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ABSTRACT: 2-Bromo-1,3-butadienes are demonstrated to be
effective substrates for tandem Diels−Alder/transition metal cross-
coupling reaction sequences. Intermolecular cycloaddition of a 2-
bromo-1,3-diene with activated dienophiles proceeded under Lewis
acid catalysis in generally high yields with good to excellent endo
diastereoselectivity. The resulting vinyl bromide cycloadducts
underwent subsequent Stille and Suzuki cross-couplings under standard conditions in good yields. Both the Diels−Alder and
cross-coupling steps were highly tolerant of a range of functionalities and protecting groups. The use of the bromine substituent as
both a cycloaddition directing group and cross-coupling nucleofuge avoids extra steps required to install and remove the more
commonly used silyl enol ethers and enol sulfonates for each transformation and gives full control of the alkene regiochemistry
throughout the reaction sequence. The 2-bromo-1,3-dienes were conveniently prepared in three steps from readily available
aldehydes and established as hydrolytically stable and practical synthetic intermediates.

Diels−Alder cycloaddition1 is a powerful synthetic tool for
the stereoselective construction of complex structures.2

Despite this utility, it is less employed in applied fields such as
medicinal chemistry than the high stereocontrol and increase
in molecular complexity might suggest.3 This may be due to
the variables involved, including reaction component selection,
orbital electronics, catalyst, and potential for later trans-
formations. As a result, identification of cycloaddition partners
demonstrating predictable and reliable reactivity remains an
ongoing challenge. Additionally, Diels−Alder strategies incor-
porating a second reliable synthetic step in a tandem sequence
are an area of current interest,4 especially for access to complex
and diverse molecular scaffolds to drive drug discovery.5

Transition-metal-catalyzed cross-couplings have emerged as
suitable partners for these sequences in tandem with the
Diels−Alder reaction. The challenge in their synthetic
application involves identification of suitable diene substituents
that satisfy the reactivity and regioselectivity requirements for
both the cycloaddition and cross-coupling steps (Scheme 1). A
number of 2-substituted 1,3-butadiene systems have been
investigated for their utility in tandem Diels−Alder/cross-
coupling sequences, most notably including preparatively
useful examples based on boron6,7 and silicon8,9 and some
less-investigated examples such as iodonium salts and organo-
indium species.10 The 2-substituted 1,3-butadiene substrate
class are of particular importance as they enable full control of
the alkene position through the tandem sequence without the
additional steps or alkene regioisomers potentially encountered
with the use of more activated dienes (e.g., 2-silyloxy-1,3-
butadienes) that involve the intermediacy of a ketone and

subsequent conversion to an enol sulfonate cross-coupling
partner.
In principle, 2-halogenated 1,3-butadienes are viable

substrates for tandem Diels−Alder/cross-coupling sequences;
vinyl halides are standard substrates for transition-metal-
catalyzed cross-coupling, and some Diels−Alder reactions of
halogenated dienes are known. The latter include examples
involving 2-chloro-1,3-butadienes11 or chloro- or iodo-
substituted heterocyclic dienes.12 Cycloadditions of bromi-
nated 1,3-butadienes are more widely reported, often in the
context of brominated heterocyclic dienes13 or the intra-
molecular Diels−Alder (IMDA) reactions of brominated
trienes toward natural product frameworks.14 In some cases
the bromine substituent plays a pivotal role in directing the
cycloaddition stereoselectivity.14f,15a Intermolecular examples
of Diels−Alder reactions of linear 2- or 3-bromo-1,3-
butadienes appear to be very rare in the literature (Scheme
1A).15 Furthermore, to our knowledge only one example of a
2-bromo-1,3-butadiene Diels−Alder/cross-coupling sequence
has been reported, and this example involved a heterocyclic
diene rather than a linear diene (Scheme 1B).16 In the course
of our own studies, it appeared that a tandem Diels−Alder/
cross-coupling sequence would advantageously simplify the
approach required for the synthesis of several natural product
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frameworks. Although the use of 2-substituted butadiene
systems based on boron or silicon had merit, their stability
toward standard transformations, including aqueous base, was
uncertain. After consideration of the above literature, we were
encouraged to investigate 2-bromo-1,3-butadiene systems
(Scheme 1C). A variety of methods have been employed for
the preparation of 2- and 3-bromo-1,3-butadienes, including
Wittig olefination of α-bromoaldehydes,17 vinyl halide
formation from α,β-unsaturated ketones,18 ring opening of
dibromocyclopropanes,19 Suzuki coupling of dibromoalkenes
prepared via Corey−Fuchs-type sequences,14f and bromina-
tion/rearrangement of N-allylhydrazones.20 Approaches based
on halogenation−elimination of α-allenic systems (boronic
esters,21 alcohols,22 and acetates23) have also been reported. In
our view, however, none of these methods appeared to be
optimal for a robust modular approach.
Identification of a general route to 2-bromo-1,3-butadienes

began with Lewis acid-catalyzed addition of bromoallylsilane
324 to aldehyde 2,25 affording homoallylic alcohol 5 in high
yield (Scheme 2). Alcohol 5 was also available via addition of
significantly less expensive 2,3-dibromopropene (4)26 to
aldehyde 2 using the tin-mediated method described by
Otera,27 which proved to be reliable on a multigram scale.
Mesylation/elimination proceeded readily to give bromodiene
6a in excellent yield exclusively as the E isomer (J = 14.7 Hz).
Diene 6a was stable toward long-term storage at 4 °C as a 0.2
M solution in dichloromethane, although some polymerization
of the isolated compound was observed upon storage without
solvent. To demonstrate that the chemistry was generally
applicable for the synthesis of 2-bromo-1,3-butadienes, addi-
tional compounds 6b−g were prepared, including those with
OTIPS (6c, 6d) and OPMB (6e, 6f) groups and the Roche
ester-derived diene 6f. All of these compounds proved similarly
stable as 6a, with the exception of 6b, which was observed to
decompose upon isolation as previously reported.18 Diene 6a

was then taken forward to probe the feasibility of the
cycloaddition.
Initial attempts to effect the Diels−Alder reaction of

bromodiene 6a and acrolein in the presence of boron
trifluoride etherate or copper(II) triflate in dichloromethane
gave no reaction (Scheme 3). In contrast, the use of tin
tetrachloride gave the separable cycloaddition adducts cis/
endo-7a and trans/exo-7b in 78% yield (dr 2:1). The major
product was assigned as cis/endo on the basis of a NOESY
correlation between the indicated cis ring protons in 7a that
was not observed in the trans/exo isomer 7b. A series of related
dienophiles including methacrolein, methyl acrylate, methyl
vinyl ketone, and acrylonitrile were also found to afford the
corresponding cycloadducts 8−11 in good yields. Boron
trifluoride etherate proved to be the most generally effective
Lewis acid for the transformation, although the diastereose-
lectivity, reaction conditions, and reaction times varied slightly
according to the substrates (see the Supporting Information
for additional details). In general, the cis/endo isomers were
observed to predominate, although the relative amount of the
thermodynamically favored trans/exo isomer28 formed was
found to increase significantly at higher reaction temperatures.
Additional reactions of 2-bromodiene 6a with the dienophile
generated in situ from Meldrum’s acid and formaldehyde or
with benzoquinone also delivered the corresponding cyclo-
adducts 12 and 13 in high yields.
Further structural confirmation of the cycloadduct relative

stereochemistry was obtained from an X-ray structure of cis/
endo isomer 11. In addition, benzoyl deprotection of
cycloadduct 9 (dr 1.3:1) delivered separable cyclized cis/endo
lactone 14 and noncyclized trans/exo alcohol 15 in 37% and
31% yield, respectively (Scheme 4). Diels−Alder reaction of 5-
hydroxy-2-bromo-1,3-diene 16 and methyl acrylate directly
afforded a mixture of the same products, endo-lactone 14
(84%) and exo-alcohol 15 (10%) (dr 8.4:1), in nearly
quantitative combined yield.
All of the cycloadditions were found to proceed with

complete selectivity for a single regioisomer. Inspection of a
representation of the calculated HOMO for 2-bromodiene 6a
(Scheme 5) revealed a larger orbital coefficient localized on C1
of the diene π system.29 Interestingly, the presence of the

Scheme 1. 2-Bromodienes: Cycloaddition/Cross-Coupling Scheme 2. Synthesis of 2-Bromo-1,3-butadienes 6a−ga

aReagents and conditions: (a) TiCl4, 3, CH2Cl2, −78 °C, 10 h, 84%;
(b) 4, Sn, HBr, Et2O/H2O (1:1), rt, 3 h, 79%; (c) MsCl, Et3N,
DMAP, CH2Cl2, 3 h; (d) DBU, PhMe, 75 °C, 3 h, 97% (over two
steps). Yields for 6b−g over two steps from the corresponding
aldehydes are shown. See the Supporting Information for details.
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bromine substituent appears to twist the diene slightly out of
coplanarity.
To further probe the scope of the 2-bromobutadiene Diels−

Alder cycloaddition, the reaction of 6a and N-phthalimido enal
1730 was also investigated (Table 1). This system has potential
utility for the synthesis of natural product frameworks,
including the pro-apoptotic and HIV-1-active spirocyclic
imine algal metabolite portimine.31 In this case, although the
use of boron trifluoride etherate afforded the endo cycloadduct
18a in moderate yield with reasonable stereoselectivity,
titanium tetrachloride proved to be more successful, giving
18a in high yield as essentially a single diastereoisomer after a
brief optimization. The endo relative stereochemistry of 18a
was unambiguously confirmed by X-ray crystallography.
With 2-bromobutadiene systems established as useful

substrates for regio- and stereoselective intermolecular
Diels−Alder reactions, the ability of the resulting cycloadducts

to undergo transition-metal-catalyzed cross-coupling was next
confirmed (Scheme 6, top). As expected, cyclohexenyl
bromide 11a was smoothly transformed into the expected
vinyl derivative 19 under standard Stille coupling conditions in
86% yield. The Suzuki coupling of 7a with phenylboronic acid
also proceeded uneventfully, affording 20 in good yield
without loss of stereochemical integrity.
The synthetic utility of the vinyl bromide handle for

elaboration of complex natural product intermediates was
exemplified by further transformations of the N-phthalimido
cycloadduct 18a (Scheme 6, bottom). Deprotection of the
amine group with hydrazine hydrate led to the direct formation
of spirocyclic aldimine 21, which then underwent subsequent
Stille coupling with either vinyl- or allyltributylstannane to
afford olefins 22 and 23 in 53% and 59% yield, respectively.
Alternatively, conversion of the aldehyde function of N-
phthalimido cycloadduct 18a to give the corresponding alkyne
24 using the Seyferth−Gilbert reagent (25) could also be
carried out in excellent yield. Uneventful removal of the N-
phthalimide protecting group was then followed by gold-
catalyzed intramolecular hydroamination32 to give spirocyclic
ketimine 26. Finally, Stille coupling again proceeded readily
under standard conditions to install the exocyclic vinyl group
of 27. These synthetic sequences illustrate the compatibility of

Scheme 3. Diels−Alder Cycloadditions of 2-Bromo-1,3-butadiene 6a

Scheme 4. Direct Lactonization to cis/endo-14

Scheme 5. Representation of the HOMO of 2-Bromodiene
6a

Table 1. Diels−Alder Cycloaddition of 2-Bromodiene 6a
and N-Phthalimido Enal 17

entry LA
temp.
(°C) solvent

time
(h) dra

yield
(%)

1 BF3·OEt2 −78 CH2Cl2 3 n.d. trace
2 BF3·OEt2 0 CH2Cl2 3 10:1 42
3 BF3·OEt2 50 PhMe 3 5:1 47
4 TiCl4 −78 CH2Cl2 18 ≥19:1 81
5 TiCl4 0 CH2Cl2 18 ≥19:1 88
6 TiCl4 50 PhMe 10 5:1 67

aendo:exo; n.d. = not determined.
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the vinyl bromide cycloadducts with a wide range of reaction
conditions and the tolerance of the cross-coupling step for a
diverse selection of sensitive functionalities, including ester,
aldehyde, and imine groups.
In summary, 2-bromo-1,3-butadiene systems have been

demonstrated to be highly effective substrates for tandem
Diels−Alder/cross-coupling reaction sequences. Intermolecu-
lar cycloaddition of 2-bromodienes with a variety of activated
dienophiles was shown to proceed in generally high yields with
good to excellent endo diastereoselectivity. The resulting vinyl
bromide cycloadducts readily underwent subsequent Stille and
Suzuki cross-couplings under standard conditions. Importantly,
both the Diels−Alder and cross-coupling steps were highly
tolerant of a range of functionalities and protecting groups,
which should enable the application of this methodology in
diverse synthetic contexts. The use of the bromine substituent
as both a directing group for cycloaddition and a nucleofuge
for cross-coupling avoids extra steps required to install more
commonly used silyl enol ethers and enol sulfonates for each
transformation and gives full control of the alkene
regiochemistry throughout the reaction sequence. The 2-
bromo-1,3-dienes themselves were conveniently prepared in

three steps from readily available aldehydes and established as
hydrolytically stable and practical synthetic intermediates.

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04567.

Experimental procedures, characterization data, and
NMR spectra for all new compounds (PDF)

Accession Codes

CCDC 1972112 and 1972898 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
e-mailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, U.K.; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Authors

Margaret A. Brimble − School of Chemical Sciences and
Maurice Wilkins Centre for Molecular Biodiscovery, The
University of Auckland, Auckland 1010, New Zealand;
orcid.org/0000-0002-7086-4096; Email: m.brimble@

auckland.ac.nz
Daniel P. Furkert − School of Chemical Sciences and Maurice
Wilkins Centre for Molecular Biodiscovery, The University of
Auckland, Auckland 1010, New Zealand; orcid.org/0000-
0001-6286-9105; Email: d.furkert@auckland.ac.nz

Authors

Hans Choi − School of Chemical Sciences, The University of
Auckland, Auckland 1010, New Zealand

Harry J. Shirley − School of Chemical Sciences, The University
of Auckland, Auckland 1010, New Zealand

Harry R. M. Aitken − School of Chemical Sciences, The
University of Auckland, Auckland 1010, New Zealand

Tim Schulte − School of Chemical Sciences, The University of
Auckland, Auckland 1010, New Zealand

Tilo So ̈hnel − School of Chemical Sciences, The University of
Auckland, Auckland 1010, New Zealand

Paul A. Hume − School of Chemical and Physical Sciences,
Victoria University of Wellington, Wellington 6012, New
Zealand

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.9b04567

Author Contributions
∥H.C. and H.J.S. contributed equally.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank the Royal Society of New Zealand for
funding support (Marsden Grant UOA1422) and Tania
Groutso (UoA) for assistance with crystallography.

■ REFERENCES
(1) Diels, O.; Alder, K. Synthesen in der hydroaromatischen Reihe.
Justus Lieblings Ann. Chem. 1928, 460, 98−122.

Scheme 6. Elaboration and Cross-Coupling of Diels−Alder
Cycloadductsa

aReagents and conditions: (a) H2NNH2·H2O, MeOH, reflux, 2 h,
56%; (b) vinyltributylstannane, Pd2(dba)3, CsF, [tBu3PH]BF4, DMF,
100 °C, 18 h, 53%; (c) allyltributylstannane, Pd2(dba)3, CsF,
[tBu3PH]BF4, DMF, 100 °C, 18 h, 59%; (d) dimethyl (diazomethyl)-
phosphonate (25), NaHMDS, THF, −78 °C, 0.5 h, 87%; (e) (i)
H2NNH2·H2O, MeOH, reflux, 2 h; (ii) Au(PPh3)Cl, AgSbF6, Et3N,
MeCN, 95 °C, 0.5 h, 86% over two steps; (f) vinyltributylstannane,
Pd2(dba)3, CsF, [tBu3PH]BF4, DMF, 100 °C, 18 h, 68%.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.9b04567
Org. Lett. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.orglett.9b04567?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b04567/suppl_file/ol9b04567_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1972112&id=doi:10.1021/acs.orglett.9b04567
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1972898&id=doi:10.1021/acs.orglett.9b04567
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Margaret+A.+Brimble"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7086-4096
http://orcid.org/0000-0002-7086-4096
mailto:m.brimble@auckland.ac.nz
mailto:m.brimble@auckland.ac.nz
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+P.+Furkert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6286-9105
http://orcid.org/0000-0001-6286-9105
mailto:d.furkert@auckland.ac.nz
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hans+Choi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Harry+J.+Shirley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Harry+R.+M.+Aitken"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tim+Schulte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tilo+So%CC%88hnel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+A.+Hume"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04567?ref=pdf
https://dx.doi.org/10.1002/jlac.19284600106
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04567?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.9b04567?fig=sch6&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.9b04567?ref=pdf


(2) (a) Nicolaou, K. C.; Snyder, S. A.; Montagnon, T.;
Vassilikogiannakis, G. The Diels−Alder reaction in total synthesis.
Angew. Chem., Int. Ed. 2002, 41, 1668−1698. (b) Takao, K.-I.;
Munakata, R.; Tadano, K.-I. Recent Advances in Natural Product
Synthesis by Using Intramolecular Diels−Alder Reactions. Chem. Rev.
2005, 105, 4779−4807. (c) Yang, B.; Gao, S. Recent advances in the
application of Diels−Alder reactions involving o-quinodimethanes,
aza-o-quinone methides and o-quinone methides in natural product
total synthesis. Chem. Soc. Rev. 2018, 47, 7926. (d) Gregoritza, M.;
Brandl, F. P. The Diels−Alder reaction: A powerful tool for the design
of drug delivery systems and biomaterials. Eur. J. Pharm. Biopharm.
2015, 97, 438−453.
(3) (a) Roughley, S. D.; Jordan, A. M. The Medicinal Chemist’s
Toolbox: An Analysis of Reactions Used in the Pursuit of Drug
Candidates. J. Med. Chem. 2011, 54, 3451−3479. (b) Brown, D. G.;
Boström, J. Analysis of Past and Present Synthetic Methodologies on
Medicinal Chemistry: Where Have All the New Reactions Gone? J.
Med. Chem. 2016, 59, 4443−4458.
(4) (a) Chen, T.-G.; Barton, L. M.; Lin, Y.; Tsien, J.; Kossler, D.;
Bastida, I.; Asai, S.; Bi, C.; Chen, J. S.; Shan, M.; Fang, H.; Fang, F. G.;
Choi, H.-W.; Hawkins, L.; Qin, T.; Baran, P. S. Building C(sp3)-rich
complexity by combining cycloaddition and C−C cross-coupling
reactions. Nature 2018, 560, 350−356. (b) Leonardi, M.; Estev́ez, V.;
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Peŕez, P. J. Alkenyl Boronates: Synthesis and Applications. Chem. -
Asian J. 2019, 14, 329−343. (c) Pyziak, J.; Walkowiak, J.; Marciniec,
B. Recent Advances in Boron-Substituted 1,3-Dienes Chemistry:
Synthesis and Application. Chem. - Eur. J. 2017, 23, 3502−3541.
(d) Eberlin, L.; Tripoteau, F.; Carreaux, F.; Whiting, A.; Carboni, B.
Boron-substituted 1,3-dienes and heterodienes as key elements in
multicomponent processes. Beilstein J. Org. Chem. 2014, 10, 237−250.
(7) 2-Borylbutadienes in Diels−Alder/cross-coupling tandem
sequences: (a) De, S.; Welker, M. E. Preparation of 2-BF3-Substituted
1,3-Dienes and Their Diels−Alder/Cross-Coupling Reactions. Org.
Lett. 2005, 7, 2481−2484. (b) De, S.; Day, C.; Welker, M. E.
Preparation of 1,3-dienyl organotrifluoroborates and their Diels−
Alder/cross-coupling reactions. Tetrahedron 2007, 63, 10939−10948.
(c) Wang, L.; Welker, M. E. Preparation and Diels−Alder/Cross
Coupling Reactions of New 2-Boron-Substituted 1,3-Dienes. J. Org.
Chem. 2012, 77, 8280−8286.
(8) Leading review: Luh, T.-Y.; Wong, K.-T. Silyl-Substituted
Conjugated Dienes: Versatile Building Blocks in Organic Synthesis.
Synthesis 1993, 1993, 349−370.
(9) 2-Silylbutadienes in Diels−Alder/cross-coupling tandem se-
quences: (a) Pidaparthi, R. R.; Junker, C. S.; Welker, M. E.; Day, C.
S.; Wright, M. W. Preparation of 2-Silicon-Substituted 1,3-Dienes and
Their Diels−Alder/Cross-Coupling Reactions. J. Org. Chem. 2009, 74,
8290−8297. (b) Tsuchikawa, H.; Minamino, K.; Hayashi, S.; Murata,
M. Efficient Access to the Functionalized Bicyclic Pharmacophore of

Spirolide C by Using a Selective Diels−Alder Reaction. Asian J. Org.
Chem. 2017, 6, 1322−1327.
(10) (a) Iodonium cycloaddition/cross-coupling: Ryan, J. H.; Stang,
P. J. Synthesis of Bicyclic Enediynes from Bis[phenyl-
[(trifluoromethanesulfonyl)oxy]iodo]acetylene: A Tandem Diels−
Alder/Palladium(II)- and Copper(I)-Cocatalyzed Cross-Coupling
Approach. J. Org. Chem. 1996, 61, 6162−6165. (b) Organoindium
Diels−Alder/cross-coupling: Mo, J.; Kim, S. H.; Lee, P. H. Tandem
Diels−Alder/Cross-Coupling Reactions of Generated in Situ Organo-
indium Reagents in a One-Pot Process. Org. Lett. 2010, 12 (3), 424−
427. (c) Limited cross-coupling of silyl enol ethers has been
demonstrated: Ganchegui, B.; Bertus, P.; Szymoniak, J. Unusual
Cleavage of the Enolsilane C-O Bond: Transformation of 2-Silyloxy
1,3-dienes into 1,3-Dienyl-2-zirconium Compounds and their Cross-
Coupling Reactions. Synlett 2001, 2001, 123−125.
(11) (a) Hall, H. K., Jr; Nogues, P.; Rhoades, J. W.; Sentman, R. C.;
Detar, M. (Carbomethoxy)maleic Anhydride, a Highly Reactive New
Dienophile and Comonomer. J. Org. Chem. 1982, 47, 1451−1455.
(b) Murai, A.; Miyazaki, H.; Watanabe, K.; Masamune, T. An
Efficient Synthesis of 15-Oxygenated T-Type Spirovetivanes. Its
Application to the Synthesis of (±)-[8,8-2H2]Isolubimin. Chem. Lett.
1987, 16, 651−654. (c) Woudenberg, R. H.; Maat, L. Chemistry of
opium alkaloids. Part XXXVII. Synthesis and biological activity of new
etorphine analogs from 7-chloro-6-demethoxythebaine and 7-chloro-
5β-methyl-6-demethoxythebaine. Recl. Trav. Chim. Pays-Bas 1993,
112 (2), 113−22. (d) Sarakinos, G.; Corey, E. J. A Practical New
Chiral Controller for Asymmetric Diels−Alder and Alkylation
Reactions. Org. Lett. 1999, 1 (11), 1741−1744. (e) Klare, H. F. T.;
Bergander, K.; Oestreich, M. Taming the Silylium Ion for Low-
Temperature Diels−Alder Reactions. Angew. Chem., Int. Ed. 2009, 48,
9077−9079.
(12) (a) Afarinkia, K.; Bearpark, M. J.; Ndibwami, A. A. An
Experimental and Computational Investigation of the Diels−Alder
Cycloadditions of Halogen-Substituted 2(H)-Pyran-2-ones. J. Org.
Chem. 2005, 70, 1122−1133. (b) Surasani, S. R.; Parumala, S. K. R.;
Peddinti, R. K. Diels−Alder reactions of 4-halo masked o-
benzoquinones. Experimental and theoretical investigations. Org.
Biomol. Chem. 2014, 12, 5656−5668.
(13) (a) Posner, G. H.; Nelson, T. D.; Kinter, C. M.; Afarinkia, K. 3-
bromo-2-pyrone: an easily prepared chameleon diene and a synthetic
equivalent of 2-pyrone in thermal Diels−Alder cycloadditions.
Tetrahedron Lett. 1991, 32, 5295−5298. (b) Afarinkia, K.; Vinader,
V.; Nelson, T. D.; Posner, G. H. Diels−Alder cycloadditions of 2-
pyrones and 2-pyridones. Tetrahedron 1992, 48, 9111−9171.
(c) Afarinkia, K.; Posner, G. H. 5-Bromo-2-pyrone: An easily
prepared ambiphilic diene and a synthetic equivalent of 2-pyrone in
mild, thermal, Diels−Alder cycloadditions. Tetrahedron Lett. 1992, 33,
7839−7842. (d) Chen, C. H.; Liao, C. C. One-pot stereoselective
synthesis of tricyclic bislactones from 2-pyrones and 2-methoxyfuran.
Org. Lett. 2000, 2, 2049−2052.
(14) Representative examples: (a) Roush, W. R.; Koyama, K.;
Curtin, M. L.; Moriarty, K. J. Studies on the Synthesis of Nargenicin
A1: Highly Stereoselective Synthesis of the Complete Carbon
Framework via the Transannular Diels−Alder Reaction of an 18-
Membered Macrolide. J. Am. Chem. Soc. 1996, 118, 7502−7512.
(b) Van Cauwenberge, G.; Gao, L.-J.; Van Haver, D.; Milanesio, M.;
Viterbo, D.; De Clercq, P. J. A Novel Short Convergent Entry into
Himbacine Derivatives. Org. Lett. 2002, 4 (9), 1579−1582. (c) Wong,
L. S.-M.; Sharp, L. A.; Xavier, N. M. C.; Turner, P.; Sherburn, M. S.
The Bromopentadienyl Acrylate Approach to Himbacine. Org. Lett.
2002, 4 (11), 1955−1957. (d) Pearson, E. L.; Willis, A. C.; Sherburn,
M. S.; Paddon-Row, M. N. Controlling cis/trans-selectivity in
intramolecular Diels−Alder reactions of benzo-tethered, ester linked
1,3,9-decatrienes. Org. Biomol. Chem. 2008, 6, 513−522. (e) Tsirk, A.;
Gronowitz, S.; Hörnfeldt, A.-B. Stereoselectivities of the Intra-
molecular Diels−Alder Reaction in the Azanona- and Azaditriene
Series. Preparation of Some Polyhydroisoindoles, Polyhydroisoquino-
lines, Decahydropyrido[2,1-a]isoindoles and Decahydro-2H-pyrido-
[1,2-b]isoquinolines. Phosphorus, Sulfur Silicon Relat. Elem. 1999, 153

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.9b04567
Org. Lett. XXXX, XXX, XXX−XXX

E

https://dx.doi.org/10.1002/1521-3773(20020517)41:10<1668::AID-ANIE1668>3.0.CO;2-Z
https://dx.doi.org/10.1021/cr040632u
https://dx.doi.org/10.1021/cr040632u
https://dx.doi.org/10.1039/C8CS00274F
https://dx.doi.org/10.1039/C8CS00274F
https://dx.doi.org/10.1039/C8CS00274F
https://dx.doi.org/10.1039/C8CS00274F
https://dx.doi.org/10.1016/j.ejpb.2015.06.007
https://dx.doi.org/10.1016/j.ejpb.2015.06.007
https://dx.doi.org/10.1021/jm200187y
https://dx.doi.org/10.1021/jm200187y
https://dx.doi.org/10.1021/jm200187y
https://dx.doi.org/10.1021/acs.jmedchem.5b01409
https://dx.doi.org/10.1021/acs.jmedchem.5b01409
https://dx.doi.org/10.1038/s41586-018-0391-9
https://dx.doi.org/10.1038/s41586-018-0391-9
https://dx.doi.org/10.1038/s41586-018-0391-9
https://dx.doi.org/10.1002/adsc.201900044
https://dx.doi.org/10.1002/adsc.201900044
https://dx.doi.org/10.1002/adsc.201900044
https://dx.doi.org/10.2174/1385272820666160331234505
https://dx.doi.org/10.2174/1385272820666160331234505
https://dx.doi.org/10.1039/c0cc05665k
https://dx.doi.org/10.1039/c0cc05665k
https://dx.doi.org/10.1039/c0cc05665k
https://dx.doi.org/10.1021/ja505721v
https://dx.doi.org/10.1021/ja505721v
https://dx.doi.org/10.1021/ja505721v
https://dx.doi.org/10.1021/jm901241e
https://dx.doi.org/10.1021/jm901241e
https://dx.doi.org/10.1039/C6CC04662B
https://dx.doi.org/10.1039/C6CC04662B
https://dx.doi.org/10.1039/C6CC04662B
https://dx.doi.org/10.1055/s-2005-872084
https://dx.doi.org/10.1055/s-2005-872084
https://dx.doi.org/10.1002/asia.201801559
https://dx.doi.org/10.1002/chem.201602124
https://dx.doi.org/10.1002/chem.201602124
https://dx.doi.org/10.3762/bjoc.10.19
https://dx.doi.org/10.3762/bjoc.10.19
https://dx.doi.org/10.1021/ol050794s
https://dx.doi.org/10.1021/ol050794s
https://dx.doi.org/10.1016/j.tet.2007.08.063
https://dx.doi.org/10.1016/j.tet.2007.08.063
https://dx.doi.org/10.1021/jo3016727
https://dx.doi.org/10.1021/jo3016727
https://dx.doi.org/10.1055/s-1993-25863
https://dx.doi.org/10.1055/s-1993-25863
https://dx.doi.org/10.1021/jo901919m
https://dx.doi.org/10.1021/jo901919m
https://dx.doi.org/10.1002/ajoc.201700164
https://dx.doi.org/10.1002/ajoc.201700164
https://dx.doi.org/10.1021/jo960750k
https://dx.doi.org/10.1021/jo960750k
https://dx.doi.org/10.1021/jo960750k
https://dx.doi.org/10.1021/jo960750k
https://dx.doi.org/10.1021/ol902530k
https://dx.doi.org/10.1021/ol902530k
https://dx.doi.org/10.1021/ol902530k
https://dx.doi.org/10.1055/s-2001-9709
https://dx.doi.org/10.1055/s-2001-9709
https://dx.doi.org/10.1055/s-2001-9709
https://dx.doi.org/10.1055/s-2001-9709
https://dx.doi.org/10.1021/jo00347a014
https://dx.doi.org/10.1021/jo00347a014
https://dx.doi.org/10.1246/cl.1987.651
https://dx.doi.org/10.1246/cl.1987.651
https://dx.doi.org/10.1246/cl.1987.651
https://dx.doi.org/10.1002/recl.19931120207
https://dx.doi.org/10.1002/recl.19931120207
https://dx.doi.org/10.1002/recl.19931120207
https://dx.doi.org/10.1002/recl.19931120207
https://dx.doi.org/10.1021/ol991007s
https://dx.doi.org/10.1021/ol991007s
https://dx.doi.org/10.1021/ol991007s
https://dx.doi.org/10.1002/anie.200904520
https://dx.doi.org/10.1002/anie.200904520
https://dx.doi.org/10.1021/jo048213k
https://dx.doi.org/10.1021/jo048213k
https://dx.doi.org/10.1021/jo048213k
https://dx.doi.org/10.1039/C4OB00856A
https://dx.doi.org/10.1039/C4OB00856A
https://dx.doi.org/10.1016/S0040-4039(00)92368-2
https://dx.doi.org/10.1016/S0040-4039(00)92368-2
https://dx.doi.org/10.1016/S0040-4039(00)92368-2
https://dx.doi.org/10.1016/S0040-4020(01)85607-6
https://dx.doi.org/10.1016/S0040-4020(01)85607-6
https://dx.doi.org/10.1016/S0040-4039(00)74757-5
https://dx.doi.org/10.1016/S0040-4039(00)74757-5
https://dx.doi.org/10.1016/S0040-4039(00)74757-5
https://dx.doi.org/10.1021/ol000082w
https://dx.doi.org/10.1021/ol000082w
https://dx.doi.org/10.1021/ja9607796
https://dx.doi.org/10.1021/ja9607796
https://dx.doi.org/10.1021/ja9607796
https://dx.doi.org/10.1021/ja9607796
https://dx.doi.org/10.1021/ol025801g
https://dx.doi.org/10.1021/ol025801g
https://dx.doi.org/10.1021/ol0259746
https://dx.doi.org/10.1039/B716910H
https://dx.doi.org/10.1039/B716910H
https://dx.doi.org/10.1039/B716910H
https://dx.doi.org/10.1080/10426509908546441
https://dx.doi.org/10.1080/10426509908546441
https://dx.doi.org/10.1080/10426509908546441
https://dx.doi.org/10.1080/10426509908546441
https://dx.doi.org/10.1080/10426509908546441
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.9b04567?ref=pdf


(1), 301−302. (f) Rahn, N.; Kalesse, M. The Total Synthesis of
Chlorotonil A. Angew. Chem., Int. Ed. 2008, 47, 597−599. (g) Evans,
D. A.; Adams, D. J.; Kwan, E. E. Progress toward the Syntheses of
(+)-GB 13, (+)-Himgaline, and Himandridine. New Insights into
Intramolecular Imine/Enamine Aldol Cyclizations. J. Am. Chem. Soc.
2012, 134, 8162−8170.
(15) (a) Cayzer, T. N.; Miller, N. A.; Paddon-Row, M. N.; Sherburn,
M. S. Enhanced stereocontrol in Diels−Alder reactions of chiral
dienols. Org. Biomol. Chem. 2006, 4, 2019−2024. (b) Bridges, A. J.;
Fischer, J. W. The Diels−Alder reactivity of some new sulfur
(selenium) substituted halobutadienes. Tetrahedron Lett. 1983, 24,
447−450. (c) Huang, P.; Liu, L.; Chang, W.; Li, J. An Unexpected
Double Diels−Alder Reaction of (E)-2-Bromo-4-aryl-1,3-pentadiene
Involving [1,5]-Hydrogen Migration and HBr Elimination: Synthesis
of Bicyclo[2.2.2]octene Derivatives. Chem. - Asian J. 2015, 10, 548−
552.
(16) Suzuki, T.; Watanabe, S.; Kobayashi, S.; Tanino, K.
Enantioselective Total Synthesis of (+)-Iso-A82775C, a Proposed
Biosynthetic Precursor of Chloropupukeananin. Org. Lett. 2017, 19,
922−925.
(17) (a) Yasukawa, N.; Yokoyama, H.; Masuda, M.; Monguchi, Y.;
Sajiki, H.; Sawama, Y. Highly-functionalized arene synthesis based on
palladium on carbon-catalyzed aqueous dehydrogenation of cyclo-
hexadienes and cyclohexenes. Green Chem. 2018, 20, 1213. (b) Scholl,
K.; Dillashaw, J.; Timpy, E.; Lam, Y.-H.; DeRatt, L.; Benton, T. R.;
Powell, J. P.; Houk, K. N.; Morgan, J. B. Quinine-Promoted,
Enantioselective Boron-Tethered Diels−Alder Reaction by Anomeric
Control of Transition-State Conformation. J. Org. Chem. 2018, 83,
5756−5765.
(18) Spaggiari, A.; Vaccari, D.; Davoli, P.; Torre, G.; Prati, F. A Mild
Synthesis of Vinyl Halides and gem-Dihalides Using Triphenyl
Phosphite-Halogen-Based Reagents. J. Org. Chem. 2007, 72, 2216−
2219.
(19) Weng, W.-W.; Luh, T.-Y. Synthesis of functionalized 1-silyl-
substituted dienes by regioselective cyclopropanation of 1-silyl-
substituted butadienes with dibromocarbene followed by AgI-
promoted ring-opening of the resulting dibromocyclopropanes. J.
Chem. Soc., Perkin Trans. 1 1993, 2687−2692.
(20) Mundal, D. A.; Lutz, K. E.; Thomson, R. J. Stereoselective
Synthesis of Dienes from N-Allylhydrazones. Org. Lett. 2009, 11,
465−468.
(21) Zheng, B.; Srebnik, M. Some Reactions of α-Allenic Boronates.
Synth. Commun. 1996, 26, 393−405.
(22) Ma, S.; Wang, G. Unexpected SN2′-type addition-elimination
reactions of 1-aryl-2,3-allenols with LiX. Synthesis and synthetic
application of 1-aryl-3-halo-1,3-dienes. Tetrahedron Lett. 2002, 43,
5723−5726.
(23) Horvat́h, A.; Bac̈kvall, J.-E. Palladium(II)-Catalyzed SN2′
Reactions of α-Allenic Acetates. Stereoconvergent Synthesis of
(Z,E)-2-Bromo-1,3-dienes. J. Org. Chem. 2001, 66, 8120−8126.
(24) Trost, B. M.; Coppola, B. P. 2-Bromo-3-(trimethylsilyl)-
propene. An Annulating Agent for Five-Membered Carbo- and
Heterocycles. J. Am. Chem. Soc. 1982, 104, 6879−6881.
(25) Lawrence, A. J.; Sutherland, J. D. Synthesis and Properties of
Glycolaldehyde Di- and Triphosphate. Synlett 2002, 2002, 170−172.
(26) US$2.44/g (4) vs US$464/g (3), Merck Sigma Aldrich (New
Zealand) 2019.
(27) Mandai, T.; Nokami, J.; Yano, T.; Yoshinaga, Y.; Otera, J. Facile
One-Pot Synthesis of Bromo Homoallyl Alcohols and 1,3-Keto
Acetates via Allyltin Intermediates. J. Org. Chem. 1984, 49, 172−174.
(28) Computational modeling (Spartan; MMFF conformer search/
AM1 semiempirical geometry/HF 6-31+G* single-point energy)
suggested that the trans/exo cycloadducts were ca. 2−4 kcal/mol
lower in energy than the cis/endo isomers.
(29) DFT calculations (B3LYP/6-311+G(d,p) geometry optimiza-
tion with GD3 dispersion correction) were performed with Gaussian
09: Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.;

Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.;
Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi,
R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar,
S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox,
J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A.
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