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ABSTRACT

R R

L L cat. Pd(0)
+ R—==—R + PhB(OH), ————— =/ Pn

Highly substituted 1,3-dienes and trienes have been prepared in good to excellent yields by the palladium-catalyzed coupling of vinylic halides,
internal alkynes, and organoboranes.

1,3-Dienes are valuable products or intermediates in organicby the palladium-catalyzed cross-coupling of aryl halides,
chemistry* While there are numerous methods presently internal alkynes, and arylboronic acids (ecf1).
available to prepare di- or trisubstituted carb@arbon

double bonds in 1,3-dienes, regio- and stereospecific methods R R2
to prepare more highly substituted dienes, especially those ar + Ri—==_p2 + ArB(OH), — -t o) R
bearing tetrasubstituted double bonds, are quite linfited. ArAr

The propensity of unsaturated compounds, such as alkenes,
allenes, and alkynes, to undergo insertion into carbuetal The ability to achieve such sequential ternary cross-
bonds makes these substrates some of the most useful foeoupling is highly attractive, since it allows the rapid,
transition-metal-catalyzed organic transformatiér@rga- efficient, and selective construction of two carbararbon

noboronic acids and borates are widely used in the palladium-ponds in a single reaction. Grigg and co-workers have
catalyzed Suzuki cross-coupling with organic halides, pro- synthesized substituted 1,3-dienes througtirtramolecular
viding a very efficient route for carbercarbon bond  reaction of an aromatic halide with an internal alkyne,
formation? In previous work, we reported a highly efficient,  followed by cross-coupling with an external vinylic cat-
stereo- and regioselective synthesis of tetrasubstituted olefinsecholborané.We wish to report that the one-pattermo-
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lecular palladium-catalyzed coupling of vinylic iodides, for the success of reactions involving dialkyl and alkyl aryl
internal alkynes, and boron organometallics offers an ef- alkynes. Changing the base from KF to KOAc;GOs;,
ficient, direct route to a number of highly substituted 1,3- K3PQ,, or organic amine bases failed to improve the yields
dienes (eq 2). of the desired products.
The optimized conditions B were subsequently examined
R1 R2 in reactions of vinylic halid®, diphenylacetylene and various
SN - cat. Pd(0) 7T\ __ arylboronic acids. 4-Methoxyphenylboronic acid afforded a
¢ >_/+ R'-=—R? +R3B(OH), ——— ¢ >—):<F(3 2) ) _ - _
.- .- 93% vyield of the desired diene, compared to the 56% yield
obtained from 3-nitrophenylboronic acid (compare entries 5
Our initial studies of this process focused on developing @nd 6). Thus, electron-rich arylboronic acids give better
an optimum set of reaction conditions for this three- results in this process. We assume that this is due to more
component reaction. The key to the success of the reaction@Pid transmetalation of the dienylpalladium intermediate
lies in the choice of solvent and base, so as to avoid directWith the more electron-rich arylboronic acid, which sup-
cross-coupling between the vinylic halide and the organobo- Présses side reactions, such as further alkyne insertion (see
ron compound or multiple alkyne insertion processes. The the latter mechanistic discussion). The relatively hindered
effect of various reaction parameters (base, phosphine,0-tolylboronic acid also gives the corresponding product in
chloride source, stoichiometry, solvent, concentration, and & high yield, 82% (entry 7). Thus, steric effects in the reaction
temperature) on the yield of 1,3-dienes was studied. WhenWith the arylboronic acid appear to be minimal.
tetraarylborates are employed as the organometallics, the As shown in entries 8 and 9, the reaction conditions are
optimal reaction conditions thus far achieved (conditions A very effective in the reaction of a dialkyl alkyne and a diester-
in Table 1) utilize 2 equiv of the vinylic halide, 1 equiv of Substituted diarylacetylene with vinylic halid&sand 11
the internal alkyne, 2 equiv of borate, 5 mol % of Pd(OAc)  respectively. Interestingly, the reactions of the more sterically
and 1 equiv of LiCl in DMF at 100C in the presence of  hindered vinylic halidel4 afford the corresponding 1,3-
air. The presence of phosphine ligands inhibits the catalytic dienes in good yields when employing either diaryl (entry
reaction. Lower reaction temperatures extend the reaction11) or dialkyl alkynes (entry 12). However, the cross-

time without improving the yield of the reaction. coupling reactions of these halides with terminal alkynes do
The three-component assembly using various internal Not appear to give clean products.
alkynes, tetraarylborates and vinylic halilander conditions Unfortunately, the reaction of 3-iodo-5,5-dimethylcyclo-

A affords the desired 1,3-dienes in good yields (entrie8,1 hex-2-enone (17) and diphenylacetylene affords mostly
Table 1). For example, the reaction of diphenylacetylene andproduct in which the vinylic halide and arylboronic acid
sodium tetraphenylborate affords the desired pro@unta undergo direct cross-coupling without insertion of the alkyne
71% vyield. The more electron rich tetrathiophenylborate (entry 13). None of the desired 1,3-diene was observed.
affords producB in an 80% yield. It is noteworthy that for ~ Obviously, an electron-withdrawing group on {Bgosition

the unsymmetrical alkyne 1-(4-nitrophenyl)-1-hexyne, one of the vinylic halide facilitates direct nucleophilic transmeta-
major stereo- and regioisomer was isolated in a 62% vyield lation of the boronic acid with the organopalladium(ll)
(entry 3). In the absence of the nitro group, we get a 1.5:1 intermediateA, rather than alkyne insertion, resulting in
ratio of regioisomeric dienes in a 44% yield. The regiose- monoene produc®. On the other hand, the allylic alcohol-
lectivity is governed by both steric and electronic factors containing vinylic halidel9 reacts with diphenylacetylene
with the larger and more electron-poor substituent on the under our standard reaction conditions to give the desired
triple bond ending up at the 1-position of the 1,3-diene. This diene20in a 41% yield, which should be easily converted
regioselectivity is consistent with the regioselectivity ob- to the corresponding ketone. While vinylic bromides appear
served in other palladium-catalyzed insertions involving to react under our usual reaction conditions, these reactions
internal alkynes. are very slow.

We have also investigated reactions with boronic acids, The nature of the boronic acid was expanded to alkenyl
since functionalized boronic acids are more readily available variants. Thus, vinylic iodidd1 was allowed to react with
than organoborates. However, when the optimum conditions 2-putyne-1,4-diol and styrylboronic acid to afford a 57%
used for tetraarylborates (conditions A) were employed in yield of triene13 (entry 10). This protocol thus allows for
the cross-coupling of vinylic halidg, diphenylacetylene, and  the synthesis of multi-substituted trienes in one pot. Alter-
phenylboronic acid, the desired diene was obtained in only natively, the sequential reaction of an aryl halide, an internal
a trace amount. “Optimal” conditions B have been developed alkyne, and a vinylic boronic acid also affords a multi-sub-
employing 1 equiv of a vinylic halide, 2 equiv of internal  stituted 1,3-diene as illustrated by the reaction of iodobenzene
alkyne, 2 equiv of arylboronic acid, 5 mol % of PdCP (21), diphenylacetylene and styrylboronic acid (entry 15),
equiv of KF, and 5:1 DMFH,O as the solvent at 100C although decent yields in this case have only been obtained
in the presence of air. This procedure affords an 87% yield by employing different reaction conditions (Table 1).

of 6 (entry 4). The use of DMFH,O as the solvent is crucial We propose the following mechanism, which involves the

(8 (@) Larock, R. C.. Yam. E. KJ. Am. Chem. Sod991,113, 6689 following key steps for this three-component coupling
a) Larock, R. C.; Yum, E. . AM. em. SO , y . H . H

(b) Larock, R. C.; Doty M. J.: Cacchi, S. Org. Chem1993,58, 4579, reaction (Scheme 1): (1) reduction of Pd(ll) to the actual

(c) Kadnikov, D. V.; Larock, R. COrg. Lett.2000,2, 3643. catalyst Pd(0), (2) oxidative addition of the vinylic iodide
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Table 1. Palladium-Catalyzed Three-Component Coupling of Vinylic Halides, Internal Alkynes, and OrganoBoranes

entry vinylic halide alkyne organoborane  cond., product Y%
time (h) yield®
I
1 ; /—J 1 Ph—==—Ph NaBPhy A, 12 (_)=< 2 71°
2 </s\ Bk A, 12 % 3 80
n-Bu CeH4NOop
3 n-Bu—=-C¢H,NO,p NaBPh; A 12 '/_>=< 4 62
|
4 <:>=/ 5 Ph—=—Ph PhB(OH)2 B, 2 <:>_)=< 6 87
5 P-MeOCHaB(OH)2 B, 2 <___>—>=<csn4om- 7 93
6 m-O,NCH,B(CH), B, 2 <:>_>=< eHeNOzm 8 56
7 o0-MeCgHaB(OH)2 B, 2 <:>_>=< CeHiMe-o 9 82
-Pr
8 n-Pr—==—n-Pr PhB(OH)2 B, 2 <:>_>=< 10 85
| R—==-R
9 F,h_<:>‘=/ 11  R=CeH,CO-Etp B, 2 12 68
HOH,G
HOH,C—==—CH,OH B(OH)2 2
10 ’ : ~ BY, 2 "_<:>=>=<7 13 57
Ph
Ph
11 Ph—Q—I 14 Ph—=——Ph B, 2 "_Q—{' 15 78
12 n-Pr n-Pr B,2 H'_Q_-%— n-pr 16 63
13 78)\ 17 Ph—==—Ph PhB(OH)2 B, 2 7@\ 18 90
j
oH
14 @\ 19 B, 2 20 41
!
(OH)2
15 Phl 21 c.4 (_)=< 2 58

a All reactions were carried out under the optimal conditions reported in thePtisdlated yield.° Yield determined by GCY 6 equiv of KF was employed.
€ Conditions C: 5 mol % of Pd@IPhCN}, 1 equiv of aryl halide, 2 equiv of alkyne, 2 equiv of vinyl boronic acid, 1 equin-&wNCl, 50 equiv of HO,
and 8 mL of DMF as the solvent at 10C in the presence of air for the indicated time.

to Pd(0) to produce a vinylic palladium intermedite(3)
vinylpalladium coordination to the alkyne and subsequent (4) transmetalation with an “ate” compl&x? of the orga-
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cisinsertion to form a new vinylpalladium intermedid®e®
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Scheme 1
Pd(1)
R R Pd(O)
(:’ >=Hh
R'' R?
c< >=>:<Pdph
Nal, BPhg

noborane to form intermediat, and (5) reductive elimina-

tion of the product with regeneration of the Pd(0) catalyst.

organometallics has been successfully achieved. A wide
range of vinylic halides, organoboron compounds, and inter-
nal alkynes with various functional groups may be used in
this process. This generality, combined with the good regio-
and stereoselectivity, make this one-pot, two carbcarbon
bond forming process an attractive synthetic route to 1,3-
dienes and trienes bearing a tetrasubstituted carbarbon
double bond.
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All steps are well precedented in organopalladium chemis- OL0348349

try.1* While the majority of the reactions reported here are
quite clean, in reactions affording much lower yields of

(9) Thecis-alkyne insertion has been proven by the structures of products

dienes, side products consistent with this mechanism arewhich were determined by NOESY NMR experiments.

(10) Wright, S. W.; Hageman, D. L.; McClure, L. 3. Org. Chem.

observed (particularly products from direct Suzuki cross- 199459 6095.

coupling of the vinylic halides and organoboranes).

In conclusion, the palladium-catalyzed three-component

(11) (a) Tsuji, J.Palladium Reagents and Catalysts: In@ations in
Organic Synthesis; John Wiley & Sons: Chichester, 1995. (b) Negishi, E.
Handbook of Organopalladium Chemistry for Organic Synthedahn

coupling of vinylic halides, internal alkynes and boron wiley & Sons: New York, 2002; Vols. 1 and 2.
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