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Abstract: 1-Amino-1,3-butadienes, interesting sub-
strates for [4+2] cycloadditions, are prepared by
Pd-catalyzed cross-coupling of secondary amines
with readily available 1-halodienes. The optimized
catalytic system employs Pd,(dba); as metal source
and XPHOS as supporting ligand. The reaction pro-
ceeds in very high yields with 1-bromo-1,3-buta-
dienes, and also with the less reactive 1-chloro-1,3-
butadienes. Moreover, the range of amines that can
be incorporated includes aromatic amines, and cyclic
and acyclic aliphatic amines.
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1-Amino-substituted-1,3-butadienes are a very interest-
ing class of enamines due to their high reactivity in [4 4
2] cycloaddition reactions.? The presence of the elec-
tron-donor amino substituent enhances the reactivity
of the diene, and directs the regioselectivity and the ster-
eoselectivity of the cycloaddition.’) Moreover, the ami-
no substituent attached at the diene skeleton may have
even more additional interest. On the one hand, it may
serve as a chiral auxiliary in the cycloaddition if a chiral
amine is employed./*! On the other hand, the amino sub-
stituent can be preserved in the molecule after the cyclo-
addition and used to build more elaborate structures,
such as amino-substituted cyclohexanes®™ or nitrogen-
containing heterocycles.” However, in spite of the po-
tential interest of this class of dienes, very few methods
have been described for their preparation. While there
are several reliable approaches for the synthesis of dien-
amides (N-acyl-substituted systems), few procedures,
other than the well-established condensation of a,f3-un-
saturated aldehydes with secondary amines,”® have
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been reported for the synthesis of 1-aminodienes. How-
ever, the former methodology, and most of the alterna-
tive approaches, usually lack generality in both the
structure of the dienic moiety and of the amino substitu-
ent, and also stereoselectivity in the amino-substituted
double bond.”!

We have disclosed recently a new method for the syn-
thesis of enamines by Pd-catalyzed cross-coupling of
secondary amines with alkenyl halides."”’ This method-
ology, which is an extension of the well developed Buch-
wald-Hartwig amination of aryl halides,""'? allows for
the preparation of enamines with high regio- and stereo-
selectivity. Moreover, the application of this reaction to
2-chloro-1,3-butadienes has led to a new and very effi-
cient method for the synthesis of 2-amino-1,3-buta-
dienes.!"¥ Continuing with our interest in the application
of the cross-coupling reaction of alkenyl halides with
amines, we decided to focus on the preparation of 1-ami-
nodienes. In this communication, we report our progress
in the development of a general and stereoselective meth-
od for the synthesis of this particular class of enamines.

In a preliminary set of experiments we investigated
the coupling of the readily available bromodiene 1al'*!
with morpholine 2a under a set of different catalytic
combinations (Scheme 1). The reactions were carried
out in toluene, in the presence of NaO-t-Bu as base,
Pd,(dba); as metal source, and several ligands which
are known to promote C—N bond forming reactions
with aryl and alkenyl bromides. Based on our previous
experience in the amination of alkenyl bromides, the
study was restricted to commercial and air-stable phos-
phane ligands and included the bidentate ligands BI-
NAP and XANTPHOS, as well as Buchwald’s elec-
tron-rich biphenyls, 2-dicyclohexylphosphino-2'-dime-
thylamino biphenyl (DavePhos)™ and X-PHOS!®!
(Scheme 1). The results are presented in Table 1.

As expected from our previous studies in the cross-
coupling of amines with alkenyl bromides, all these cat-
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Table 1. Influence of the ligand and reaction conditions in the cross-coupling of 1a and 2a.[

Entry Mol % of Pd Ligand T [°C] t [h] Conversion [% ]
1 2l BINAP 80 6.5 100
2 2 XANTPHOS 80 6.5 88
3 2 DavePhos 80 6.5 100
4 2 XPHOS 80 6.5 100
5 1 BINAP 80 3.5 28
6 1 DavePhos 80 3.5 61
7 1 XPHOSM 80 35 100
8 1 XPHOS 25 21 13
9 0.2 XPHOS 80 21 66

2] General reaction conditions: 0.5 mmol of bromodiene 1; 0.5 mmol of morpholine 2; 2: 1 molar relationship Pd:ligand;

1.4 equivs. of NaO-#-Bu; 2 mL of toluene.
! Determined by GC.
[l Pd(OAc), was used as metal source.
[ 1:1 molar relationship of Pd:ligand.
>
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Scheme 1. Coupling reaction of bromodiene 1a and morpho-
line 2a under different catalytic conditions.

alytic systems promoted the reaction quite efficiently,
giving rise to the desired 1-aminodiene 3a with good to
excellent conversion when the reactions were effected
at 80°C using 2 mol % of Pd (entries 1 to 4). More de-
manding reaction conditions established the Pd(0)/
XPHOS combination as the more active catalyst (en-
tries 5-7). Moreover, by using this catalytic system,
the coupling reaction could be run to completion in
3.5 h at 80°C with 1 mol % of Pd (entry 8). A decrease
in the catalyst loading to 0.2 mol % gave rise to a sub-
stantial decrease in the reaction rate (66% of conversion
after 21 h) while the reaction at room temperature pro-
ceeded with only 13% conversion after 21 h of reaction.
Additional experiments revealed that the Pd:ligand mo-
lar ratio can be reduced to 1:1 without loss of catalytic
activity. The optimized reaction conditions were applied
thereafter to a set of different halodienes 1 and amines 2
(Scheme 2, Table 2).
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Scheme 2. Synthesis of 1-amino-1,3-butadienes 3 by Pd-cata-
lyzed cross-coupling of amines 2 with 1-halo-1,3-butadienes 1.

The coupling reaction with bromodienes 1a — ¢ pro-
ceeded smoothly under the reaction conditions previ-
ously developed for most of the examples studied (Ta-
ble 2) involving a cyclic aliphatic amine (entries 1, 4,
6), an acyclic aliphatic amine (entry 3), as well as an ar-
omatic amine (entries 2, 5, 7), giving rise to the desired
1-aminodienes 3 with very high yields.

With regard to the stereoselectivity of the process, the
reactions with dienes la—c, (pure E-bromoalkenes) af-
forded the E-enamines again as pure isomers as deduced
by the '"H NMR spectra of the resulting dienes. Interest-
ingly, when the coupling reaction was carried out with
bromodiene 1d,['! which consisted in a 2:1 mixture of
E: Zbromoolefins, we observed double bond isomeriza-
tion to obtain the corresponding (E, E)-aminodiene as a
pure stereiosomer when morpholine 2a was used (en-
try 8),and a 3:1ratio of the (E, E) and (Z, E) isomers, re-
spectively, when the reaction was carried out with N-
methylaniline 2b (entry 9)."¥! Clearly, in both cases the
less stable (Z)-enamines undergo isomerization into
the more stable (E) isomers.

The work-up of the reactions involved dilution of the
reaction mixture with hexanes, filtration through celite
and removal of the solvents under reduced pressure to
afford the desired 1-aminodienes as nearly pure materi-
als as judged by 'H and “C NMR. This is an important
characteristic of this reaction taking into account that
conventional purification methods involving aqueous
work-up or chromatography are not applicable to enam-
ines, as they tend to hydrolyze rapidly.
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Table2. 1-Aminodienes prepared.

Entry Halodiene Amine Aminodiene t [h] Yield [%]®!
o]
YV y N/_\O
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[) See experimental section for reaction conditions.
1 Isolated yields.

[l Pd(OAc),/BINAP was used as catalytic system.
4 Reaction conducted at 90°C.

] See ref.I"

We also examined the participation of the less reactive 90 °C and using 1 mol % of Pd the enamines were isolat-
1-chlorodiene 1e."”! As indicated in Table 2 (entries 10, ed again with quantitative yields and as pure E-isomers.
11), when the coupling reactions were carried out at It is worth noting that the coupling reaction with chlor-
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odienes does not require harsher conditions or longer
reaction times than with bromodienes. Moreover, 1-
chlorodienes are readily available through several
methods, among them various cross-coupling protocols
involving commercially available 1,2-dichloroethy-
lene;®" therefore, the present methodology may repre-
sent a very simple entry into structurally diverse 1-ami-
no-1,3-butadienes.

In conclusion, we have reported a new methodology,
which represents a fairly general method for the syn-
thesis of 1-amino-1,3-butadienes from readily available
substrates, 1-bromo- and 1-chloro-1,3-butadienes. Giv-
en the usefulness of 1-amino-1,3-butadienes in cycload-
dition processes, we believe that the reaction presented
herein may be of great applicability in synthetic organic
chemistry.

Experimental Section

General Remarks

Allreactions were carried out under nitrogen atmosphere in an
RR98030 12 place Carousel Reaction Station™ from Radleys
Discovery Technologies, equipped with gas-tight threaded
caps with a valve, cooling reflux head system, and digital tem-
perature controller. Toluene, pentane and hexanes were con-
tinuously refluxed and freshly distilled from sodium/benzo-
phenone under nitrogen. Pd,(dba); and Pd(OAc), were pur-
chased from Strem Chemical co. and used without further pu-
rification. All phosphane ligands used are commercially avail-
able from Strem or Aldrich and were used without further
purification. NaO-#-Bu was purchased from Aldrich Chemical
Co., stored in a flask purged with nitrogen and weighted in the
air. Bromodienes 1a and 1b were prepared as described in the
Supplementary Information. The synthesis of 1-bromo-3-
methyl-4-phenyl-1,3-butadiene 1¢ and 1-bromo-4-phenylbuta-
diene 1d was adapted from a known procedure!’”! and is de-
tailed in the Supplementary Information. GC analysis were
performed with a GC Agilent Technologies 6890N instrument.
NMR spectra were recorded at 300 or 200 MHz for 'H and 75
or 50.3 MHz for °C, with tetramethylsilane as internal stand-
ard for 'H and the residual solvent signals as standard for >C.
Chemical shifts are given in ppm. Mass spectra were obtained
by EI (70 eV).

General Procedure for the Cross-Coupling of 1-
Halodienes 1a—d with Secondary Amines 2; Synthesis
of 1-Aminodienes 3a—k

A carousel reaction tube under nitrogen atmosphere was
charged with XPHOS (0.01 mmol, 1 mol %), tris(dibenzyli-
deneacetone)dipalladium(0) (0.005 mmol, 1 mol %), sodium
tert-butoxide (1.4 mmol) and toluene (4 mL). After 1 minute,
the halodiene 1 (1 mmol) was added and the reaction mixture
was stirred for 2 additional minutes, when the amine 2
(1 mmol) was added. The system was heated (80 °C for bromo-
dienes or 90 °C for chlorodienes) with stirring until the starting
halide had been completely consumed as judged by GC analy-
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sis. The mixture was allowed to cool to room temperature, tak-
en up in dry pentane or hexanes (15 mL), and filtered through
celite. The solvents were evaporated under reduced pressure.
The residue was redissolved in dry hexanes (15 mL), filtered
again through celite, concentrated under reduced pressure
and dried under high vacuum to afford a residue which consist-
ed of the essentially pure 1-aminodiene 3.
4-[(1E)-2-Cyclohexenylvinylmorpholine (3a): HRMS:
caled. for C,,H,qON: 193.1461; found: 193.1460; 'H NMR
(CDCl;, 300 MHz): 6=1.61-1.68 (m, 4H), 2.09-2.12 (m,
4H), 2.87-2.93 (m, 4H), 3.72-3.77 (m, 4H), 5.26 (d, /0=
142 Hz, 1H), 548 (s, 1H), 6.03 (d, */,,s=142 Hz, 1H);
BCNMR (CDCl,;, 75 MHz): §=23.05 (CH,), 23.14 (CH,),
25.25 (CH,), 26.06 (CH,), 49.49 (CH,), 66.77 (CH,), 106.88
(CH), 122.27 (CH), 134.70 (C), 136.82 (CH).
N-[(1E,3E)-Deca-1,3-dienyl]-N-methylbenzenamine (3k):
HRMS: calcd. for C;;H,sN: 243.1981; found: 223.1980;
'HNMR (CDCl;, 300 MHz): $=0.92-0.94 (m, 3H), 1.32—
1.37 (m, 8H), 2.08-2.13 (m, 2H), 3.19 (s, 3H), 5.44-5.53 (m,
2H), 6.10 (dd, *J;0,=15.0 Hz, *J=10.4 Hz, 1H), 6.82 (d, *J 0 =
13.5 Hz, 1H), 6.92-7.03 (m, 3H, arom. H), 7.28—-7.31 (m, 2H,
arom. H); *C NMR (CDCl,, 75 MHz): §=14.06 (CHj;), 22.60
(CH,), 28.86 (CH,), 29.89 (CH,), 31.75 (CH,), 32.87 (CH,),
35.03 (CHj3), 104.95 (CH), 117.04 (CH), 120.62 (CH), 126.62
(CH), 129.06 (CH), 129.12 (CH), 134.84 (CH), 147.34 (C).

Acknowledgements

Financial support of this work by the DGI (Grant BQU-2001-
3853) and the FICYT (Grant PR-01-GE-09).

References and Notes

[1] @) The Chemistry of Enamines, (Ed.: Z. Rappaport), Wi-
ley, New York, 1994; b) Enamines: Synthesis, Structure
and Reactions, 2nd edn., (Ed.: A. G. Cook), Marcel Dek-
ker, New York, 1998.

[2] For reviews on Diels—Alder reactions of amino-substitut-
ed dienes, see: a) D. Enders, O. Meyer, Liebigs Ann.
1996, 1023-1035; b)J. Barluenga, A. Suarez-Sobrino,
L-A. Lopez, Aldrichimica Acta 1999, 32, 4-15.

[3] L. E. Overman, G. F. Taylor, K. N. Houk, L. N. Domel-
smith, J. Am. Chem. Soc. 1978, 100, 3182.

[4] @) S. A. Kozmin, V. H. Rawal, J. Am. Chem. Soc. 1997,
119, 7165-7166; b) R. Robiette, K. Cheboub-Benchaba,
D. Peeters, J. Marchand-Brynaert, J. Org. Chem. 2003,
68, 9809-9812 and references cited therein.

[5] P. Wipf, X. Wang, Tetrahedron Lett. 2000, 41, 8747 -8751.

[6] a) L. E. Overman, P.J. Jessup, J. Am. Chem. Soc. 1978,
100, 5179; b) S. A. Kozmin, T. Iwama, Y. Huang, V. H.
Rawal, J. Am. Chem. Soc. 2002, 124, 4628 —-4641.

[7] For reviews on the synthesis and reactivity dienamines,
see: a) P. W. Hickmott, Tetrahedron 1984, 40, 2989—
3051; b) O. Cervinka, in: The Chemistry of Enamines.
Part 1, (Ed.: Z. Rappoport), Wiley, New York, 1994,
chap. 9, p. 467.

[8] S. Hiinig, H. Kahanek, 1957, Chem. Ber. 90, 238.

asc.wiley-vch.de Ady. Synth. Catal. 2004, 346, 1697-1701



Pd-Catalyzed Amination of 1-Bromo- and 1-Chloro-1,3-butadienes

COMMUNICATIONS

[9] a) A. R. Katritzky, Q-H. Long, P. Lue, Tetrahedron Lett.
1991, 32, 3597-3600; b) G. Erker, M. Riedel, S. Koch, T.
Jodicke, E-U. Wiirthwein, J. Org. Chem. 1995, 60, 5284 —
5290; c) S. A. Kozmin, J. M. Janey, V. H. Rawal, J. Org.
Chem. 1999, 64, 3039-3052; d) H. McAlonan, J. P. Mur-
phy, M. Nieuwenhuyzen, K. Reynolds, P. K. S. Sarma,
P.J. Stevenson, N. Thompson, J. Chem. Soc. Perkin
Trans. 1 2002, 69-79.

[10] a) J. Barluenga, F. Aznar, M. A. Fernandez, C. Valdés
Chem. Commun. 2002, 2362-2363; b) J. Barluenga,
M. A. Fernandez, F. Aznar, C. Valdés Chem. Eur. JI.,
2004, 10, 494-507 ; c) A.Y. Lebedev, V. V. Izmer, D. N.
Kazyul’kin, 1. Beletskaya, A. Z, Voskoboynikov, Org.
Lett. 2002, 4, 623-626; d) M. C. Willis, G. N. Brace, Tetra-
hedron Lett. 2002, 43, 9085-9088.

[11] For reviews on the palladium-catalyzed aryl amination,
see: a) J. P. Wolfe, S. Wagaw, J. F. Marcoux, S. L. Buch-
wald, Acc. Chem. Res. 1998, 31, 805-818; b) J. F. Hart-
wig, Acc. Chem. Res. 1998, 31, 852—-860; c) J. F. Hartwig,
in: Modern Amination Methods. (Ed.: A. Ricci), Wiley-
VCH, Weinheim, 2000; d) A. R Muci, S. L. Buchwald,
Topics in Current Chemistry, 2002, 219, 133-209.

[12] For copper-catalyzed amidations of alkenyl bromides
and iodides, see: a)L. Jiang, G.E. Job, A. Klapars,
S.L. Buchwald, Org. Lett. 2003, 5, 3667-3669; b) C.

Han, R. Shen, S. Su, J. A. Porco, Jr., Org. Lett. 2004, 6,
27-30; ¢) R. S. Coleman, P-H. Liu, Org. Lett. 2004, 6,
577-580.

[13]J. Barluenga, M. A. Fernandez, F. Aznar, C. Valdés,
Chem. Commun. 2004, 1400-1401.

[14] The synthesis of 1a has been previously described: M.
Oshi, K. Shirakawa, Chem. Commun. 2002, 2146-2147,
however, we have found that it can be conveniently syn-
thesized by a hydrozirconation-bromination sequence
(see Supplementary Information for experimental de-
tails).

[15] D. W. Old, J. P. Wolfe, S. L. Buchwald, J. Am. Chem. Soc.
1998, 120, 9722-9723.

[16] X. Huang, K. W. Anderson, D. Zim, L. Jiang, A. Klapars,
S. L. Buchwald, J. Am. Chem. Soc. 2003, 125, 6653.

[17] S. Abbas, C. J. Hayes, S. Worden, Tetrahedron Lett. 2000,
41, 3215-3219.

[18] The enamine 3i undergoes complete isomerization into
the (E,E) isomer upon heating neat at 60°C for 1 h.
[19] M. Qian, Z. Huang, and E. Negishi, Org. Lett. 2004, 6,

1531-1534.

[20] a) V. Ratovelomanana, G. Linstrumelle, Tetrahedron
Lett. 1984, 25, 6001-6004; b) X. Chen, J. G. Millar, Syn-
thesis 2000, 113-118.

Adv. Synth. Catal. 2004, 346, 16971701 asc.wiley-vch.de

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 1701



