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H, 10.16. Found: C, 60.47; H, 10.31. Relevant !H NMR data:
54.08(dd, 1 H,J = 2.0, 3.0 Hz), 3.88 (dd, 1 H, J = 2.3, 10.0 Hz),
3.59 (dd, 1 H, J = 2.0, 3.0 Hz), 2.49 (dt, 1 H, J = 7.0, 10.0 Hz).

Synthesis of Emithioketal 33. This product was obtained
from 32a in two steps involving selective hydrolysis of the thioester
function (MeONa in MeOH, 0 °C, 2 h) and PTSA-catalyzed

reaction with freshly distilled benzaldehyde in THF as solvent
(15 h, rt). Compound 33 was an oil that was purified by flash
chromatography with a 80:20 hexanes/Et,0 mixture as eluant.
Anal. Caled for Ci¢H,,0,S8: C, 65.27; H, 7.53. Found: C, 65.58;
H, 7.71. Relevant 'H NMR data: 6 6.08 (s, 1 H), 4.14 (dd, 1 H,
J =20, 12.0 Hz), 3.30 (dd, 1 H, J = 3.1, 5.4 H2).
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The 3-aza-Cope rearrangement of the N-alkyl-N-allylenamines derived from isobutyraldehyde, which proceeds
thermally at 250 °C, has been accelerated by a variety of electrophilic reagents to give v,6-unsaturated imines.
Protic acids, such as HCI (0.5 equiv), and the Lewis acidic reagents TiCl, (0.1-0.2 equiv), Et,O-BF; (0.5 equiv),
and AlMe; (1.0 equiv) produced complete [3,3] rearrangement of substrates at 111 °C. By increasing the Lewis
acidity of the aluminum reagents, this transformation was achieved at 50 °C with ClAlMe,, Cl;AlMe, and
methylaluminum bis(2,6-diphenylphenoxide). Reaction conditions were studied initially by GLC analysis of the
N-isobutyl derivative. These optimum conditions were then used to obtain isolated yields of 59-99% for
rearrangement and in situ LiAlH, reduction of the analogous N-methylcyclohexyl substrate to the corresponding
§,e-unsaturated amine. Substrates derived from 2-phenylpropanal, n-butanal, cyclohexanone, and cyclopentanone
were used to examine the general effectiveness of HCI, TiCl,, and AlMe; as reagents for acceleration of the [3,3]
rearrangement. The most versatile and efficient reagent for promoting this reaction, AlMe;, produced overall
yields of 83-96% for the two-step rearrangement and reduction of these substrates.

Introduction

The [3,3] sigmatropic shift of allyl vinyl ethers, the
Claisen rearrangement, has had significant impact on the
regio- and stereochemically controlled formation of car-
bon-carbon bonds, and mechanistic studies of this rear-
rangement have provided important insight into these and
related pericyclic processes.! While the analogous 3-
aza-Cope rearrangement of allylenamine substrates has
many of the same advantages, there are intrinsic properties
of this nitrogen system that provide for some unique
synthetic opportunities (1 to 2, Scheme I). Included in
these features are the higher E-Z control of enamine ge-
ometry, which presents a valuable alternative to the less
selective enol ether formation,'® and the availability of
optically active allylamines from amino acid sources.? A
rather intriguing feature of this substrate is the presence
of an asymmetric heteroatom at the 3-position, a property
which the allyl vinyl ether substrates lack.?

(1) For reviews on [3,3] sigmatropic rearrangements see: (a) Rhoads,
S. J.; Raulins, N. R. Org. React. (New York), 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. (f) 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. Rev. 1988, 88, 1423. (h) Blechert, S. Synthesis
1989, 71. For reviews on aza [3,3] sigmatropic rearrangements, see: (i)
Winterfeldt, E. Fortsch. Chem. Forsch. 1971, 16, 75. (j) Heimgartner, H.;
Hansen, H.-J.; Schmid, H. Adv. Org. Chem. 1979, 9(2), 655.

(2) (a) Luly, J. R.; Dellaria, J. F.; Plattner, J. J.; Soderquist, J. L.; Yi,
N. dJ. Org. Chem. 1987, 52, 1487. (b) Moriwake, T.; Hamano, S.-L; Saito,
S.; Torii, S. Chem. Lett. 1987, 2085. (c) Moriwake, T.; Hamano, S.-L.;
Saito, S.; Torii, 8. J. Org. Chem. 1989, 54, 4114. (d) Luly, J. R.; Hsiao,
C.-N.; BaMaung, N.; Plattner, J. J. J. Org. Chem. 1988, 53, 6109. (e)
Rosegay, A.; Taub, D. Synth. Commun. 1989, 1137. (f) Sasaki, N. A,;
Hashimoto, C.; Pauly, R. Tetrahedron Lett. 1989, 30, 1943. (g) Jegham,
S.; Das, B. C. Tetrahedron Lett. 1989, 30, 2801.

(3) For use of asymmetric nitrogen in the 3-aza-Cope rearrangement
of N,O-ketene acetals, see: (a) Kurth, M. J.; Decker, O. H. W.; Hope, H.;
Yanuck, M. D. J. Am. Chem. Soc. 1985, 107, 443. (b) Kurth, M. J.;
I%ecker, 0. H. W. J. Org. Chem. 1986, 51, 1377 and references cited
therein.
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Despite the attractive possibilities of this reaction, the
3-aza-Cope rearrangement has been of limited synthetic
utility due, in part, to the elevated temperatures required
for thermally induced rearrangement, 250 °C for 1a to 2a
and 205 °C for 1b to 2b.* In order to overcome these
limitations, a number of methods for accelerating this
rearrangement have appeared involving manipulation of
the electron density of the atoms in the six-membered
transition state. An increase in electron density at the
enamine functionality through the use of N-allylketene
N,O-acetals produced rearrangement at 180-190 °C, a
significant decrease from the 250 °C required for the
corresponding enamines.>® A similar [3,3] rearrangement
occurred for a substrate with a dialkylamine substituent,

(4) Hill, R. K.; Gilman, N. W, Tetrahedron Lett, 1967, 1421.
(5) (a) Corbier, J.; Cresson, P.; Jelenc, P. C. R. Acad. Sci. Paris 1970,
270, 1890. (b) Ireland, R. E.; Willard, A. K. J. Org. Chem. 1974, 39, 421.
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an N-alkylketene N,N-acetal, at 200 °C.5%2 Increasing
electron density at the enamine by formation of the N-
allylamide enolates further reduced the temperature re-
quired for rearrangement to 135 °C.5

Other methods of promoting the 3-aza-Cope rear-
rangement through charge-accelerated processes have in-
cluded reducing the electron density on the nitrogen. The
effectiveness of this approach is apparent from the slightly
lower reaction temperature required for the less Lewis
basic aniline derivative 1b (205 °C) than for the rear-
rangement of 1a (Scheme I).* Further reduction in the
electron density at nitrogen, by forming a cationic qua-
ternary nitrogen center, has produced rearrangement at
a temperature as low as 80 °C. The quaternary ammonium
intermediate 4a has been accessed by methylation of 1a
as shown in Scheme I,” and a modification of the meth-
ylation procedure, methylation of an N-allylimine followed
by the addition of a base, has been found to produce re-
arrangement at 25 °C.2 A more common route to 4 has
been the allylation of N,N-dialkylenamines.® Unfortu-
nately, symmetrical allyl groups must be used to avoid
problems associated with N- versus C-allylation in this
method. Another type of route has been reported that
used conjugate addition of a tertiary amine to ethyl pro-
piolate to form the cationic nitrogen species.® In most
of these cases in which the tetraalkyl ammonium species
was generated, product isolation was limited to hydrolysis
of the iminium ion 5 to the corresponding aldehyde 3, the
same product accessible through Claisen rearrangement.

The use of non-carbon electrophiles, in the form of Lewis
acid catalysts, have been explored as well.!! Although
Lewis acid catalysis of the Claisen rearrangement has been
studied extensively,!12 only one method of promoting the
aliphatic 3-aza-Cope sigmatropic rearrangement has been
reported. In this case, the use of 0.25 equiv of TiCl,

(6) Tsunoda, T.; Sasaki, O; Ito, S. Tetrahedron Lett. 1990, 31, 727.

(7) (a) Brannock, K. C.; Burpitt, R. D. J. Org. Chem. 1961, 26, 3576.
(b) Gilbert, J. C.; Seneratne, K. P. A, Tetrahedron Lett. 1984, 25, 2303.

(8) Welch, J. T.; De Corte, B.; De Kimpe, N. J. Org. Chem. 1990, 55,
4981.

(9) (a) Opitz, G.; Mildenberger, H. Angew. Chem. 1960, 72, 169. (b)
Elkik, E. Bull. Soc. Chim. Fr. 1960, 972. (c) Opitz, G.; Mildenberger, H.
Liebigs Ann. Chem. 1961, 649, 26. (d) Opitz, G.; Hellmann, H.; Milden-
berger, H.; Suhr, H. Liebigs Ann. Chem. 1961, 649, 36. (e) Opitz, G.;
Mildenberger, H.; Suhr, H. Liebigs Ann. Chem. 1961, 649, 47. (f) Opitz,
G. Liebigs Ann. Chem. 1961, 650, 122. (g) Stork, G.; Brizzolara, A,;
Landesman, H.; Szmuszkovicz, J.; Terrell, R. J. Am. Chem. Soc. 1963, 85,
207. (h) Kirrman, A.; Elkik, E. C. R. Seances Acad. Sci. 1968, 267, 623.
(i) Barthelemy, M.; Montheard, J.-P.; Bessiere-Chretien, Y. Bull. Soc.
Chim. Fr. 1969, 2725. (j) Elkik, E. Bull. Soc. Chim. Fr. 1969, 903. (k)
Hiroi, K.; Yamada, S.-1. Chem. Pharm. Bull. 1972, 20, 246. (1) Hiroi, K.;
Yamada, S.-1. Chem. Pharm. Bull. 19783, 21, 47. (m) McCurry, P. M., Jr.;
Singh, R. K. Tetrahedron Lett. 1973, 3325. (n) Houdewind, P.; Pandit,
U. K. Tetrahedron Lett. 1974, 2359. (o) Martin, S. F.; Gompper, R. J.
Org. Chem. 1974, 39, 2814. (p) Oda, J.; Igarashi, T.; Inouye, Y. Bull, Inst.
Chem. Res., Kyoto Univ. 1976, 54, 180; Chem. Abstr. 19717, 86, 88836m.
(q) Whitesell, J. K.; Felmen, 8. W. J. Org. Chem. 1977, 42, 1663. (r)
Martin, S. F.; Puckette, T. A.; Colapret, J. A. J. Org. Chem. 1979, 44, 3391.
(s) Bieraugel, H.; Pandit, U. K. Recl. Trav. Chim. Pays-Bas 1979, 98, 496.

(10) (a) Mariano, P. S.; Dunaway-Mariano, D.; Huesmann, P. L. J.
Org. Chem, 1979, 44, 124, (b) Kunng, F.-A.; Gu, J.-M,; Chao, S.; Chen,
Y.; Mariano, P. S. J. Org. Chem. 1983, 48, 4262.

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

(12) Lewis acid promotion of the Claisen rearrangement has been
achieved with aluminum complexes. (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) Takai, K.; Mori, I.,
Oshima, K.; Nozaki, H. Bull. Chem. Soc Jpn. 1984, 57, 446. (d) Maruoka,
K,; Nonoshlta K.; Banno, H.; Yamamoto, H. J. Am Chem. Soc. 1988,
110, 7922. (e) Ma:uoka, K. Banno, H,; Nonoshita, K.; Yamamoto, H.
Tetrahedron Lett. 1989, 30, 1265. (f) Nonoshita, K.; Banno, H.; Maruoka,
K.; Yamamoto, H. J. Am. Chem. Soc. 1990, 112, 316. (g) Yamamoto, H.;
Maruoka, K. Pure Appl. Chem. 1990, 62, 2063. (h) Maruoka, K.; Banno,
H.; Yamamoto, H. J. Am. Chem. Soc. 1990, 112, 7791. (i) Paquette, L.
A,; Friedrich, D.; Rogers, R. D. J. Org. Chem. 1991, 56, 3841.
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promoted transformation of 1b to 2b at 80 °C.”* Com-
plexation of the enamine to the Lewis acid, generating an
electron-deficient nitrogen center, has been suggested to
produce this rate enhancement. However, this in situ
carbonyl condensation and rearrangement procedure was
less effective for straight-chain aldehydes (20-30%) and
was unsuccessful for ketones. A recent report by Bailey
has extended the use of TiCl, to obtain asymmetric in-
duction as high as 90% ee for substrates where RINH, was
(R)-(+)-a-methylbenzylamine.!*  In each case, this
methodology has been limited to the use of enamines
formed from 2-substituted aldehydes.'

Our own research interests have focused on the use of
the aliphatic 3-aza-Cope rearrangement in organic syn-
thesis. In order to develop this method into a useful
synthetic carbon—carbon bond-forming reaction, we found
it necessary to determine which of a variety of catalysts
would promote the rearrangement of 1 to 2 most effi-
ciently. The generality of the electrophilic reagents was
investigated for a variety of enamine substrates prepared
from the aldehydes 2-methylpropanal, 2-phenylpropanal,
and n-butanal and from the ketones cyclohexanone and
cyclopentanone. Hydride reduction of imine 2 would then
provide a route to the corresponding §,e-unsaturated amine,
which has found creative use in the formation of nitrogen
heterocycles.!8

(13) Hill, R. K.; Khatri, H. N. Tetrahedron Lett. 1978, 4337.

(14) Bailey, P. D.; Harrison, M. J. Tetrahedron Lett. 1989, 30, 5341.

(15) The use of Pd(PPh;), also was reported to promote rearrange-
ment of both N-phenyl- and N-methyl-N-allylenamines at 50 °C, but the
reaction was found to proceed through r-allylpailadium intermediates
and not through a pericyclic reaction. (a) Murahashi, S.-1.; Makabe, Y.
Tetrahedron Lett. 1985, 26, 5563. (b) Murahashi, S.-1.; Makabe, Y.;
Kunita, K. J. Org. Chem. 1988, 53, 4489. (c) Hiroi, K.; Abe, J. Tetra-
hedron Lett. 1990, 31, 3623.

(16) For representative examples of heterocycle formation from §,¢-
unsaturated secondary amines, see: (a) Tokuda, M.; Yamada, Y.; Sugi-
nome, H. Chem. Lett. 1988, 1289. (b) Williams, D. R.; Brown, D. L.;
Benbow, J. W. J. Am. Chem. Soc. 1989, 111, 1923; (c) Hamana, H.; Ikota,
N.; Ganem, B. J. Org. Chem. 1987, 52, 5492. (d) Ikota, N.; Hanaki, A.
Chem. Pharm. Bull. 1990, 38, 2712.
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Results and Discussion

Substrate Preparation. Determination of the ability
of Lewis acid catalysts to accelerate the 3-aza-Cope rear-
rangement required the preparation of two N-allyl-N-al-
kylenamine substrates (Scheme II). For the purposes of
optimizing reaction conditions by capillary gas chroma-
trography (GLC), 8 was ideal for analysis of the reaction
progress and product formation. However, the product
of rearrangement and reduction, 10, proved to be some-
what volatile, and the use of substrate 12 was preferable
to facilitate the process of obtaining optimum isolated
yields for the é,e-unsaturated amine.

Synthesis of 8 and 12 was accomplished from allylamine
through the route illustrated in Scheme II. Imine for-
mation from the reaction of allylamine with isobutyr-
aldehyde gave 6 in 75% yield, and subsequent reaction of
6 with isobutyryl chloride and NEt; produced a 90% yield
of reported.!” Reduction of enamide 7 with LiAIH, gave
8 as the only product in 98% distilled yield. In the same
manner, compound 11 was prepared by reaction of 6 with
cyclohexanecarbonyl chloride in 84% yield or, if the re-
action mixture containing 6 was acylated without prior
isolation of the imine, 11 was isolated in 68% yield in two
steps from allylamine. Reduction of enamide 11 with
LiAlH, produced a 99% yield of the desired enamine 12.
Substrates 15, 18, 21, and 24 (eqs 1 and 2), which vary in
enamine substituent pattern, were prepared by the same
route from the corresponding carbonyl compound as pre-
viously reported.’”

Rearrangement Promoted by Proton Sources. Ca-
talysis of the [3,3) rearrangement by protic acids was first
observed during the preparation of 8 through a more es-
tablished route for enamine formation.!” Heating N-al-
lyl-N-isobutylamine and isobutyraldehyde in the presence
of 0.0025 equiv of p-toluenesulfonic acid, with azeotropic
removal of H,O, produced the corresponding enamine 8.
If the enamine condensation reaction mixture was heated
to reflux in benzene (80 °C), the reaction was found to give
8 in 80% yield as the only product. However, with the use
of toluene to azeotrope the water (111 °C), the rear-
rangement product 9 was formed from 8 to an extent of
10-15% over the course of 72 h. In order to enhance the
conversion to 9, increased amounts of a stronger acid were
required.!®

HCI as the proton source produced efficient transfor-
mation of 8 to 9, and conditions of the reaction were op-
timized by GLC analysis (Table I). This acid-promoted
rearrangement required only 0.3 equiv of HCI for complete
conversion to 9 within 6 h in refluxing toluene.!®* The use
of 0.5 equiv of HCI produced a slight increase in yield,
optimized at 82%, but further increase in the amount of
catalyst to 0.8 equiv of HCI offered no synthetic advantage.
Complete conversion was achieved at a lower temperature
(80 °C) with 0.5 equiv of HCI, but the yield was signifi-
cantly reduced. Product isolation by in situ reduction of
the imine with LiAlH, gave the corresponding amine 10
in 81% yield.® Rearrangement and reduction of the less
volatile 12 under the same conditions produced a slightly
improved 85% isolated yield of 14.2

(17) Cook, G. R.; Stille, J. R. J. Org. Chem. 1991, 56, 5578.

(18) Weaker acid catalysts, such as phenol or 2,6-diphenylphenol (0.5
equiv), produced only minor amounts of 9 at 111 °C during consumption
of 8 under a variety of reaction conditions.

(19) Reaction mixtures were quenched with a 10% w/v solution of
NaOMe/MeOH for analysis by GLC. Under the quenching conditions,
loss of 8 or 9 was not observed even after an extended period of time (24
h).
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Table I. Catalytic Acceleration of the 3-Aza-Cope

Rearrangement®
yields (%)
reagent equiv time/temp (h/°C) GLC® isolated*
HCl 0.3 6/111 70
0.5 3/111 82 85
0.5 6/80 64
0.8 6/111 82
TiCl, 0.1 24/111 83 734
0.3 24/111 64
0.5 24/111 56
0.5 24/80° 8
(Ar0),TiCl, 0.5 24/111 80 71
0.5 48/111 87
Et,0-BF, 0.5 24/80 59
0.5 24/111 82 59
1.0 9/111 75
1.5 5/111 70
SnCl, 0.1 48/111¢ 14
ZnCl, 1.0 12/111 86
1.0 24/111 74

@ All reactions were run 0.2 M in toluene. ®Rearrangement of 8
to 9 was performed on a 1.0 mmol scale. Yields were determined
by capillary gas chromatographic (GLC) analysis of the quenched
reaction mixture (10% w/v MeONa/MeOH) using internal stand-
ards and correcting for detector response (ref 19). Values were
based on reacted substrate. °Isolated yield of 14 after rearrange-
ment of 12 (5 mmol) followed by in situ reduction of 13. ¢0.2 equiv
of catalyst required on 5.0 mmol scale. ¢18% conversion. 97%
conversion. £84% conversion.

Rearrangement by Metal Halides. The use of TiCl,,
which has been reported to promote rearrangement in
similar systems,'® was examined as a means of promoting
the transformation of 8 to 9 under a variety of conditions.Z
Carbon—carbon bond formation was found to proceed
within 24 h in refluxing toluene with as little as 0.1 equiv
of Lewis acid. Increasing the quantity of TiCl, still pro-
duced a single volatile product, but caused a decrease in
yield presumably through enhanced substrate oligomeri-
zation. At a lower reaction temperature of 80 °C, 0.5 equiv
of this Lewis acid only produced 18% conversion to 9
within 24 h. On a larger reaction scale, 0.2 equiv of TiCl,
was typically required to achieve complete conversion to
imine product.?? Catalysis of the rearrangement of 8 to
9 with 0.2 equiv of TiCl,, followed by in situ reduction of
the resulting imine with LiAlH,, produced 10 in 71%
isolated yield.?® Similarly, transformation of 12 to 14 was
accomplished in 73% yield. Steric and electronic modi-
fication of the titanium catalyst, by the exchange of ligands
to form bis(2,6-diphenylphenoxy)TiCl,,? promoted rear-

(20) In the case of the more volatile compound 10, an excess of
aqueous HCl was added, and the solution was concentrated under re-
duced pressure. The residue was treated with 15% aqueous NaOH to a
pH of 14, the amine was extracted with 3 X 50 mL portions of Et,0, and
the organic layers were dried (MgSO,) prior to distillation.

(21) For transformations with some of the electrophilic reagents con-
taining halogens (HCI, ClAlMe,, and Cl,AlMe), GLC yields were lower
than isolated yields in some cases due possibly to ammonium chioride sait
formation prior to analysis.

(22) Because hydrolysis of TiCl, could produce up to 4 equiv of HC],
which was also found to promote rearrangement, the TiCl, was distilled
prior to use and rigorous measures were taken to exclude oxygen and
water from the reaction mixtures. In each case, the characteristics of the
TiCl,-catalyzed rearrangements were very different from those of the HCl1
reactions.

(23) The addition of TiCl, to the enamine produced an oil on the sides
of the flask, which could be a mixture of the salts corresponding to 4 and
5. The increased amount of catalyst required to get complete conversion
of 8 to 9 could be due to the decreased surface area/volume ratio of the
reaction vessel as the reaction is scaled up. As a result, the surface area
of the oily intermediate was decreased, and the reaction slowed.

(24) (a) Dilworth, J. R.; Hanich, J.; Krestal, M.; Beck, J.; Strahle, J.
J. Organomet. Chem. 1986, 315, C9. (b) Chesnut, R. W.; Durfee, L. D.;
Fanwick, P. E.; Rothwell, L. P.; Folting, K.; Huffman, J. C. Polyhedron
1987, 6, 2019.
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Table II. Studies of [3,3] Rearrangement Promoted by
Aluminum Reagents®

yields (%)

reagent equiv time/temp (h/°C) GLC? isolated®
AlMe, 0.5 24/111 100
1.0 12/111 100 99
1.5 6/111 100
1.5 24/80 100
ClAIMe, 0.2 24/111 50¢
0.5 24/80 71
1.0 24/25 54
1.0 24/40 67
1.0 24/50 88 91
1.0 9/60 83
1.0 5/80 96 96
CLAIMe 1.0 24/50 79 87
1.0 12/80 91 84
(Ar0),AlMe 1.0 24/40 87 80
1.0 12/60 84
Cl;Al 1.0 24/50 36
1.0 24/80 63

@ All reactions were run 0.2 M in toluene. ®Rearrangement of 8
to 9 was performed on a 1.0 mmol scale. Yields were determined
by capillary gas chromatographic (GL.C) analysis of the quenched
reaction mixture (10% w/v MeONa/MeOH) using internal stand-
ards are correcting for detector response (ref 19). Values were
based on reacted substrate. °Isolated yield of 14 after rearrange-
ment of 12 (5 mmol) followed by in situ reduction of 13. 919%
conversion to product. ¢60% conversion to product.

rangement of 8 to 9 at 111 °C in 87% yield by GLC
analysis. Rearrangement of 12 to 13, followed by reduction
with LiAlH,, gave 14 in 71% isolated yield with use of this
catalyst.

Although there has been one report in which BF; was
used as a catalyst for formation of an N-allyl N,N-ketene
acetal at 30 °C, there was no evidence for charge accel-
erated rearrangement under the reaction conditions.?®
However, rearrangement of substrate 8 was promoted by
Et,0-BF; at a higher temperature of 111 °C. For complete
conversion to 9 within 24 h, a minimum of 0.5 equiv of
catalyst was required, and increasing quantities of
Et,0-BF; gave progressively decreasing yields. At a milder
temperature of 80 °C, conversion to 9 by using 0.5 equiv
of Et,O-BF; was only 97% complete after 24 h with a
somewhat lower yield of 59%. With use of the optimum
conditions, transformations of 12 to 14 was achieved in
59% isolated yield. Rearrangement promoted by ZnCl,,
one of the most effective catalysts reported for the rear-
rangement of allylaniline substrates,!!? produced less se-
lective transformation of 8 to 9. When 1.0 equiv of the
Lewis acid was used, rearrangement required 12 h to reach
completion with 86% GLC yield of 9, but 8-15% of an
unidentified side product was unavoidably generated in
the process. Further exposure to the reaction conditions
caused degradation of 9 over the course of time.

Rearrangement by Organoaluminum Complexes.
As found for the Claisen rearrangement, complexes of
aluminum were the most effective catalysts for the 3-
aza-Cope rearrangement.’? Acceleration of the 3-aza-Cope
rearrangement with aluminum reagents also paralleled that
of the Claisen rearrangement in that stoichiometric
amounts of the complexes were necessary to produce
complete transformation of 8 to 9. For example, the use
of 0.5 equiv of AlMe; at 111 °C produced 59% conversion
of 8 to 9 after 6 h, but the reaction only progressed to 68%

(25) Ficini, J.; Barbara, C. Tetrahedron Lett. 1966, 6425.
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Table II1. Yields of the 3-Aza-Cope
Rearrangement/Reduction as a Function of Reagent and
Enamine Substitution Pattern®

reagent (equiv)

substrate product HCl (0.5) TiCl; (0.2) AlMe; (1.0)
8 10 81 71 95
12 14 85 73 99
15% 17 77 88 92
18 20 0 0 84
21 23 99 92 96
24 26 10° 3 83

¢ Isolated yields of reactions performed 0.2 M in refluxing tolu-
ene followed by treatment with LiAlH,. ®E:Z = 86:14. °Purified
yields (ref 29).

conversion after an additional 18 h (Table IT). Increasing
the initial amount of Lewis acid to 1.0 equiv, produced
complete transformation within 12 h at 111 °C in 100%
GLC yield. Under these optimum conditions, the rear-
rangement and reduction of 8 produced 10 in 95% yield,®
and the same transformation with 12 gave a 99% isolated
yield of 14, Complete conversion to product was also
achieved at a temperature as low as 80 °C within 24 h, but
required the use of 1.5 equiv of AlMe;. Although the
Claisen rearrangement of allyl vinyl ethers with AlMe; was
found to result in addition of a methyl group to the re-
sulting aldehyde, addition of a methyl group to the imines
9 or 13 was not observed after the analogous 3-aza-Cope
transformation.?6

As expected, increasing the Lewis acidity of the alu-
minum catalyst produced conversion of 8 to 9 with reduced
reaction times or at lower reaction temperatures (Table
II). By the use of 1.0 equiv of ClAIMe, at 80 °C, the
reaction was complete within 5 h in 96% yield by GLC
analysis. With the use of these conditions for rearrange-
ment of 12 and subsequent reduction of 13 gave a 96%
yield of the corresponding secondary amine.?* Complete
conversion of 12 to 13 also was achieved within 24 h at a
temperature of 50 °C in 88% yield by GLC. This reaction
temperature represents an overall decrease of 200 °C from
the conditions necessary for thermal rearrangement! As
was discussed for AlMe;, ClAIMe, also was required in
stoichiometric amounts. Rearrangement of 8 at 111 °C
with 0.2 equiv of catalyst was only 19% complete after 24
h. The use of 0.5 equiv of Lewis acid at 80 °C gave a 57%
conversion to 9 in 3 h, but the reaction advanced to only
60% conversion after an additional 21 h. Further increase
of the aluminum Lewis acidity, by the use of Cl,AlMe,
produced results similar to those observed for ClA1Me,.
At 80 °C, a 91% GLC yield of 8 to 9 was obtained, and
the reaction of 12 under these same conditions gave an
84% moéated yield of 14. Comparable yields were obtained
at 50 °C.

An aluminum catalyst of similar oxidation state, me-
thylaluminum bis(2,6-diphenylphenoxide),!?* was also a
very efficient catalyst for facilitating the 3-aza-Cope re-
arrangement. Rearrangement of 8 to 9 using this catalyst
was complete within 24 h at 25 °C to give a 59% yield, and
a yield of 87% was obtained by promoting the reaction at
40 °C. Similarly, the rearrangement and reduction of 12
under these conditions produced an 80% yield of 14. To

(26) The preparation of the product of methyl addition to 9, N-(2-
methyl-1-propyl)-N-(1,2,2-trimethylpent-5-en-1-yl)amine, was performed
by tll:e addition of methylmagnesium bromide to 9 followed by aqueous
workup.
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complete the methyl- and chloro-substituted series of
aluminum Lewis acids, Cl;Al was used as a catalyst for the
transformation of 8 to 9. This catalyst produced signifi-
cantly lower yields of product under the same rearrange-
ment conditions as those used for Cl,AlMe.

Variation of Enamine Substitution. In order to
determine the versatility of the different types of reagents
(protic acids, metal halides, and organoaluminum species)
on various substrates, three representative reagents were
studied. These reagents, HCl, TiCl,, and AlMe;, were each
used to promote rearrangement of substrates 15, 18, 21,
and 24, which all differed in enamine substitution pattern.
The results are shown in Table IIL

The 3-aza-Cope rearrangement of the aldehyde en-
amines was highly dependent on both the enamine sub-
stituent pattern and the type of electrophile used. With
the traditionally successful geminally disubstituted en-
amine substrates,”® such as 8 and 12, rearrangement and
subsequent reduction gave good yields of 10 and 14, as
previously discussed. The substrate derived from 2-
phenylpropanal 15, gave similar results (eq 1). Rear-

iBu
'B"\N aAm., R“ LA, \N
k/ loi:ﬁono
reflux

R'aMe, R2eMe &
R'=Ph, RPaMe 1§
R'=ELR%H 18 n zo

rangement of 15 to 16 followed by LiAlH, reduction pro-
duced isolated yields which ranged from 77% to 92% for
the three reagents. Substrate 18, with only one alkyl
substituent on the nucleophilic enamine carbon, was much
more sensitive toward these reaction conditions. Treat-
ment with HCI (0.5 or 1.0 equiv) or TiCl, (0.1 to 1.0 equiv)
under a variety of conditions produced complete degra-
dation of 18 to oligomeric products. In contrast, treatment
of 18 with AlMe; resulted in rearrangement to 19 as the
only volatile product, and reductive workup gave an 84%
isolated yield of 20.

The properties of the carbonyl compound had an
enormous effect on the success of the acceleration of the
3-aza-Cope rearrangement for the ketone-derived sub-
strates. The transformation of 21 to 22 proceeded quan-
titatively with each electrophilic reagent used, and re-
duction of the intermediate imine with LiAlH, gave 23 as
a 90:10 mixture of diastereomers (eq 2).2” For each

IBu, I Tlc iBu iBu
\N o Aisy "' N Ak, \N
v Ioluono

n=2 21
nat 24

reagent, isolated yields of greater than 92% were obtained.
However, the results obtained for rearrangement and re-
duction of 24 were poor with the use of HCI or TiCl,.
Rearrangement with HC] for lengthy reaction times, fol-
lowed by reduction with LiAlH,, resulted in a mixture of
unreacted 24 (9%), N-isobutyl-N-allylcyclopentylamine
(27, 36%),% and 26 (10%) as the only distillable products.?

(27) The use of other hydride reducing agents to achieve greater se-
lectivity is currently being investigated.

(28) Tertiary amine 18 was prepared through an independent route.
N-allylcyclopentylamine was made by LiAlH, reduction of the imine
formed from allylamine and cyclopentanone. Reaction with 2-methyl-
propanoyl chloride and NEt; gave the corresponding secondary amide,
which was reduced to 18 with LiAlH,.

(29) A mixture of products was obtained by distillation (40-44% mass
recovery), and the individual yields were calculated on the contribution
of each compound to this purified product mixture.
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The reaction with TiCl, resulted in a similar mixture of
24 (11%), 27 (26%), and 26 (3%), and the use of an al-
ternate catalyst, Et,0-BF; (0.5 equiv), gave a somewhat
improved mixture of 27 (11%) and 26 (43%). As was
found for 18, the other substrate sensitive to HCI and TiCl,
conditions, a stoichiometric amount of AlMe, successfully
promoted the 3-aza-Cope rearrangement of 24. Carbon-
carbon bond formation and imine reduction produced an
83% yield of 26 as a 90:10 mixture of diastereomers.?’

There are several features that made AlMe; a rather
unique reagent for the acceleration of the 3-aza-Cope re-
arrangement. The most apparent difference was that
AlMe; must be used in stoichiometric quantities for 3-
aza-Cope rearrangement to reach completion. These ob-
servations suggest that the aluminum reagent formed a
complex with the nitrogen of the imine product (5) that
was not easily recycled to form the complex with substrate
4. Although requiring 1.0 equiv of AlMe, places a limi-
tation on this methodology, this same affinity for nitrogen
may be directly related to the effectiveness of this reagent.
As has been demonstrated, enamine substrates which were
more subject to electrophilic attack at carbon, such as 18
and 24, react through alternate pathways with HCl and
TiCl,.*® However, the differing properties of the Lewis
acid/base interaction of the aluminum with the enamines
made this reagent much more compatable with sensitive
enamine substrates. As a result, AlMe; was a versatile and
efficient reagent for carbon-carbon bond formation
through the charge-accelerated 3-aza-Cope rearrangement
with all substrates tested.

Summary

Acceleration of the 3-aza-Cope rearrangement of the
N-alkyl-N-allylenamines derived from isobutyraldehyde
was accomplished at temperatures as low as 25 °C, which
represents a decrease in reaction temperature of greater
than 200 °C from that of the thermal rearrangement. A
variety of catalysts, including protic acids (HCl), transi-
tion-metal halides (TiCl,, BF;, ZnCl,), and organometallic
reagents (X, AlMe, ), effectively promoted rearrangement
of the N-alkyl-N-allylenamine to the corresponding imine.
Each type of electrophilic reagent demonstrated different
stoichiometry requirements, from 0.1 to 1.0 equiv, for
complete conversion of substrate to product. Reduction
of the intermediate imine, without prior isolation, gave 14
in 59 to 99% isolated yields for the two-step process from
12. The substitution pattern of the enamine substrates
was critical to successful 3-aza-Cope rearrangement by HCl
and TiCl,, but AlMe; produced efficient product formation
with even the most sensitive enamine substrates.

Experimental Section

General Methods. All reactions were carried out performing
standard inert atmosphere techniques to exclude moisture and
oxygen, and reactions were performed under an atmosphere of
either nitrogen or argon. Benzene, toluene, tetrahydrofuran
(THF), and Et,O were distilled from sodium/benzophenone im-
mediately prior to use. Triethylamine was heated at reflux over
calcium hydride for a minimum of 12 h and then distilled im-
mediately prior to use. Solutions of HCI (1.0 M in Et,0), LiAlH,
(1.0 M in THF), and Cl;AlMe (1.0 M in hexanes) were obtained
from Aldrich Chemical Co. Solutions of AlMe; and ClAlMe, (1.0
M in toluene) were prepared from neat organoaluminum com-
pounds obtained from Aldrich Chemical Co. Cyclohezanecarbonyl
chlorides, isobutyryl chloride, allyl amine, TiCl,, and Et,O-BF,
were distilled prior to use. Additions were made with gas tight

(30) For discussions of N- versus C-protonation of enamines, see: (a)
Hickmott, P. W. Tetrahedron 1982, 38, 1975. (b) Hinman, R. L. Tetra-
hedron 1968, 24, 185, and references therein.
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syringes or via cannula transfer under nitrogen. Unless specified,
concentration of solutions after workup was performed on a Biichi
rotary evaporator.

Gas chromatographic (GLC) analyses were carried out on a
Perkin-Elmer 8500 instrument with a 50 m RSL-200 capillary
column (5% methyl phenyl silicone), an FID detector at a 220
°C injector temperature, and a 300 °C detector temperature.
Helium gas pressure was set at 15 psi with a flow rate of 2 mL/min,
NMR spectra were obtained on Varian Gemini 300 or VRX-300
spectrometers with CDCl; as solvent. Data are reported as follows:
chemical shift relative to residual CHCl; (7.24 ppm), multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, sept = septet),
integration, and coupling. Infrared spectra were recorded on a
Nicolet 42 FT-IR instrument.

N-Allylisobutylideneamine (6). Allylamine (3.54 g, 62 mmol)
was added to a flask containing 100 mL of Et,0 and 14 g of 4-A
molecular sieves. Over the period of 10 min, isobutyraldehyde
(4.47 g, 62 mmol) was added dropwise at 25 °C. After being stirred
at ambient temperature overnight, the solution was filtered and
the remaining solids were washed with two 50-mL portions of
Et,0. The mixture then was distilled under nitrogen at atmos-
pheric pressure to give 6 (5.13 g, 46.0 mmol) in 75% yield (bp
112-114 °C): 'H NMR (300 MHz) (CDCl;) 6 1.05 (d, 6 H, J =
6.9 Hz), 2.42 (dsept, 1 H,JJ = 4.9,6.9Hz),395(d,2H, J = 5.6
Hz), 5.05 (dd, 1 H, J = 1.8, 10.3 Hz), 5.10 (dd, 1 H, J = 1.8, 17.2
Hz), 5.93 (ddt, 1 H, J = 10.3, 17.2, 5.6 Hz), 7.51 (d, 1 H, J = 4.9
Hz); C NMR (75.5 MHz) (CDCl) 6 19.3, 34.1, 63.2, 115.5, 136.1,
170.9; IR (neat) 3083, 3013, 2967, 2932, 2874, 2824, 2674, 1466,
1456, 1437, 1366, 1103, 1019, 995, 916 cm™.

Synthesis of 7 by Acylation of 6. To 50 mL of dry THF were
added 6 (3.34 g, 30 mmol) and NEt; (3.564 g, 33 mmol). The
solution was cooled to 0 °C, and isobutyryl chloride (3.50 g, 33
mmol) in 20 mL of THF was added dropwise over a 30-min period.
After being heated at reflux for 1.5 h, the solution was cooled to
ambieng temperature and filtered through a pad of silica on a
glass frit, and the solids were washed with two portions of Et,O.
The solvents were removed under reduced pressure, and the crude
oil was purified by flash column chromatography (silica, 230-400
mesh; eluent 50:50 Et,O-petroleum ether). The solvents were
evaporated, and the enamide was isolated via Kugelrohr distil-
lation under vacuum to give 7 (4.88 g, 27 mmol) in 90% yield (bp
55~65 °C (<1 mmHg)): 'H NMR (300 MHz) (CDCl,) 5 1.02 (d,
6 H, J = 6.8 Hz), 1.57 (s, 3 H), 1.70 (s, 3 H), 2.65 (sept, 1 H, J
= 6.8 Hz), 3.89 (d, 2 H, J = 6.2 Hz), 5.04 (dd, 1 H, J = 1.6, 11.3
Hz), 5.06 (dd, 1 H, J = 1.6, 16.0 Hz), 5.74 (ddt, 1 H, J = 11.3, 16.0,
6.2 Hz), 5.85 (s, 1 H); 1*C NMR (75.5 MHz) (CDCl;) § 17.3, 18.8,
21.5, 30.9, 50.0, 116.9, 123.5, 133.4, 135.9, 177.7; IR (neat) 3083,
2975, 2936, 2876, 1653, 1472, 1404, 1242, 1208, 1092, 993, 920 cm™.
Anal. Caled for C;H;N: C, 74.27; H, 13.36; N, 12.37. Found:
C, 74.43; H, 13.69; N, 12.21.

Reduction of 7 to 8. To a flask containing LiAlH, (2.51 g,
66 mmol) was added 300 mL of Et,0, and the suspension was
cooled to 0 °C. Amide 7 (10.87 g, 60 mmol) in 30 mL of Et,0
was added dropwise over a 45-min period. The solution was
warmed to room temperature and stirred for 6 h. After the
solution was cooled to 0 °C, the reaction was quenched by addition
of 2.5 mL of H,0, followed by 2.5 mL of 15% aqueous NaOH,
and then again by 7.5 mL of H,0. The solution was stirred for
1.5 h and then dried with K,CO;. The solids were removed by
filtration, and the solvent was removed under reduced pressure.
Enamine 8 was isolated via Kugelrohr distillation (bp 5455 °C
(8 mmHg), 9.84 g, 98% yield): 'H NMR (300 MHz) (CDCl;) &
0.83 (d, 6 H, J = 6.6 Hz), 1.58 (d, 3 H, J = 1.3 Hz), 1.58 (tsept,
1H,J=173,66Hz),165(d,3H,J=13Hz),225(d,2H,J
= 7.3 Hz), 3.15 (dt, 2 H, J = 1.6, 1.6, 6.2 Hz), 5.02 (ddt, 1 H, J
= 2.0, 10.2, 1.6 Hz), 5.08 (ddt, 1 H, J = 2.0, 17.2, 1.6 Hz), 5.22
(qq, 1 H,J = 1.3, 1.3 Hz), 5.81 (ddt, 1 H, J = 10.2, 17.2, 6.2 Hz);
13C NMR (75.5 MHz) (CDCly) 8 17.4, 20.4, 22.0, 27.4, 59.6, 63.1,
115.9, 122.8, 135.8, 136.9; IR (neat) 3081, 3009, 2955, 2926, 2870,
2803, 16;76, 1644, 1468, 1449, 1377, 1337, 1194, 1117, 1101, 995,
916 cm™L

General Procedure for Rearrangement of 8 to 9. All flasks
used in rearrangement studies were heated under vacuum for
20~30 min and then purged with argon for 10 min. A solution
containing 8 (0.167 g, 1 mmol), o-xylene (0.121 mL, 1 mmol,
internal GLC standard), and 5 mL of toluene was cooled to —78
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°C. After an initial gas chromatograph was taken, the Lewis acid
reagents (see Tables I and II for equiv) were added at —78 °C or
the HC! was added at 0 °C or the HC] was added at 0 °C. For
Cl;Al and (ArQ);AlMe accelerated reactions, a solution of 8 was
added to the catalyst in 25 mL of toluene via cannula at —78 °C.
All aliquots for analysis were removed from the reaction vessel
via cannula, quenched in Et,0 with 10% w/v solution of NaOMe
in MeOH, and dried over Na,SO, or K,COj; prior to GLC analysis.

Preparation of 11 by Acylation of 6. Imine 6 (2.44 g, 22
mmo)) and NEt, (3.69 mL, 26.4 mmol) were taken up in 150 mL
of THF and cooled to 0 °C. Cyclohexanecarbonyl chloride (3.50
g, 24 mmol) in 35 mL of THF was added dropwise over a 2-h
period. The reaction was allowed to warm to room temperature
during the addition and then was brought to reflux for 2.5 h. After
the solution was cooled to ambient temperature, solids were
removed by filtration through a pad of silica on a glass frit and
then washed with two portions of Et;O. The solvents were re-
moved via rotary evaporation, and the remaining oil was purified
by column chromatography (silica, 230-400 mesh; eluent 30:70
Et,O-petroleum ether) and isolated via Kugelrohr distillation to
give 11 (76-100 °C, (<1 mmHg), 3.35 g, 69% yield): 'H NMR
(300 MHz) (CDClI;) 6 1.21 (m, 4 H), 1.43 (m 2 H), 1.61 (m, 4 H),
1.60 (s, 3 H), 1.75 (s, 3 H), 2.38 (m, 1 H), 3.96 (d, 1 H, J = 6.2
Hz),5.02(d,1H,J =115 Hz), 5.04 (d, 1 H, J = 15.8 Hz), 5.72
(ddt, 1 H, J = 11.5, 15.8, 6.2 Hz), 5.82 (s, 1 H). ¥C NMR (75.5
MHz) (CDCly) 6 17.6, 21.8, 25.7, 28.9, 41.5, 50.0, 116.7, 123.3, 133.3,
135.9, 176.0. IR (neat) 3101, 2930, 2855, 1653, 1451, 1427, 1342,
1256, 1206, 1123, 990, 918, 895, 831 em™. Anal. Caled for
CHgNO: C, 72.88; H, 10.56; N, 7.73. Found: C, 72.54; H, 10.28;
N, 7.72.

Two-Step Synthesis of 11 from Allylamine. Allylamine
(2.20 g, 30.0 mmol) and isobutyraldehyde (1.74 g, 30.0 mmol) were
taken up in 85 mL of benzene. A Dean-Stark trap was fitted on
the apparatus, and the solution was heated to reflux to azeo-
tropically remove the resulting water. After being heated 19-22
h, the water was removed, 4-i molecular sieves were added to
the Dean-Stark trap, and reflux was continued for 2 h. The
solution was cooled to ambient temperature, and NEt; (3.03 g,
30.0 mmol) and cyclohexanecarbonyl chloride (4.40 g, 30.0 mmol)
were added, sequentially, and then heated at reflux for 3 h. After
benzene was removed under reduced pressure, the crude oil was
purified by flash column chromatography (silica, 230-400 mesh;
eluent 30:70 Et,O-petroleum ether). The solvents were evapo-
rated, and the enamide was distilled under vacuum to give 4.53
g of 11 (20.5 mmol, 68% yield). Spectroscopic data was identical
to that reported for the product obtained by acylation of isolated
6.

Reduction of 11 to 12. Enamide 11 (4.71 g, 21.0 mmol) in 40
mL of Et,O was added dropwise to a suspension of LiAlH, (0.89
g, 23.0 mmol) in 300 mL of Et,0 at 0 °C over a 1-h period. The
reaction mixture was warmed to room temperature and then
stirred for 5 h. The LiAlH, was quenched at 0 °C through slow
addition of 0.9 mL of H,0, 0.9 mL of 15% NaOH, and then 2.7
mL of HyO. After being stirred for 1 h, the solids were removed
by filtration, and the solvents were removed via rotary evaporation
to give an oil. The oil was isolated via Kugelrohr distillation to
give 4.15 g of 12 (70-80 °C (5 mmHg), 95% yield): 'H NMR (300
MHz) (CDCly) 4 0.83 (m, 2 H), 1.15 (m 4 H), 1.30 (m, 1 H), 1.59
(s,1H),165(s,3H),1.75(s,3H),2.30(d,2 H, J = 7.2 Hz), 3.14
d,2H,J=6.1Hz),5.02(dd, 1 H, J = 10.2, 2.0 Hz), 5.09 (dd,
1H,J=117.3,2.0Hz), 5.22 (s, 1 H), 5.81 (ddt, 1 H, J = 17.3, 10.2,
6.1). 13C NMR (75.5 MHz) (CDCJ,) é 17.6, 22.3, 26.2, 26.9, 31.6,
37.1, 59.6, 61.9, 115.7, 122.0, 135.7, 136.8; IR (neat) 3091, 2923,
2851, 2797, 1650, 1600, 1449, 1374, 1337, 1283, 1263, 1178, 1123,
993, 9163, 843 cm™.

Representative Procedure for Charge-Accelerated 3-
Aza-Cope Rearrangement and Reductive Workup (12 to 14).
All flasks used in rearrangement studies were heated under
vacuum for 2030 min and purged with argon for 10 min. The
electrophilic reagents (see Tables I and II for equiv) were added
to a solution containing 12 (1.04 g, 5.0 mmol) in 25 mL of toluene
to give a final concentration of 0.2 M of 12. Lewis acids were added
at —78 °C, and HCl was added at 0 °C. For Cl;Al and (ArQO),AlMe
accelerated reactions, a solution of 12 was added to the catalyst
in 25 mL of toluene via cannula at 78 °C. The reaction mixture
was heated until complete conversion of 12 to 13 had occurred
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(see Tables I and II for temperatures and reaction times). Fol-
lowing rearrangement, the reaction was placed in an ice bath, and
5.5 mL of 1.0 M LiAlH, solution was added.’! After 3 h, the
reduction was quenched at 0 °C through slow addition of 0.2 mL
of H,0, 0.2 mL of 15% NaOH, and then 0.6 mL of H,0. The
solids were removed by filtration through sodium sulfate on a glass
frit. Solvents were removed by rotary evaporation and the oil
was isolated via Kugelrohr distillation to give 14.

14: (bp 70-80 °C (<1 mmHg)): 'H NMR (300 MHz) (CDCl,)
5 0.89 (s, 6 H), 1.31 (m 4 H), 1.40 (m, 1 H), 1.72 (m, 6 H), 1.96
(d,2H,J =17.5Hz),2.28 (s, 2H), 2.37 (d, 2 H, J = 6.8 Hz), 4.97
(d,1H,J =16.6 Hz),4.98 (d, 1 H, J = 12.2 Hz), 5.78 (ddt, 1 H,
J =16.6,12.2, 7.5 Hz); 1*C NMR (75.5 MHz) (CDCl,) & 25.5, 26.1,
26.8, 31.4, 37.6, 44.7, 57.8, 60.5, 116.6, 135.7; IR (neat) 3350, 3074,
2923, 2853, 2807, 2753, 1639, 1462, 1447, 1364, 1127, 995, 913 cm™.
Anal. Calcd for C,(HyyN: C, 80.31; H, 13.00; N, 6.70. Found:
C, 79.00; H, 12.49; N, 6.85.

10: (bp 50-60 °C (8 mmHg)): 'H NMR (300 MHz) (CDCly)
5 0.85 (s, 6 H), 0.86 (d, 6 H, J = 6.6 Hz), 0.87 (bs, 1 H), 1.71 (tsept,
1H,J=69,6.6 Hz),1.98 (d,2 H, J = 7.5 Hz), 2.29 (s, 2 H), 2.35
(d, 2 H, J = 6.9 Hz), 4.99 (m, 2 H), 5.79 (ddt, 1 H, J = 9.2, 17.9,
7.5 Hz); *C NMR (75.5 MHz) (CDCly) 6 20.6, 25.5, 27.9, 34.4, 44.7,
59.1, 60.3, 116.6, 135.7; IR (neat) 3359, 3077, 3005, 2957, 2872,
2811, 1640, 1466, 1385, 1364, 1121, 995, 912 cm™. Anal. Caled
for C,;HyN: C, 78.04; H, 13.69; N, 8.27. Found: C, 77.64; H,
13.87; N, 7.68.

17: (bp 60-70 °C (<1 mmHg): 'H NMR (300 MHz) (CDCl;)
60.75 (d, 3 H, J = 6.6 Hz), 0.77 (d, 3 H, J = 6.6 Hz), 0.88 (bs,
1 H), 1.34 (s, 3 H), 1.63 (tsept, 1 H, J = 6.8, 6.6 Hz), 2.29 (dd,
1H,J =11.8,6.8 Hz), 2.32 (dd, 1 H, J = 11.8, 6.8 Hz), 2.35 (dd,
1H,J =17.6,13.8 Hz), 2.52 (dd, 1 H, J = 6.6, 13.8 Hz), 2.63 (d,
1H,J=115Hz),280(d,1H,J=115Hz),494(d, 1 H,J =
10.0 Hz), 4.99 (d, 1 H, J = 17.1 Hz), 5.57 (dddd, 1 H, J = 10.0,
17.1, 7.6, 6.6 Hz), 7.25 (m, 5 H); 13C NMR (75.5 MHz) (CDCly)
8 20.2, 23.2, 27.6, 41.7, 45.0, 58.6, 60.6, 117.2, 126.0, 126.7, 128.4,
135.3, 146.5; IR (neat) 3337, 3061, 3025, 2957, 2928, 2872, 2811,
1640, 1601, 1497, 1466, 1447, 1379, 1123, 959 cm™. Anal. Caled
for C;gHyN: C, 83.06; H, 10.89; N, 6.05. Found: C, 82.73; H,
10.93; N, 6.08.

20: (bp 70-80 °C (8 mmHg)): 'H NMR (300 MHz) (CDCly)
50.85(t,3H,J = 7.4 Hz), 0.85 (d, 6 H, J = 6.6 Hz), 1.29 (m, 2
H), 1.48 (ddq, 1 H, J = 6.4, 6.4, 7.4 Hz), 1.50 (ddq, 1 H, J = 6.4,
7.4 Hz), 1.69 (tsept, 1 H, J = 6.7, 6.6 Hz), 2.04 (dddd, 2 H, J =
1.3,1.3,6.1,7.2Hz),2.34(d,2H,J =6.7Hz),244 (d,1 H,J =
6.4 Hz), 2.45 (d, 1 H, J = 6.4 Hz), 4.95 (ddt, 1 H, J = 1.1, 10.0,
1.3 Hz), 4.99 (ddt, 1 H, J = 1.1, 17.2, 1.3 Hz), 5.76 (ddt, 1 H, J
= 10.0, 17.2, 7.2 Hz); 1*C NMR (75.5 MHz) (CDCl;) 6 10.8, 20.4,
24.3, 28.0, 36.3, 39.3, 53.0, 58.3, 115.8, 137.5; IR (neat) 3418, 3079,
2050, 2028, 2874, 2813, 1640, 1466, 1381, 1366, 1125, 995, 911 cm™,
Anal. Calcd for C,;H,3N: C, 78.04; H, 13.69; N, 8.27. Found:
C, 77.65; H, 13.66; N, 8.25.

23: (bp 40-50 °C (<1 mmHg)): 'H NMR (300 MHz) (CDCl,,
major diastereomer) § 0.87, (d, 6 H, J = 6.6 Hz), 1.30 (m, 4 H),
1.50 (m, 4 H), 1.67 (m, 3 H), 1.95 (m, 1 H), 2.15 (m, 1 H), 2.26
(dd, 1 H,J = 6.8, 11.3 Hz), 2.38 (dd, 1 H, J = 6.8, 11.3 Hz), 2.59
(m, 1 H), 493 (ddt, 1 H, J = 1.1, 10.3, 1.4 Hz), 4.98 (ddt, 1 H,
J =11, 16.8, 1.4 Hz), 5.75 (ddt, 1 H, J = 10.3, 16.8, 6.7 Hz); 1°C
NMR (75.5 MHz) (CDCl,) § 20.8, 22.5, 23.0, 27.1, 28.4, 28.8, 33.4,
39.1, 55.4, 57.1, 115.3, 138.6; IR (neat) 3359, 3077, 2928, 2859, 2805,
1642, 1470, 1366, 1130, 1103, 993, 909 cm™. Anal. Caled for
CisHysN: C, 79.93; H, 12.90; N, 7.17. Found: C, 80.16; H, 12.03;
N, 7.47.

26: (bp 30-40 °C (<1 mmHg)): 'H NMR (300 MHz) (CDCl,,
major diastereomer) 6 0.86 (d, 6 H, J = 6.7 Hz), 1.43 (m, 3 H),
1.65 (m, 4 H), 1.90 (m, 2 H), 2.17 (m, 2 H), 2.27 (dd, 1 H, J = 6.9,
11.5 Hz), 2.39 (dd, 1 H, J = 6.6, 11.5 Hz), 2.96 (dt, 1 H, J = 5.8,
6.0 Hz), 4.94 (dd, 1 H, J = 1.2, 10.1 Hz), 5.00 (dd, 1 H, J = 1.2,
17.1 Hz), 5.79 (ddt, 1 H, J = 10.1, 17.1, 6.7 Hz); 1*C NMR (75.5
MH?z) (CDCly) § 20.6, 21.0, 28.3, 30.7, 32.7, 41.9, 56.5, 61.5, 115.1,
138.7; IR (neat) 3349, 3077, 2955, 2870, 2011, 1642, 1470, 1387,

(31) In situ reduction of rearrangements catalyzed by TiCl, were
performed at —78 °C to avoid reduction of the alkene functionality by
titanium hydride species.
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1366, 1138, 993, 911 cm™., Anal. Caled for C,H,N: C, 79.49;
H, 12.79; N, 7.72 Found: C, 79.17; H, 12.70; N, 7.68.

Preparation of N-Allyl-N-cyclopentylamine. Allylamine
(56.71 g, 100 mmol), cyclopentanone (8.41 g, 100 mmol), and
benzene (300 mL) were added to a flask fitted with a Dean-Stark
trap, and the solution was then heated at reflux for 15 h. The
water was drained from the trap, and 4-A molecular sieves were
added. Reflux was continued for 2 h more to remove the final
traces of water from the reaction mixture. The benzene was
removed by distillation, and the remaining oil was isolated via
Kugelrohr distillation to give N-allylcyclopentylideneamine (8.09
g, 66 mmol) in 66% yield (50~70 °C (10-15 mmHg)).

To a suspension of 1.82 g (48 mmol) LiAlH, in 200 mL of Et,0
was added 4.93 g (40 mmol) of N-allylcyclopentylideneamine. The
solution was stirred for 4 h at ambient temperature and was then
quenched with 1.8 mL of H,0, followed by 1.8 mL of 15% aqueous
NaOH, and then by 5.4 mL of H,O. After being stirred for 1 h,
the solution was filtered to remove the aluminum salts and the
solvent concentrated to an oil, which was distilled under vacuum
to give N-allyl-N-cyclopentylamine (4.36 g, 35 mmol) in 87% yield
(60-70 °C (15 mmHg)): *H NMR (300 MHz) (CDCly) 5 1.28 (m,
2 H), 1.50 (m, 3 H), 1.64 (m, 2 H), 1.81 (m, 2 H), 3.06 (tt, 1 H,
J = 6.7, 6.8 Hz), 3.20 (ddd, 2 H, J = 1.2, 1.2, 6.1 Hz), 5.03 (ddt,
1H,J=13,102, 1.2 Hz), 5.12 (ddt, 1 H, J = 1.3, 17.1, 1.2 Hz),
5.89 (ddt, 1 H, J = 10.2, 17.1, 6.1 Hz); 1*C NMR (75.5 MHz)
(CDCly) 6 24.0, 33.1, 51.3, 59.2, 115.5, 137.2.

N-Allyl-N-isobutylcyclopentylamine (27). To a solution
of N-allyl-N-cyclopentylamine (3.76 g, 30 mmol) and triethylamine
(3.33 g, 33 mmol) was added isobutyryl chloride (3.20 g, 30 mmol)
dropwise. The solution was stirred at ambient temperature for
5 h and then filtered through a pad of silica. Removal of solvent
produced an oil, which was isolated via Kugelrohr distillation to
give N-allyl-N-cyclopentylisobutyramide (5.14 g, 26.4 mmol) in
88% yield (75-85 °C (<1 mmHg)).

To a suspension of LiAIH, (0.912 g, 24 mmol) in 100 mL of Et,0
was added N-allyl-N-cyclopentylisobutyramide (4.00 g, 20.4 mmol)
in a dropwise manner. After addition was complete, the solution
was stirred at ambient temperature for 2 h. The reaction was
quenched by addition of 0.9 mL of H,0, followed by 0.9 mL of
15% aqueous NaOH, followed by 2.7 mL of H,0, and was then
stirred for 1 h. After removal of solids by filtration, the solvent
was removed and the resulting oil was isolated via Kugelrohr
distillation to give 27 (3.27 g, 20.4 mmol) in quantitative yield
(5065 °C (4 mmHg)): 'H NMR (300 MHz) (CDCl,) 4 0.84 (d,
6 H, J = 6.6 Hz), 1.35 (m, 2 H), 1.45 (m, 2 H), 1.59 (m, 2 H), 1.70
(m,3H),2.14(d, 2 H,J = 7.1 Hz), 3.00 (tt, 1 H, J = 7.3, 7.4, Hz),
3.11 (ddd, 2 H, J = 1.9, 2.1, 6.4 Hz), 5.04 (ddt, 1 H, J = 1.6, 10.2,
2.1 Hz),5.12 (ddt, 1 H,J = 1.7, 17.1, 1.9 Hz), 5.87 (ddt, 1 H, J
= 10.2, 17.1, 6.4 Hz); 1°C NMR (75.5 MHz) (CDCly) § 21.0, 24.1,
26.9, 29.2, 55.7, 59.5, 63.7, 116.1, 136.8. Anal. Calcd for C,;Hj3N:
C, 79.48; H, 12.79; N, 7.72. Found: C, 79.36; H, 12.79; N, 7.99.
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