room temperature and stir for 48 h. The solution was 
washed through a plug of silica gel, concentrated, and purified 
by Kugelrohr distillation (70-85 OC, <1 " H g )  to give 17a (0.144 
g, 0.66 mmol) in 66% yield 'H NMR (300 MHz, CDC1,) 6 0.84 
(d, J = 6.6 Hz, 12 H), 0.88 (t, J = 7.3 Hz, 3 H), 1.31-1.43 (m, 2 
H), 1.59-1.74 (m, 2 H), 1.93-2.08 (m, 1 H), 2.05 (d, J = 7.2 Hz, 
4 H), 2.91 (d, J = 5.4 Hz, 2 H), 5.34-5.54 (m, 2 H); '3c NMR (75.5 
MHz, CDClJ 6 13.7, 20.9,22.6, 26.5,34.5,57.1,60.2, 128.2,132.6; 
IR (neat) 3301, 2959, 2872, 2810, 1670, 1121,971 cm-'; HRMS 
calcd for C14HBN m/z 211.2300, found 211.2297. 

(E)-Hept-2-en-1-ylamine (20). Compound 19 (38.79 g, 150 
"01) was treated with 6 N aqueous NaOH (300 mL) and heated 
to reflux for 36 h. The amine was extracted from the aqueous 
mixhve with 4 X 150 mL of WO, and the combined organica were 
dried over K2C03. The oil was Concentrated and distilled to give 
20 (14.27 g, 126.0 mmol) in 84% yield (bp 60-70 OC, 22 mmHg): 

(m, 6 H), 1.97 (m, 2 H), 3.19 (m, 2 H), 5.50 (m, 2 H); 13C NMR 

(neat) 3371,3300,3020, 2959, 2928, 2873,2859,1669,969 cm-'. 
N-Cyclohexenyl-N-(E)-hept-2-en-l-yl-2-methylpropan- 

amide (22). Amine 20 (1.81 g, 16 "01) and cyclohexanone (1.57 
g, 16 mmol) were condensed in refluxing toluene with azeotropic 
removal of water to form 21, which was used without isolation. 
To the imine solution was added NEg (1.78 g, 17.6 mmol), fol- 
lowed by the slow addition of hbutyryl chloride (1.71 g, 16 "01). 
The mixture was stirred for 3 h at  room temperature and then 
filtered through a pad of silica gel/alumina. The enamide was 
concentrated, purified by silica gel flash chromatography (70:30 
EhO/petroleum ether), and then distilled to give 22 (3.76 g, 14.3 
mmol) in 89% yield (bp 90-100 OC, <1 mmHg): 'H NMR (300 

H), 1.17-1.34 (m, 4 H), 1.54 (m, 2 H), 1.64 (m, 2 H), 1.90-2.10 
(m, 6 H), 2.71 (sept, J = 6.7, 1 H), 3.90 (bs, 2 H), 5.29-5.53 (m, 
2 H), 5.52 (m, 1 H); '% NMR (75.5 MHz, CDC13) 6 13.8,20.1,21.5, 
22.0,22.7,24.7,29.0,31.2,31.3,31.8,48.1,125.5,126.9, 134.0,138.5, 
176.4; IR (neat) 3027, 2960,2931,2873,1651, 970 cm-'; HRMS 
calcd for C,7H2sN0 m/z 263.2249, found 263.2248. 

(E)-N-(2-Methylprop-l-yl)-N-hept-2-en-l-y1- l-cyclo- 
hexenamine (23). Compound 22 (3.16 g, 12 mmol) was slowly 
added to a suspension of LM4 (0.502 g, 13.2 "01) in EhO (50 
mL) and stirred at  room temperature for 2 h. The solution was 
quenched at  0 OC by the sequential addition of 3.0 mL of H20, 
3.0 mL of 15% w/v aqueous NaOH, and 9.0 mL of H20. After 
stirring for 4 h, the aluminum salts were removed by filtration, 
and the combined filtrate and washings were concentrated and 
distilled to give 23 (2.90 g, 11.6 mmol) in 97% yield (bp 75-90 
OC, <1 mmHg): 'H NMR (300 MHz, CDC13) 6 0.82 (d, J = 6.6 
Hz, 6 H), 0.86 (t, J = 7.2 Hz, 3 H), 1.22-1.37 (m, 4 H), 1.49 (m, 
2 H), 1.65 (m, 2 H), 1.84 (nonet, J = 6.9 Hz, 1 H), 1.93-2.11 (m, 
6 H), 2.63 (d, J = 7.1 Hz, 2 H), 3.49 (d, J = 5.5 Hz, 2 H), 4.41 
(dd, J = 1.2,3.6 Hz, 1 H), 5.29-5.56 (m, 2 H); '% NMR (75.5 MHz, 
CDClJ 6 13.9, 20.6,22.1,22.9,23.6,24.7,26.6,27.3,31.6,32.0,51.8, 
56.3, 96.5, 126.9, 132.3, 143.5; IR (neat) 3022, 2958, 2929, 2872, 
1685, 1653, 1646, 970 cm-'. 

General Procedure for Rearrangement of 23 and Reduc- 
tion of 24 To Give 25. To a 0.2 M solution of 23 (3-7 mmol) 
in toluene was added the reagent for promoting the 3-aza-Cope 
rearrangement (see Table I1 for equiv of reagent). The mixture 
was heated at  reflux until the rearrangement w a ~  complete (see 
Table I1 for reaction times). After cooling to room temperature, 
iBu2AlH (1.2 equiv, 2 M in hexanes) was added slowly.27 The 
mixture was stirred for 24 h at room temperature and then 
quenched by sequential addition of H20 (1 mLfO.3 g of iBu&H), 
15% w/v aqueous NaOH (1 mLf0.3 g iBu2A1H), and then H20 
(3 mL/0.3 g of il3u&H), stirred for 1 h, and f ~ t e r e d . ~  The amine 

(27) The mixture resulting from rearrangement promoted by Tic4  was 
quenched with a 10% sodium of NaOMe in MeOH prior to the addition 
of the aluminum hydride reagent.z6 

'H NMR (300 MHz, CDClJ 6 0.84 (t, J = 7.4 Hz, 3 H), 1.15-1.35 

(75.5 MHz, CDClJ 6 13.9, 22.1, 31.5, 31.9, 44.1, 130.7, 131.2; IR 

MHz, CDClJ 6 0.82 (t, J = 7.2 Hz, 3 H), 1.03 (d, J = 6.7 Hz, 6 
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was purified by silica gel flash column chromatogaphym (eluent, 
M50 EhO/petroleum ether) and purified by Kugelrohr distillation 
to give 28 as a mixture of diastereomers (see Table I1 for yields 
and diastereomer ratioe) (bp 75-86 OC, <1 mmHg): 'H NMR (300 
MHz, CDC13) (major isomer) 6 0.85 (t, J = 6.7 Hz, 3 H), 0.89 (d, 
J = 6.5 Hz, 6 H), 1.00-1.74 (m, 16 H), 1.79-2.00 (m, 2 H), 2.14 
(dd, J = 6.7,11.2 Hz, 1 H) 2.47 (dd, J = 6.4,11.2 Hz, 1 H), 2.82 
(bq, J = 2.5 Hz, 1 H), 4.91 (dd, J = 2.2,17.0 Hz, 1 H), 4.93 (dd, 
J = 2.2, 10.1 Hz, 1 H), 5.47 (ddd, J = 9.8, 10.1, 17.0 Hz, 1 H); 
(minor isomer) 6 0.83 (t, J = 6.7 Hz, 3 H), 0.86 (d, J = 6.7 Hz, 
6 H), 1.00-1.74 (m, 16 H), 1.79-2.00 (m, 2 H), 2.06 (dd, J = 6.7, 
11.2 Hz, 1 H), 2.38 (dd, J = 6.4, 11.2 Hz, 1 H), 2.67 (bq, J = 2.8 
Hz, 1 H), 4.94 (dd, J = 2.2, 17.0 Hz, 1 H), 4.96 (dd, J = 2.2,lO.l 
Hz, 1 H), 5.53 (ddd, J = 9.8,10.1, 17.0 Hz, 1 H); 13C NMR (75.5 
MHz, CDC13) (major isomer) 6 14.1, 19.9, 20.9, 21.0, 22.8, 25.4, 
26.7, 28.7, 29.3, 31.1, 45.1, 46.7, 53.7, 55.9, 114.9, 143.0; (minor 

(28) After rearrangement promoted by (ArO)JlMe and reduction of 
24, amine 25 was treated with HCl(3 mL, 1 M in EhO), loaded on silica 
gel, and washed with a 1 0  petroleum ether/EhO to remove the 2,6-di- 
phenylphenol. The product was then eluted with 9 5 5  ether/NE& to 
remove 25 from the column, the solvent removed, and the product dis- 
tilled. 

(29) Silica gel was washed with a solution of 5% NEt, in EhO prior 
to loading the producta on the column in order to enhance resolution of 
the eluting compounds. 

isomer) 6 14.0, 20.0, 20.8, 21.0, 22.8, 24.8, 26.7, 28.8, 29.4, 31.8, 
45.6,46.4,54.1,55.7,114.4,142.3; IR (neat) 3360,3074,2955,2930, 
2857,1640 cm-'; HRMS calcd for C17H33N m/z 251.2613, found 
251.2606. 
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Enolate anions 3 and 6, prepared via enolization of a-bromo and dibromo ketones 4 and 6 were converted 
in high yield to ynolate anions 10 by respective addition of lithium tetramethylpiperidide (to effect deprotonation, 
3 - 7) or butyllithium (to effect metal-halogen exchange, 6 - 7). Mixtures of such enolates were also obtainable 
from esters 1 on a large-scale (25 m o l )  via in situ formation and addition of lithiodibromomethane (from methylene 
bromide and lithium tetramethylpiperidide), followed by treatment of the resulting adducts with lithium hex- 
amethyldisilazide to ensure complete enolization. Addition of sec-butyllithium and n-butyllithium to effect ynolate 
anion formation, followed by quenching of the reaction mixtures into acidic ethanol, reproducibly afforded 
homologated esters 8 in 67-90% yield. Demonstrated for ethyl esters 1 having the carbethoxy moiety attached 
to primary, secondary, tertiary, aryl, and alkenyl groups, this general procedure provides a convenient, large-scale 
alternative to the classical Arndt-Eistert sequence. 

Introduction 
Previously, we published a straightforward procedure 

for the direct homologation of esters (i.e., 1 - 8). Pro- 
ceeding via rearrangement of carbenoid 7 to ynolate anion 
10, and quench via the ketene 9, it occurred with retention 
of stereochemistry at the migrating R group? Just enough 
attention was devoted to this novel chemistry at the time 
to establish a fairly general and reproducible method, but 
it was not thoroughly examined since our focus turned to 
exploration of the synthetic utility of the little studied 
ynolate anion  specie^.^ Indeed, these efforts were re- 
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warded when subsequently it was found that ynolates 10 
could be utilized in other reactions as well: most signifi- 
cantly to prepare siloxyacetylenes 11,& which have been 
shown to be useful synthetic intermediates themselves.6 

Upon repeated application of this original chemistry to 
prepare ynolate anions 10 for our various studies, however, 
two limitations became apparent. First, only moderate 
yields were obtained for either ester homologation or sil- 
oxyacetylene formation (i.e., about 50-75%).2." Second, 
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(4) (a) Kowalski, C. J.; Haque, M. S. J. Am. Chem. SOC. 1986, 108, 
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