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In recent years, dendralenes 1 have received increasing at-
tention as building blocks for multiple Diels–Alder cycload-
ditions and rapid generation of molecular complexity.[1]

These acyclic cross-conjugated polyenes are particularly
well-suited to diversity-oriented synthesis (DOS), a promis-
ing strategy for lead generation in chemical genetics and
drug discovery.[2] They have found numerous applications
for rapid access to polycyclic frameworks,[3] and have also
been engaged in targeted syntheses of natural products, such
as vinigrol[4] or triptolide.[5] Since the early report of Blom-
quist and Verdol,[6] several routes have been developed to
synthesize [n]dendralenes. Surprisingly, only few examples
related to their heteroatom analogues are hitherto reported.
Tsuge et al., Motoki et al. and Saito et al. independently de-
scribed diene-transmissive hetero-Diels–Alder reactions of
compounds 2, in which the heteroatom occupies the central
position of the triene skeleton.[7–9] More recently, cross-con-
jugated dioxatrienes 3 with two heteroatoms were synthe-
sized and were engaged in sequential reactions to provide
pyran-fused aza- and thia-heterocycles.[10,11]

In parallel, Pi and Bodwell described normal and inverse
electron demand Diels–Alder reactions of dienes 4,[12] while,
more recently, Spino and Perreault have intensively investi-
gated a very elegant intramolecular strategy to construct the
quassinoid framework through tandem cycloadditions in-
volving cyclic compounds 5 (Figure 1).[13]

On the basis of these precedents, we initiated a research
program with the aim of exploring the synthesis and reactiv-
ity of acyclic 2-vinyl a,b-unsaturated aldehydes, 6 and 7
(R1 =SiMe3 or Bpin), which we named [3]-1-heterodendra-
lenes by analogy with the corresponding carbotrienes. These
compounds were designed as potential useful starting build-
ing blocks for rapid access to a rich structural diversity with
control of multiple stereocenters. Indeed, sequential Diels–
Alder/hetero-Diels–Alder reactions (or vice versa) can be
carried out chemoselectively, and the structures of the final
polycyclic products are determined by the intrinsic reactivity
of each 1,3-dienyl system or by the order of introduction of
the reagents. Furthermore, the first cycloaddition step or the
combination of two Diels–Alder reactions generates an al-
lylsilane or an allylboronic ester that constitutes an addition-
al asset for creating structural diversity.[14] Finally, most of
the final products share a common motif characterized by a
cyclic lactol ether system, a structural element that, as such
or as precursor of the corresponding lactones or tetrahydro-
pyrans, has been found in many bioactive compounds and
drugs.[15] Herein, we report the first results to illustrate the
multiple synthesis possibilities offered by the polyfunctional
building blocks 6 and 7 in diene-transmissive Diels–Alder
reactions (Scheme 1).
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Figure 1. [3]-1-Heterotrienes 4, 5, 6 and 7.

Scheme 1. DOS strategy based on boron- and silicon-substituted
[3]-1-heterodendralenes 6 and 7.
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The starting dendralenes were prepared according to the
following sequences (Scheme 2). Direct addition of vinyl-
magnesium chloride to 3-trimethylsilylpropargyl alcohol af-

forded the diene 8 in 91 % yield according to the procedure
of Fallis et al.[16] Oxidation with manganese dioxide in re-
fluxing CH2Cl2 produced the aldehyde 6. In parallel, after
protection of the alcohol as a TBDMS ether, 8 was treated
with N-iodosuccinimide; this resulted in the replacement of
the trimethylsilyl group by iodine with retention of configu-
ration. Borylation was carried out with bis(pinacolato)dibor-
on and a catalytic amount of PdCl2ACHTUNGTRENNUNG(dppf) in the presence of
potassium acetate.[17] Deprotection of 9 with acetic acid in a
mixture THF/water was followed by the oxidation of the al-
cohol with the Dess–Martin reagent (83 %, two steps).
Unlike the parent compound, 2-formyl-1,3-butadiene (R1 =

H), which shows a high propensity toward dimerization,[18]

the boron- and silicon-substituted derivatives can be isolated
and kept for several days, at room temperature for 6 and at
�20 8C for 7.

With the starting building blocks in hand, we first ex-
plored their reactivity as heterodienes. 3-Boronoacrolein
esters are viable substrates in metal-catalyzed inverse elec-
tron demand hetero-[4+2] cycloaddition with enol
ethers.[15,19] With 6 or 7 and ethylvinyl ether in the presence
of YbACHTUNGTRENNUNG(fod)3, the corresponding 2-alkoxy-3,4-dihydro-5-vinyl-
2H-pyrans 10 or 11 were isolated in 81 and 63 % yields, re-
spectively. In the presence of N-phenylmaleimide, they un-
derwent normal Diels–Alder reactions to afford the corre-
sponding cycloadducts as single diastereomers (Scheme 3).
The stereochemical outcome of this sequence (two consecu-
tive endo cycloadditions) was assigned on the basis of X-ray
crystallographic analysis of the final product 12 a.[20] These
reactions can be also advantageously conducted in a one-pot
process without formation of any product resulting from a
first cycloaddition of the 1,3-butadienyl moiety to the elec-
tron-poor alkene. These results encouraged us to examine
the reactivity of heterodendralenes 6 and 7 with respect to

various other partners, and the results are presented in
Table 1.

Interestingly, adducts derived from ethyl vinyl ether and
a,b-unsaturated alkenes, activated azo compounds and
naphtoquinone participated well in this multicomponent re-
action (entries 1–4). The yield was lower with methyl acety-
lenedicarboxylate (entry 5), which was also the case when
the silicon was replaced by boron, probably for reasons of
stability rather than reactivity (entries 6–7). Other enol
ether, such as 2,3-dihydrofuran, can also be engaged in this
HDA/DA sequence as electron-rich dienophiles (entry 8). It
is worth noting that 6 can also play the dual role of hetero-
diene and dienophile to give the cycloadduct 12 f when the
reaction was conducted in a default of enol ether (entry 9).

Taking advantage of the presence of an allylboronate or
an allylsilane moiety, we also engaged the N-phenylmalei-
mide derivatives 12 a and 13 a, chosen as examples, in vari-
ous transformations (Scheme 4). The fluorination of 12 a
was performed by using Selectfluor in acetonitrile to afford
a single diastereomer 14 in 81 % yield, while bromination
with NBS afforded the corresponding allylic bromide 15.[21]

Concerning 13 a, oxidation with hydrogen peroxide gave the
allylic alcohol 16. More interesting, in terms of additional di-
versity, is the addition to aldehydes that provided access to
the corresponding homoallylic alcohols 17 a–c in 77–86 %
yield (Scheme 4).[22]

Alternatively, as the cycloadduct 11 bears a boronate
group in allylic position, the allylation and the cycloaddition
steps can be inverted to generate a supplementary skeletal
diversity from the same starting heterodendralene. Accord-
ingly, as an illustration of this sequence, 11 and 4-nitrobenz-ACHTUNGTRENNUNGaldehyde were allowed to react at room temperature to
afford 18, which underwent a further cycloaddition with N-
phenylmaleimide to furnish the single tricyclic compound 19
(Scheme 5). Its stereochemistry, which was established by X-
ray crystallographic analysis,[23] results first from a cyclic
chair-like transition state A for the allylation reaction in-
volving an equatorial position for the 4-nitrophenyl substitu-
ent, and then from an endo approach (transition state B) of
the dienophile from the less hindered bottom face of the
new created diene.

To continue the exploration of the reactivity of boron-
and silicon-substituted [3]-1-heterodendralenes in diene
transmissive Diels–Alder reactions, we engaged 6 and 7

Scheme 2. Synthesis of boron- and silicon-substituted [3]-1-heterodendra-
lene 6 and 7. a) MnO2, CH2Cl2, reflux, 4 h, 95%; b) TBDMSCl, imida-
zole, CH2Cl2, room temperature, 18 h, 90%; c) NIS, MeCN, 0 8C, 4 h,
98%; d) B2pin2, KOAc, PdCl2 ACHTUNGTRENNUNG(dppf) (3 mol %), DMSO, 50 8C, 4 h, 88%
(three steps, 77%); e) AcOH, THF/H2O (1:1), 50 8C, 5 h, 89 %; f) Dess–
Martin periodinane, CH2Cl2, room temperature, 3 h, 93 % (two steps,
83%).

Scheme 3. a) ethyl vinyl ether, Yb ACHTUNGTRENNUNG(fod)3 (5 mol %), room temperature,
overnight; 10, 81 %; 11, 63%; b) N-phenylmaleimide, toluene, room tem-
perature, 12 h; 12a, 90%; 13 a, 88 %.
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through their 1,3-butadienyl moiety in normal electron-
demand cycloadditions. Indeed, the cycloadducts 20 a/b and
21 a/b were obtained as single diastereomer in good yields

after heating in toluene for N-phenylmaleimide,[24] while 4-
phenyl-1,2,4,-triazoline-3,5-dione reacted at room tempera-
ture (Scheme 6).

Table 1. One-pot HDA/DA sequence from heterodendralenes, 6 and 7.

Entry Heterodendralene Enol ether Electron-poor
dienophile

Product Yield
[%][a]

1 71

2 64

3 63

4 68

5 41

6 54

7 45

8 43

9 63[b]

[a] Yields refer to pure products (one pot, two steps); [b] mixture of diastereomers (94:6).
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First attempts to perform the hetero-Diels–Alder cycload-
dition of 20 a or 21 b with ethyl vinyl ether under standard
conditions (Eu ACHTUNGTRENNUNG(fod)3 or YbACHTUNGTRENNUNG(fod)3, 1,2-dichloroethane, at
room temperature or 60 8C, or by using EtOCH=CH2 as sol-
vent) proved to be unsuccessful, and led mainly to the start-
ing materials or degradation. We, therefore, decided to ex-

amine the reactivity of similar cyclic enals 22 (R1 = H) and
23 (R1 = Ph) to determine if this unexpected low reactivity
can be attributed to the presence of the TMS or Bpin sub-
stituents in the allylic position (Scheme 7). When the cyclo-

addition took place at 40 8C (CH2Cl2, EuACHTUNGTRENNUNG(fod)3, 5 %) in a
74 % yield in the case of 22, application of 16 kbar pressure
at 50 8C for 4 days was necessary for 23 to afford the corre-
sponding cycloadduct 25 as a mixture of two diastereomers
in a moderate 41 % yield.[25] Under these conditions, a simi-
lar result was obtained with the trimethylsilyl derivative
20 a ; this suggests that the presence of a substituent at posi-
tion 6 of the 1-cyclohexene-1-carboxaldehyde fragment
greatly decreases the reactivity of the heterodienes. With
R1 = Bpin we were unable to isolate any defined product,
probably due to a lower stability of the starting boronated
species.

Finally, we decided to examine the behavior of 21 a as al-
lylating reagent. When a test reaction with benzaldehyde ef-
fectively afforded the expected homoallyllic alcohols, yields
were very low (�10 %). Gratefully, this drawback can be
circumvented by using a modification of the order of the re-
actions and by converting the initial boronic ester group in a
trifluoroborate substituent that greatly increases the reactiv-
ity of the dienyl moiety.[26] This transformation was easily
achieved by treatment of 9 with KHF2 in MeOH/H2O with a
concomitant deprotection of the alcohol. The resulting
diene 27, which could be isolated if necessary,[27] was directly
engaged in a Diels–Alder cycloaddition with N-phenylmalei-
mide at 50 8C in acetone for 12 h in the presence of various
aldehydes.[28] The diols 28 a–c were obtained as major diaste-
reomers (�95 %) in good overall yields (one pot, four steps;
Scheme 8).[29]

In conclusion, we have developed efficient procedures for
the rapid construction of substituted polycyclic structures
from a common starting acyclic cross-conjugated diene with
control of the multicreated stereogenic centers. The range of
accessible scaffolds can be greatly extended by varying the
nature of the different building blocks, such as the substitu-
ents of the starting heterodendralenes. Furthermore, most of
the resulting products have also functional groups for easy,
further diversification by classical reactions. The develop-

Scheme 4. Synthesis of tricyclic imides derivatives 14–17. a) Selectfluor,
MeCN, room temperature, 5 h, 81%; b) NBS, MeCN, 3 h, �20 8C to 0 8C,
84%; c) H2O2, NaOAc, THF, 0 8C, 6 h, 87%; d) RCHO, toluene, 80 8C,
16 h, (R =Ph, 77%, 4-NO2�C6H4, 86%, EtO2C, 79%).

Scheme 5. Synthesis of 19 via a hetero-Diels–Alder (HDA)/allylboration/
Diels–Alder (DA) sequence.

Scheme 6. Synthesis of 20–21. a) N-phenylmaleimide, toluene, 90 8C, 15 h;
20a, 70%; 21a, 64%; b) 4-phenyl-1,2,4,-triazoline-3,5-dione, toluene,
room temperature, 15 h; 20b, 65 %; 21b, 63 %.

Scheme 7. EuACHTUNGTRENNUNG(fod)3-catalysed [4+2] cycloadditions of enals 20–22 to ethyl
vinyl ether. Reagents and conditions: a) 22 (R1 = H), ethyl vinyl ether
(9 equiv), CH2Cl2, 48 h, EuACHTUNGTRENNUNG(fod)3 (5 %), 40 8C, 74%; b) ethyl vinyl ether
(9 equiv), CH2Cl2, 16 kbar, Eu ACHTUNGTRENNUNG(fod)3 5 %, 50 8C, 4 days, 20a (R1 =TMS,
30%) or 23 (R1 = Ph, 41%).
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ment of resins suitable for immobilizing boronic esters[30]

would allow the transposition of these sequences to solid-
supported synthesis, which would greatly improve ease of
isolation, workup and purification in a context of prepara-
tion of small libraries. We have shown, through these pre-
liminary experiments that heterodendralenes are efficient
and versatile building blocks for diene transmissive cycload-
ditions. Further studies are in progress to determine the
exact potential of these compounds in other sequential reac-
tion processes.

Acknowledgements

We thank Dr. I. Chataignier (IRCOF, Rouen) for help and advice in high
pressure experiments, and T. Roisnel and L. Toupet (University of
Rennes 1) for crystallographic analysis. This work was supported by a
grant from MESR (F.T.), the CNRS and the University of Rennes 1.

Keywords: boronic esters · cycloadditions · Diels–Alder
reaction · diversity oriented synthesis · silicon

[1] a) H. Hopf, Nature 2009, 460, 183 –184; b) H. Hopf in Organic Syn-
thesis Highlights V (Eds.: H.-G. Schmalz, T. Wirth), Wiley-VCH,
Weinheim, 2003, pp. 419 –427; c) H. Hopf, Angew. Chem. 2001, 113,
727 – 729; Angew. Chem. Int. Ed. 2001, 40, 705 –707.

[2] For some recent reviews on diversity-oriented synthesis, see:
a) W. R. J. D. Galloway, A. Isidro-Llobet, D. R. Spring, Nat. Comm.
2010 ; DOI:10.1038/ncomms1081; b) S. Dandapani, L. A. Marcaur-
elle, Curr. Opin. Chem. Biol. 2010, 14, 362 –370; c) J. E. Biggs-
Houck, A. Younai, J. T. Shaw, Curr. Opin. Chem. Biol. 2010, 14,
371 – 382; d) S. L. Schreiber, Nature 2009, 457, 153 –154; e) R. J.
Spandl, A. Bender, D. R. Spring, Org. Biomol. Chem. 2008, 6, 1149 –
1158.

[3] For recent references, see: a) T. A. Bradford, A. D. Payne, A. C.
Willis, M. N. Paddon-Row, M. S. Sherburn, J. Org. Chem. 2010, 75,
491 – 494; b) K. Beydoun, H.-J. Zhang, B. Sundararaju, B. Demerse-
man, M. Achard, Z. Xi, C. Bruneau, Chem. Commun. 2009, 6580 –
6582; c) A. D. Payne, G. Bojase, M. N. Paddon-Row, M. S. Sherburn,
Angew. Chem. 2009, 121, 4930 –4933; Angew. Chem. Int. Ed. 2009,
48, 4836 –4839; d) S. Werner, D. M. Turner, P. G. Chambers, K. M.
Brummond, Tetrahedron 2008, 64, 6997 – 7007; e) H. L. Shimp, A.
Hare, M. McLaughlin, G. C. Micalizio, Tetrahedron 2008, 64, 3437 –
3445; f) G. Bojase, A. D. Payne, A. Willis, M. S. Sherburn, Angew.
Chem. 2008, 120, 924 –926; Angew. Chem. Int. Ed. 2008, 47, 910 –
912; g) M. S. Souweha, A. Arab, M. ApSimon, A. G. Fallis, Org.
Lett. 2007, 9, 615 – 618; h) M. Shimizu, T. Kurahashi, K. Shimono, K.
Tanaka, I. Nagao, S.-i. Kiyomoto, T. Hiyama, Chem. Asian J. 2007,
2, 1400 – 1408; i) S. Park, D. Lee, Synthesis 2007, 15, 2313 –2316;
j) N. A. Miller, A. C. Willis, M. N. Paddon-Row, M. S. Sherburn,

Angew. Chem. 2007, 119, 955 –958; Angew. Chem. Int. Ed. 2007, 46,
937 – 940; k) T. A. Bradford, A. D. Payne, A. C. Willis, M. N.
Paddon-Row, M. S. Sherburn, Org. Lett. 2007, 9, 4861 –4864, and
references therein.

[4] M. S. Souweha, G. D. Enright, A. G. Fallis, Org. Lett. 2007, 9, 5163 –
5166.

[5] N. A. Miller, A. C. Willis, M. S. Sherburn, Chem. Commun. 2008,
1226 – 1228.

[6] A. T. Blomquist, J. A. Verdol, J. Am. Chem. Soc. 1955, 77, 81– 83.
[7] a) O. Tsuge, T. Hatta, T. Fujiwara, T. Yokohari, A. Tsuge, T. Mori-

guchi, Heterocycles 1999, 50, 661 – 666; b) O. Tsuge, T. Hatta, H.
Yoshitomi, K. Kurosaka, T. Fujiwara, H. Maeda, A. Kakehi, Hetero-
cycles 1995, 41, 225 –228.

[8] S. Motoki, Y. Matsuo, Y. Terauchi, Bull. Chem. Soc. Jpn. 1990, 63,
284 – 286.

[9] a) S. Kobayashi, T. Semba, T. Takahashi, S. Yoshida, K. Dai, T.
Otani, T. Saito, Tetrahedron 2009, 65, 920 –933; b) S. Kobayashi, T.
Furuya, T. Otani, T. Saito, Tetrahedron 2008, 64, 9705 –9716; c) S.
Kobayashi, T. Furuya, T. Otani, T. Saito, Tetrahedron Lett. 2008, 49,
4513 – 4515; d) T. Saito, H. Kimura, T. Chonan, T. Soda, T. Karakasa,
Chem. Commun. 1997, 1013 – 1014; e) T. Saito, H. Kimura, K. Saka-
maki, T. Karakasa, S. Moriyama, Chem. Commun. 1996, 811 –812.

[10] T. Saito, S. Kobayashi, T. Otani, H. Iwanami, T. Soda, Heterocycles
2008, 76, 227 –235.

[11] Such rather unstable compounds have been also reported as inter-
mediates: a) M. del Rayo Sanchez-Salvatori, C. Marazano, J. Org.
Chem. 2003, 68, 8883 –8889; b) L. F. Tietze, H. Meier, H. Nutt, Lie-
bigs Ann. Chem. 1990, 253 – 260.

[12] G. J. Bodwell, Z. Pi, Tetrahedron Lett. 1997, 38, 309 –312.
[13] a) C. Spino, Synlett 2006, 1, 0023 – 0032; b) S. Perreault, C. Spino,

Org. Lett. 2006, 8, 4385 – 4388, and references therein.
[14] For recent reviews on allylsilanes and allylboronic esters, see: a) L.

Chabaud, P. James, Y. Landais, Eur. J. Org. Chem. 2004, 15, 3173 –
3199; b) J. W. Kennedy, D. G. Hall in Boronic Acids: Preparation
and Applications in Organic Synthesis and Medicine (Ed.: D. G.
Hall), Wiley-VCH, Weinheim, 2005, pp. 241 –277; c) H. Lachance,
D. G. Hall, Org. React. 2008, 73, 1–573.

[15] For some recent examples, see: a) A. Bouziane, T. R�gnier, F. Car-
reaux, B. Carboni, C. Bruneau, J.-L. Renaud, Synlett 2010, 2, 207 –
210; b) M. Penner, V. Rauniyar, L. T. Kaspar, D. G. Hall, J. Am.
Chem. Soc. 2009, 131, 14216 –14217; c) O. Marion, X. Gao, S.
Marcus, D. G. Hall, Bioorg. Med. Chem. 2009, 17, 1006 – 1017; d) A.
Favre, F. Carreaux, M. Deligny, B. Carboni, Eur. J. Org. Chem. 2008,
29, 4900 – 4907; e) H. Lachance, O. Marion, D. G. Hall, Tetrahedron
Lett. 2008, 49, 6061 –6064; f) F. Carreaux, A. Favre, B. Carboni, I.
Rouaud, J. Boustie, Tetrahedron Lett. 2006, 47, 4545 –4548; g) M.
Deligny, F. Carreaux, B. Carboni, Synlett 2005, 9, 1462 –1464; h) X.
Gao, D. G. Hall, J. Am. Chem. Soc. 2003, 125, 9308 –9309.

[16] T. Wong, M. A. Romero, A. G. Fallis, J. Org. Chem. 1994, 59, 5527 –
5529.

[17] S. L�pez, J. Montenegro, C. Sa�, J. Org. Chem. 2007, 72, 9572 – 9581.
[18] a) M. Franck-Neumann, D. Martina, M. P. Heitz, J. Organomet.

Chem. 1986, 301, 61–77; b) R. Pummerer, F. Aldebert, F. Graser, H.
Sperber, Liebigs Ann. 1953, 583, 225 –239.

[19] a) X. Gao, D. G. Hall, M. Deligny, A. Favre, F. Carreaux, B. Car-
boni, Chem. Eur. J. 2006, 12, 3132 – 3142, and references therein.

[20] CCDC-681119 (12a) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif. Data were collected by L. Toupet, IPR, UMR
CNRS 6251, Universit� de Rennes 1, 35042 Rennes Cedex, France.

[21] The relative configurations at the Ca to fluorine and bromine were
assigned on the basis of an anti SE� mechanism. T. Hayashi, M. Ko-
nishi, H. Ito, M. Kumada, J. Am. Chem. Soc. 1982, 104, 4962 –4963.

[22] The relative stereochemistry of 16 was assigned on the basis of a
usual oxidation step occurring with retention of configuration. Con-
cerning the homoallylic alcohols 17 a–c, the allylboration reaction is
supposed to proceed through the standard cyclic chair-like transition
state.

Scheme 8. Synthesis of 28a–c. a) KHF2, MeOH, water, room tempera-
ture, 18 h; b) N-phenylmaleimide, acetone, CH2Cl2, (Bu)4NI, 12 h, 50 8C,
28a PhCHO, 54%, 28 b nBuCHO, 66 %, 28c 4-NO2�C6H4CHO, 45%
(one pot, four steps).

www.chemeurj.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2011, 17, 13670 – 1367513674

B. Carboni et al.

http://dx.doi.org/10.1038/460183a
http://dx.doi.org/10.1038/460183a
http://dx.doi.org/10.1038/460183a
http://dx.doi.org/10.1002/1521-3757(20010216)113:4%3C727::AID-ANGE7270%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3757(20010216)113:4%3C727::AID-ANGE7270%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3757(20010216)113:4%3C727::AID-ANGE7270%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3757(20010216)113:4%3C727::AID-ANGE7270%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20010216)40:4%3C705::AID-ANIE7050%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3773(20010216)40:4%3C705::AID-ANIE7050%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3773(20010216)40:4%3C705::AID-ANIE7050%3E3.0.CO;2-8
http://dx.doi.org/10.1016/j.cbpa.2010.03.018
http://dx.doi.org/10.1016/j.cbpa.2010.03.018
http://dx.doi.org/10.1016/j.cbpa.2010.03.018
http://dx.doi.org/10.1016/j.cbpa.2010.03.003
http://dx.doi.org/10.1016/j.cbpa.2010.03.003
http://dx.doi.org/10.1016/j.cbpa.2010.03.003
http://dx.doi.org/10.1016/j.cbpa.2010.03.003
http://dx.doi.org/10.1038/457153a
http://dx.doi.org/10.1038/457153a
http://dx.doi.org/10.1038/457153a
http://dx.doi.org/10.1039/b719372f
http://dx.doi.org/10.1039/b719372f
http://dx.doi.org/10.1039/b719372f
http://dx.doi.org/10.1021/jo9024557
http://dx.doi.org/10.1021/jo9024557
http://dx.doi.org/10.1021/jo9024557
http://dx.doi.org/10.1021/jo9024557
http://dx.doi.org/10.1039/b913595b
http://dx.doi.org/10.1039/b913595b
http://dx.doi.org/10.1039/b913595b
http://dx.doi.org/10.1002/ange.200901733
http://dx.doi.org/10.1002/ange.200901733
http://dx.doi.org/10.1002/ange.200901733
http://dx.doi.org/10.1002/anie.200901733
http://dx.doi.org/10.1002/anie.200901733
http://dx.doi.org/10.1002/anie.200901733
http://dx.doi.org/10.1002/anie.200901733
http://dx.doi.org/10.1016/j.tet.2008.02.033
http://dx.doi.org/10.1016/j.tet.2008.02.033
http://dx.doi.org/10.1016/j.tet.2008.02.033
http://dx.doi.org/10.1016/j.tet.2008.02.015
http://dx.doi.org/10.1016/j.tet.2008.02.015
http://dx.doi.org/10.1016/j.tet.2008.02.015
http://dx.doi.org/10.1002/ange.200704470
http://dx.doi.org/10.1002/ange.200704470
http://dx.doi.org/10.1002/ange.200704470
http://dx.doi.org/10.1002/ange.200704470
http://dx.doi.org/10.1002/anie.200704470
http://dx.doi.org/10.1002/anie.200704470
http://dx.doi.org/10.1002/anie.200704470
http://dx.doi.org/10.1021/ol062869d
http://dx.doi.org/10.1021/ol062869d
http://dx.doi.org/10.1021/ol062869d
http://dx.doi.org/10.1021/ol062869d
http://dx.doi.org/10.1002/asia.200700120
http://dx.doi.org/10.1002/asia.200700120
http://dx.doi.org/10.1002/asia.200700120
http://dx.doi.org/10.1002/asia.200700120
http://dx.doi.org/10.1002/ange.200603335
http://dx.doi.org/10.1002/ange.200603335
http://dx.doi.org/10.1002/ange.200603335
http://dx.doi.org/10.1002/anie.200603335
http://dx.doi.org/10.1002/anie.200603335
http://dx.doi.org/10.1002/anie.200603335
http://dx.doi.org/10.1002/anie.200603335
http://dx.doi.org/10.1021/ol7021998
http://dx.doi.org/10.1021/ol7021998
http://dx.doi.org/10.1021/ol7021998
http://dx.doi.org/10.1021/ol702202b
http://dx.doi.org/10.1021/ol702202b
http://dx.doi.org/10.1021/ol702202b
http://dx.doi.org/10.1039/b718754h
http://dx.doi.org/10.1039/b718754h
http://dx.doi.org/10.1039/b718754h
http://dx.doi.org/10.1039/b718754h
http://dx.doi.org/10.1021/ja01606a025
http://dx.doi.org/10.1021/ja01606a025
http://dx.doi.org/10.1021/ja01606a025
http://dx.doi.org/10.3987/COM-98-S(H)91
http://dx.doi.org/10.3987/COM-98-S(H)91
http://dx.doi.org/10.3987/COM-98-S(H)91
http://dx.doi.org/10.3987/COM-94-6939
http://dx.doi.org/10.3987/COM-94-6939
http://dx.doi.org/10.3987/COM-94-6939
http://dx.doi.org/10.3987/COM-94-6939
http://dx.doi.org/10.1246/bcsj.63.284
http://dx.doi.org/10.1246/bcsj.63.284
http://dx.doi.org/10.1246/bcsj.63.284
http://dx.doi.org/10.1246/bcsj.63.284
http://dx.doi.org/10.1016/j.tet.2008.10.090
http://dx.doi.org/10.1016/j.tet.2008.10.090
http://dx.doi.org/10.1016/j.tet.2008.10.090
http://dx.doi.org/10.1016/j.tet.2008.07.102
http://dx.doi.org/10.1016/j.tet.2008.07.102
http://dx.doi.org/10.1016/j.tet.2008.07.102
http://dx.doi.org/10.1016/j.tetlet.2008.05.054
http://dx.doi.org/10.1016/j.tetlet.2008.05.054
http://dx.doi.org/10.1016/j.tetlet.2008.05.054
http://dx.doi.org/10.1016/j.tetlet.2008.05.054
http://dx.doi.org/10.1039/a701575e
http://dx.doi.org/10.1039/a701575e
http://dx.doi.org/10.1039/a701575e
http://dx.doi.org/10.1039/cc9960000811
http://dx.doi.org/10.1039/cc9960000811
http://dx.doi.org/10.1039/cc9960000811
http://dx.doi.org/10.3987/COM-08-S(N)55
http://dx.doi.org/10.3987/COM-08-S(N)55
http://dx.doi.org/10.3987/COM-08-S(N)55
http://dx.doi.org/10.3987/COM-08-S(N)55
http://dx.doi.org/10.1021/jo034099e
http://dx.doi.org/10.1021/jo034099e
http://dx.doi.org/10.1021/jo034099e
http://dx.doi.org/10.1021/jo034099e
http://dx.doi.org/10.1002/jlac.199019900146
http://dx.doi.org/10.1002/jlac.199019900146
http://dx.doi.org/10.1002/jlac.199019900146
http://dx.doi.org/10.1002/jlac.199019900146
http://dx.doi.org/10.1016/S0040-4039(96)02340-4
http://dx.doi.org/10.1016/S0040-4039(96)02340-4
http://dx.doi.org/10.1016/S0040-4039(96)02340-4
http://dx.doi.org/10.1021/ol060892t
http://dx.doi.org/10.1021/ol060892t
http://dx.doi.org/10.1021/ol060892t
http://dx.doi.org/10.1021/ja906429c
http://dx.doi.org/10.1021/ja906429c
http://dx.doi.org/10.1021/ja906429c
http://dx.doi.org/10.1021/ja906429c
http://dx.doi.org/10.1016/j.bmc.2008.01.001
http://dx.doi.org/10.1016/j.bmc.2008.01.001
http://dx.doi.org/10.1016/j.bmc.2008.01.001
http://dx.doi.org/10.1016/j.tetlet.2008.07.170
http://dx.doi.org/10.1016/j.tetlet.2008.07.170
http://dx.doi.org/10.1016/j.tetlet.2008.07.170
http://dx.doi.org/10.1016/j.tetlet.2008.07.170
http://dx.doi.org/10.1016/j.tetlet.2006.05.005
http://dx.doi.org/10.1016/j.tetlet.2006.05.005
http://dx.doi.org/10.1016/j.tetlet.2006.05.005
http://dx.doi.org/10.1021/ja036368o
http://dx.doi.org/10.1021/ja036368o
http://dx.doi.org/10.1021/ja036368o
http://dx.doi.org/10.1021/jo00098a007
http://dx.doi.org/10.1021/jo00098a007
http://dx.doi.org/10.1021/jo00098a007
http://dx.doi.org/10.1016/0022-328X(86)82056-3
http://dx.doi.org/10.1016/0022-328X(86)82056-3
http://dx.doi.org/10.1016/0022-328X(86)82056-3
http://dx.doi.org/10.1016/0022-328X(86)82056-3
http://dx.doi.org/10.1002/chem.200501197
http://dx.doi.org/10.1002/chem.200501197
http://dx.doi.org/10.1002/chem.200501197
http://dx.doi.org/10.1021/ja00382a045
http://dx.doi.org/10.1021/ja00382a045
http://dx.doi.org/10.1021/ja00382a045
www.chemeurj.org


[23] CCDC-802932 (19) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif. Data were collected by T. Roisnel, CDIFX,
Sciences Chimiques de Rennes, UMR CNRS 6226, Universit� de R-
ennes 1, 35042 Rennes Cedex, France.

[24] The stereochemistry of 20a, resulting from complete endo selectivi-
ty, was established by NOESY experiments. The same relative con-
figurations were attributed to other cycloadducts 20b, 21a, and 21b
by analogy with their NMR spectra to those of 20a.

[25] This reaction was carried out by Dr. I. Chataignier (IRCOF,
UMR 6014 Rouen).

[26] For Diels –Alder reactions of 1,3-dienylborate salts, see: S. De, C.
Day, M. E. Welker, Tetrahedron 2007, 63, 10939 – 10948; L. Garnier,
B. Plunian, J. Mortier, M. Vaultier, Tetrahedron Lett. 1996, 37, 6699 –
6700.

[27] A single isomer 27 was detected, the structure of which is in agree-
ment with an endo transition state. The relative configuration of the

stereogenic centers was assigned as shown based on the value of the
coupling constant between Ha to BF3K and its hydrogen neighbor
(3J�0 Hz).

[28] The reaction was conducted in biphasic media in the presence of a
phase-transfer catalyst (Bu4NI), which significantly accelerated the
rate of reaction; A. N. Thadani, R. A. Batey, Org. Lett. 2002, 4,
3827 – 3830.

[29] The stereochemistry of the major isomer 28 was assigned on the
basis of the usual transition state invoking a Zimmerman–Traxler
transition structure with the R group in a pseudoequatorial orienta-
tion.

[30] a) C. Pourbaix, F. Carreaux, B. Carboni, Org. Lett. 2001, 3, 803 –805;
b) M. Gravel, K. A. Thompson, M. Zak, C. Berube, D. G. Hall, J.
Org. Chem. 2002, 67, 3–15, and references therein.

Received: May 27, 2011
Published online: November 8, 2011

Chem. Eur. J. 2011, 17, 13670 – 13675 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 13675

COMMUNICATION[3]-1-Heterodendralenes for Constructing Polycyclic Compounds

http://dx.doi.org/10.1016/j.tet.2007.08.063
http://dx.doi.org/10.1016/j.tet.2007.08.063
http://dx.doi.org/10.1016/j.tet.2007.08.063
http://dx.doi.org/10.1016/S0040-4039(96)01450-5
http://dx.doi.org/10.1016/S0040-4039(96)01450-5
http://dx.doi.org/10.1016/S0040-4039(96)01450-5
http://dx.doi.org/10.1021/ol026619i
http://dx.doi.org/10.1021/ol026619i
http://dx.doi.org/10.1021/ol026619i
http://dx.doi.org/10.1021/ol026619i
http://dx.doi.org/10.1021/ol000338y
http://dx.doi.org/10.1021/ol000338y
http://dx.doi.org/10.1021/ol000338y
http://dx.doi.org/10.1021/jo0106501
http://dx.doi.org/10.1021/jo0106501
http://dx.doi.org/10.1021/jo0106501
http://dx.doi.org/10.1021/jo0106501
www.chemeurj.org

