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Catalytic Three-Component Synthesis
of Conjugated Dienes from Alkynes
via Pd®, Pd", and Pd"Y Intermediates
Containing 1,2-Diimine**

Ruud van Belzen, Helmut Hoffmann, and
Cornelis J. Elsevier*

The direct synthesis of conjugated dienes from alkynes is
highly desirable for forming valuable synthetic intermediates.!!)
A number of methods are available for the stereoselective prepa-
ration of dienes from acetylenes,!?! but these either rely on the
use of a stoichiometric amount of a reactive organometallic
species (precluding the presence of sensitive substituents),!! re-
quire more than one reaction step,!*! or start from pure stereo-
isomers of alkeny! compounds in cross-coupling reactions.’® A
high-yield, selective catalytic procedure for preparing conjugat-
ed “open-chain” dienes directly from acetylenes has not been
described.t®)

As part of our continuing studies on carbon-carbon and
carbon-heteroatom cross-coupling reactions!”’ mediated by
palladium compounds with ancillary, rigid, bidentate nitrogen
ligands (Scheme 1), instead of the usual phosphanes, we re-
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port a new catalytic three-component synthesis of conjugated
dienes by coupling of alkynes with an organic halide and te-
tramethyltin. Mechanistic details have been elucidated that re-
veal that stereospecific oxidative addition and reductive elimi-
nation at carbopalladacyclic compounds occurs, and that
intermediate Pd®, Pd", and Pd'V species are involved in the cat-
alytic cycle.

Palladacycles 1'®) react with one equivalent of an organic
halide (for example benzyl bromide, methyl iodide, or iodoben-
zene) in dichloromethane at 20°C to give dienyl(NN-x2-
N,N)palladium(n) halides 21! (Scheme 2; NN = bis (aryl-
imino)acenaphthene (Ar-bian), bis(phenylimino)phenanthrene
(Ph-bip) ' or 2,2"-bipyridine (bpy)). Compounds 2 are formed
by a sequence of oxidative addition and reductive elimination
at palladium via triorgano(NN-x2N,N)palladium(rv) halides
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Scheme 2. Stoichiometric reaction of palladacyclopentadienes 1 with organic
halides and Me,Sn. [a] With addition of Br, (instead of Me,Sn) to 2b in CH,Cl,
directly after its formation.

A1 Reaction of 2a—c with tetramethyltin in DMF at 60—
85°C leads to the selective formation of 2,5-difunctionalized
2,4-hexadienoates 3a—c. Sequential addition of methyl iodide
and one equivalent of Br, to 1 in dichloromethane results in the
2-bromo-5-methyl derivative 3x.

Since formation of palladacycles 1 from [Pd(dba),] (dba =
dibenzylideneacetone) and electron-poor alkynes is much faster
than oxidative addition of benzyl bromide to zero-valent Pd
species, and insertion of a third molecule of acetylene in 1 is
slower than reaction of the organic halide with 1 to give 2, we
anticipated that a catalytic procedure for the synthesis of dienes
3 (Scheme 3), consisting of the single steps shown above, was
feasible. Indeed, employing 1 as the precatalyst (or [Pd(dba),]
and an equimolar amount of Ar-bian or Ph-bip) with
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Scheme 3. Proposed cycle for the three-component synthesis of conjugated dienes
from alkynes, RX, and Me,Sn catalyzed by palladium/N ligand. E = CO,CH;;
RX = C4H,CH,Br, CH,I, C,H,IL
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100 equivalents of dimethyl butynedioate, 50 equivalents of te-
tramethyltin; and 50-200 equivalents of benzyl bromide,
methyl 1odide; or iodobenzene in DMF at 65 °C resulted after
8—16 hin the complete conversion of the alkyne into conjugated
dienes 3a—c. DMF was selected as the solvent to obtain conve-
nient rates, as reactions in acetonitrile and THF are sluggish,
probably because transmetalation is the rate-determining step.
The best results were obtained when employing [Pd(Ar-bian)]
compounds as the catalyst (71 -85% yields of isolated 3a—c).
1-Dimethylamino-1,2-di(methoxycarbonyl)ethene formed as a
secondary product in approximately 10% yield due to base- or
palladium-catalyzed decarbonylative addition of DMF to coor-
dinated dimethyl butynedioate.[*2! This, in conjunction with the
fact that the latter reaction does not occur in the absence of
palladium species, points to the occurrence of zero-valent palla-
dium species in the catalytic cycle. In the case of 3¢ small
amounts of the cyclotrimerization product hexamethylmellitate
(4%) and 1-phenyl-1,2-di(methoxycarbonyl)-1-propene (7 %)!!3!
formed as well. Importantly, no direct cross-coupling between
the organic halide and tetramethyltin took place. We ob-
tained palladacycles 1 containing mono- and bidentate nitrogen
ligands for dimethyl butynedioate (E = CO,Me) and hexa-
fluoro-2-butyne (E = CF;), but stoichiometric or catalytic reac-
tions of methylpropynoate, phenylacetylene, and 1-octyne were
unsuccessful so far.

Reactions of 1 with two equivalents of Br, in dichloro-
methane at 20°C afforded (2FE,4E)-2,5-dibromo-2,4-hexa-
dienoates Sy and [PdBr,(NN-x2N,N)] (Scheme 4). Intermediate
B, a diorganopalladium(1v) dihalide,**! formed instantaneously
and quantitatively at 200 K in CD,Cl,, as demonstrated by
insitu 'HNMR spectroscopy for NN = bis(2,6-diisopropyl-
phenyl)bian or Ph-bip; the signals for the methoxycarbonyl
groups adjacent to palladium in B are shifted to higher frequen-
cy by about 0.8 ppm.1**! The C,, symmetry of B was apparent
from the pair-wise equivalence of protons on the backbone of
the NN ligand, the palladacyclopentadiene moiety, and the two
(perpendicular) N-aryl groups, and from the fact that only two
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Scheme 4. Stoichiometric reactions of palladacycles 1 with molecular halogen to
give 1,4-dihalo-1,3-dienes via diorganopalladium(1v) dihalides B and organopalla-
dium(1v) trihalides C.
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doublets were observed for the four CH(CH,), groups of
the bis(N-2.6-diisopropylphenyl)bian derivative.[*®! Reductive
elimination from B to give 4, which could be isolated,I!”? was
completed in 10-15 min at 200 K.

Reaction of 4 with Br, gave Sy and [PdBr,(NN-x?N,N)], and
that of 4 with Phl-CI2 led to the chemoselective formation of
2-bromo-5-chloro-2,4-hexadienoates Sx. The S3-chloro-2,4-
hexadienylpalladium(ii) chloride analogue of 4 also reacted with
Br, to give exclusively Sx. These results, taken together with the
fact that no elimination of dibromodienes was observed from
the reaction of 4 with ICl and, moreover, that such reactions
could not be effected with palladium-phosphane analogues of
4, strongly indicate the occurrence of intermediate organopalla-
dium(1v) trihalide species C, from which stereospecific reductive
elimination of one of the apical halogens and the dienyl moiety
takes place.

Interestingly, three oxidation states of palladium are involved
in the catalytic cycle. This merits further attention, especially in
view of the current interest in catalytic reactions (presumably)
involving palladium in high oxidation states.!!! 14>-< 181 Phog.
phane ligands are not compatible; they either react with the
alkyne, or the palladium—phosphane species involved exhibit
no catalytic activity whatsoever under the conditions described.

To our knowledge the procedure described here represents the
first straightforward, regioselective, three-component protocol
for the synthesis of conjugated dienes involving alkynes, which
are themselves sensitive to nucleophilic attack. Dienes 3 and 5
obtained by this procedure may serve as building blocks, for
instance in conjugate-addition, Diels—Alder, and (for 3x and §)
catalytic C—C coupling reactions, for example with vinyltin and
boron reagents to obtain conjugated trienes and tetraenes. The
drawback of the limited scope of the reaction (as far as the
alkyne is concerned) may partly be overcome by modification of
the substituents, including dealkoxycarbonylation.

The results obtained thus far prompt us to undertake a more
detailed investigation regarding the generality and the mecha-
nism of this convenient protocol for the catalytic synthesis of
conjugated dienes from readily available starting materials.

Experimental Section

Typical procedure for the catalytic synthesis of 3: A solution of [Pd(p-tol-
bian){C(CO,Me)=C(CO,Me)C(CO,Me)=C(CO,Me)}] (15mg, 0.02 mmol), di-
methyl butynedioate (245 pL, 2.0 mmol), Me,Sn (180 mg, 1.0 mmol), and methyl
iodide (0.6 mL, 10 mmol) in DMF (10 mL) was stirred under a nitrogen atmosphere
in a closed Schlenk tube for 16 h at 65 °C. In the case of benzyl bromide or iodoben-
zene 1.0 mmol of the organic halide was added, and the reaction temperature kept
at 85°C. The crude reaction mixture was dissolved in dichloromethane (100 mL),
washed with water (3 x 150 mL), and dried. After removal of the solvent under
vacuum, a sticky solid remained, from which the organic product was extracted with
diethyl ether. After chromatographic purification on silica gel (hexanes/diethyl
ether 9/1) 3a was isolated in 71 %, 3b in 85%, and 3¢ in 76% yield.

Received: February 12, 1997 [Z101041E]

German version: Angew. Chem. 1997, 109, 18331835

Keywords: C—C coupling - dienes -
- N ligands - palladium

multicomponent reactions

[11 J. M. Klunder, G. H. Posner in Comprehensive Organic Synthesis, Vol. 3 (Eds.:
B. M. Trost, I. Fleming), Pergamon, Oxford, 1991, p. 217.

[2] a) E. Negishi in Comprehensive Organic Synthesis, Vol. 5 (Eds.: B. M. Trost, .
Fleming), Pergamon, Oxford, 1991, p. 1163; b) P. F. Hudrlik, A. M. Hudrlik
in The Chemistry of the Carbon-Carbon Triple Bond (Ed.: S. Patai), Wiley, New
York, 1978, pp. 199-273.

[3] P. Knochel in Comprehensive Organic Synthesis, Vol. 4 (Eds.: B. M. Trost, 1.
Fleming), Pergamon, Oxford, 1991, p. 86S.

{4] B. M. Trost, C. Li. Synthesis 1994, 1267.

[5] a) E. Negishi, Acc. Chem. Res. 1982, 15,340 b) 1. K. Stille, B. L. Groh, J Am.
Chem. Soc. 1987, 109, 813, ¢) E. Negishi, T. Takahashi, S. Baba, D. E.
van Horn, N. Okukado, ihid 1987, 109, 2393; d) B. Jiang, Y. Xu, Tetrahedron
Lett 1992, 33, 511,

Angew. Chem. Int. Ed. Engl. 1997, 36, No. 16



COMMUNICATIONS

[6] Titanium and zirconium-catalyzed cyclization of diynes to exocyclic conjugat-
ed dienes: a) W. A. Nugent, J. C. Calabrese, J. Am. Chem. Soc. 1984, 106, 6422
b) E. Negishi, S.J Holm. J. M. Tour, J A. Miller, F. E. Cederbaum, D. R.
Swanson. T. Takahashi, ibid. 1989, 111, 3336.

[71 a) R. van Asselt, C.J.  Elsevier, Organometallics 1992, 11, 1999;
b) Tetrahedron 1994, 50, 323.

(8] a) K.Moseley. P. M. Maitlis. J. Chem. Soc. Chem. Commun. 1971, 1604; b) T.

Ito, Y. Takahashi. Y. Ishii, ibid. 1972, 629; ¢) H. tom Dieck, C. Munz, C.

Miiller. J. Organomet. Chem. 1990, 384, 243; d) R. van Asselt, C. J. Elsevier,

W. J. J. Smeets, A. L. Spek, Inorg. Chem. 1994, 33, 1521.

Satisfactory spectral and analytical data were obtained for 2; the configura-

tions around double bonds of the dienyl moiety were corroborated by an X-ray

crystal structure determination (unpublished results).

[10] a) R. van Asselt. C.J. Elsevier, W. J. J. Smeets, A. L. Spek, R. Benedix, Recl.
Trav. Chim. Puvs-Bus 1994, 113, 88; b) R. van Belzen, R. A. Klein, W.J. J.
Smeets, A. L. Spek. R. Benedix, C. J. Elsevier, ibid. 1996, 115, 275.

[11] a) A.J Canty. Adcc. Chen. Res. 1992, 25, 83; b) P. K. Beyers, A. J. Canty,
B. W. Skelton, A. H. White, J. Chem. Soc. Chem. Commun. 1986, 1722; ¢) M.
Catellani, G. P. Chiusoli, J. Organomet. Chem. 1988, 346, C27;d) W.de Graaf,
J. Boersma, D. Grove, A. L. Spek, G. van Koten, Recl. Trav. Chim. Pays-Bas
1988, 707. 299.

[12] [PAYNN)Me0,CC=CCO,Me)] was observed by 'H and '*C NMR spec-
troscopy (about 20 % steady state) in reactions of [Pd(dba),] with Ph-bip and
dimethyl butynedioate to give 1. Inadvertant (partly) dissociated NN ligands
may catalytically decompose DMF.

{13] Probably formed by transmetalation of the adduct resulting from phenylpalla-
dation of [Pd°(NNYMeO,CC=CCO,Me)].

[14] a) R.Usébn, J. Forniés, R. Navarro, J. Organomet. Chem. 1975, 96, 307, b) R.
van Asselt. E. Rijnberg, C.J. Elsevier, Organometallics 1994, 13, 706; ¢) R.
van Asselt. C. J. Elsevier, ibid. 1994, 13, 1972.

{15] "H NMR data for PAC(CO,CH;) and PAC=C(CO,CH;) groups in CDCl;: B
(223 K): ¢ = 3.61 and 3.57 (iPr,-bian derivative), 3.72 and 3.58 (Ph-bip deriva-
tive): 1: {223 K): & = 2.66 and 3.46 (;Pr,-bian derivative), 2.93 and 3.65 ppm
{Ph-bip derivative).

[16] "HNMR data for the (CH,),CH groups of the 2,6-iPr,-bian derivative in
CDCl;: B (200 K): d =1.26 (d) and 0.52 (d); 1: (200 K): § =1.32 and 0.54; 4:
(223 K): 0 =1.39(d), 1.27 (d). 1.09 (d) and 0.60 (d; no C, plane perpendicular
to the PA(X)CN, plane for 4).

[17] Satisfactory spectral and analytical data were obtained for 4; an X-ray crystal
structure analysis of the iodo analogue of 4 (NN = bpy) was carried out (un-
published results)

{18} a) D. Milstein. §. K. Stille. J. Am. Chem. Soc. 1979, 101, 4981; b} B. M. Trost,
A.S. K. Hashmi. Angew. Chem. 1993, 105, 1130; Angew. Chem. Int. Ed. Engl.
1993, 32, 1085; ¢} G. Dyker, ibid. 1994, 106, 117 and 1994, 33, 103; d) M.
Beller, H. Fischer. W. A. Herrmann, K. Ofele, C. Brossmer, ibid. 1995, 107,
1992 and 1995, 34, 1848.¢) M. Catellani, L. Ferioli, Synthesis 1996, 769, f) M.
Catellani, F. Frignani, A. Rangoni, Angew. Chem. 1997, 109, 142; Angew.
Chem. Int. Ed. Engl. 1997, 36, 119.

=

Conformation Design of a
Fully Flexible gII-Hairpin Analogue**
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Isosteric, non-hydrolyzable analogues of secondary-structure
elements of peptides are of high current interest in medicinal
chemistry and serve as peptidomimetics. Such structural units
yield important information on complex structure—activity re-
lationships and are neccessary for a rational design of low
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molecular weight, non-peptide pharmaceutical agents.!'! More-
over, such analogues of peptide structures may be important for
inducing a-helix or f-turn structures in adjacent peptide se-
quences.”?! Far less is known about the prerequisites for the
induction of B-sheet structures, in which tertiary interactions
play a decisive role. Gellman et al. pointed out that good model
systems for studying the formation of f-hairpin structures are
lacking.[¥!

We are interested in a rational conformation design of open-
chain hydrocarbon backbones that possess a strong conforma-
tional bias and yet maintain full flexibility.*] We therefore tried
to apply the principles of nature’s conformation design, demon-
strated in polyketide natural products, to designing new molec-
ular backbones. We demonstrate here the value of such an ap-
proach with the design of a fully flexible f-hairpin analogue.

A B hairpin is the simplest form of an antiparallel §-sheet
conformation, and is defined by a -turn region flanked by two
antiparallel peptide strands that are hydrogen bonded through
the corresponding backbone CO and NH groups. Different
structural types of f turns are characterized by the ¢ and ¢
dihedral angles of the peptide backbone.’! Figure 1 shows
the structure of a BII-type hairpin with ¢, = —60 , ¥, =120°,
¢, =90°, and Y, = 0°. The requirements that a mimic must
meet are 1) a reversal in the peptide-chain direction and 2) the
promotion of intramolecular hydrogen-bond formation.”! In
addition, our approach allows preservation of conformational
flexibilty similar to that of the natural prototype.

Our design is based on 2,4-dimethylpentane units such as the
ones nature uses in its conformation design of polyketide natu-
ral products.' 2 4-Dimethyipentane (1) is biconformational,
and equally populates, to greater than 90%, two enantio-
morphous and, hence, isoenergetic low-energy conformations
la and 1b.

CHs X
A —— H 1 X=Y=CH,
_
Y H H5C
1 { 2 X =CH=CH,, Y = CH,OH
H CHj
CHy 4 H b

The position of the conformer equilibrium could be biased to
one side by varying the substituents X and Y. In 2a X suffers an
additional gauche interaction, which Y does not have, and is
therefore in the sterically more encumbered position. When X in
2 is a less sterically demanding vinyl group and Y a hydroxy-
methyl group, conformation 2a should be preferentially popu-
lated. In fact, an equilibrium ratio a:b of about 3.5:1 was found
for 2 in CDCl, solution. Therefore, 2 represents a backbone
segment with a conformational preference. It can be combined
with itself or other building blocks to yield larger molecular
frameworks. The combination of two segments of 2 results in
structure 3, which should have a U-shaped molecular backbone
that is similar to S-turn und B-hairpin moieties of peptides.

= = NHAc = H fo]
Y\/\/W N :
T Y Y Y Y NMe,
3 Y=CHOH 4 Y=CHj 5
NHAC o]
NN NHR k/\/\/\/\/”\
NMe,
RCON O 6
N 7
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