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Conjugated dienes and polyenes are central structural motifs of natural products, and key synthetic
intermediates in organic synthesis and materials science. We describe herein a palladium-catalyzed
dienylation of aryl, heteroaryl, and vinyl triflates, nonaflates and iodides that were previously identi-
fied as recalcitrant substrates for the sulfolene-mediated catalytic dienylation. The method has now been
successfully expanded to CeO and CeI dienylation, demonstrating broad scope with respect to sulfo-
nates, iodides and sulfolenes. The reactions proceed with high regio- and stereoselectivity, and efficiency
that are strongly influenced by basic additives, whose influence on the reaction performance was sys-
tematically studied.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Conjugated dienes play increasingly important roles in organic
synthesis. The reactive diene moiety offers a plethora of opportu-
nities for functionalization at one, two, or all four carbon atoms in a
regio- and stereoselective manner, and significant efforts have
recently been directed towards the development of catalytic
methods of diene functionalization [1], in addition to the well-
established cycloaddition approaches [2]. Conjugated dienes are
also important precursors to functional materials and polymers [3].
More extended conjugated polyene units are common structural
motifs of natural products, some of which have been used for
treatment of infectious diseases and cancer (Fig. 1) [4]. Given the
importance of conjugated dienes and polyenes, several general
approaches were developed to access them, including olefination
reactions with ylides [5] and transition metal-catalyzed vinylation
procedures [6,7], including methods that allow for construction of
dienes and polyenes in iterative fashion [8]. While these methods
have significantly improved synthetic access to conjugated dienes
and polyenes, a dienylation approach that takes advantage of
appropriately designed four-carbon atom reagents can enable
nov).
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direct installation of a dienyl unit. However, this approach would
require development of a catalytic system that could control the
stereoselectivity of formation of both C]C bonds in the diene unit,
and the dienylation reagents have to be readily available in a variety
of substitution patterns. Given these challenges, until recently, this
approach remained unexplored. In 2018, our group disclosed the
highly stereo- and regioselective palladium-catalyzed dienylation
of aryl, heteroaryl, and vinyl chlorides and bromides with sulfo-
lenes as four-carbon dienylation reagents (Fig. 2) [9]. The use of
sulfolenes is advantageous, because they are readily accessible by
means of scalable procedures in a variety of substitution patterns
from simple precursors, or are industrially produced bulk chem-
icals [10]. The dienylation reaction is catalyzed by palladium, and
the use of dppbz (1,2-bis(phenylphosphino)benzene) as a ligand is
required to achieve high E- and Z-stereoselectivity. The regiose-
lectivity of the dienylation is determined by the base-mediated ring
opening of sulfolenes that is structure-dependent. For example, 2-
substituted sulfolenes 1 produce 4-substituted dienesulfinates 2,
while 3-substituted sulfolenes 3 produce 2-substituted dien-
esulfinates 4. The ring-opening is also highly stereoselective: ZeC]
C bond is formed adjacent to the sulfinate group, while the distal
CeC bond has the E-configuration. The 1Z-configuration pre-
disposes the ensuing dienylation to produce 1Z-dienes that are
indeed observed for the majority of substituted sulfinates.
atalytic desulfitative CeO and CeI dienylation with sulfolenes: The
019.04.012

mailto:oleg.larionov@utsa.edu
www.sciencedirect.com/science/journal/00404020
www.elsevier.com/locate/tet
https://doi.org/10.1016/j.tet.2019.04.012
https://doi.org/10.1016/j.tet.2019.04.012


Fig. 1. Conjugated dienes and polyenes.
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However, highly stereoselective formation of 1E-dienes was
observed for some sulfolenes. These results point to the isomeri-
zation of the dienesulfinate moiety either at the stage of dien-
esulfinate salts 5, or at the stage of arylpalladium(II) sulfinate
intermediate 6. Both isomerization processes can be catalyzed by
basic reagents that are present in the reactionmixture, for example,
potassium carbonate, as was previously shown for salts of type 5.

Indeed, presence of potassium carbonate as a basic additive was
crucial for achieving high stereoselectivity and high yields. Car-
bonates are known to rapidly react with sulfur dioxide [11] that is
produced in the desulfitation of arylpalladium sulfinate 6 en route
to aryldienylpalladium 7. The role of potassium carbonate can
therefore be twofold: it can catalyze the isomerization of sulfinates
5 and 6, and remove the sulfur dioxide from the reaction mixture,
thus facilitating the potentially reversible desulfitation step [12].
Fig. 2. Palladium-catalyzed dienylation.
2. Results and discussion

Although the dienylation reaction exhibited a broad substrate
scope with respect to aryl, heteroaryl and vinyl halides, as well as
various substituted sulfolenes, the reaction was incompatible with
aryl triflates. For example, an attempted dienylation of triflate 8
with sulfolene 9 produced diene 10 in only 9% yield and with 1; 1 E/
Z ratio (Scheme 1). In addition, phenol 11 was formed in 49% yield,
indicating that a base-mediated cleavage of the base-labile triflate
group can be responsible for the incompatibility of aryl triflates.

Aryl sulfonates, particularly triflates, are key synthetic in-
termediates that are used to convert C(sp2)�O bonds to CeC bonds
by a variety of catalytic transformations. The synthetic importance
of the C(sp2)�O bond stems from the abundance of phenols among
synthetic precursors of industrial and biological origin, and the
ready availability of vinyl triflates from carbonyl compounds. The
incompatibility of the dienylation reaction with sulfonates is,
therefore, a serious impediment for its synthetic application in the
areas that capitalize on the availability of efficient and stereo-
selective C(sp2)�O functionalization reactions, e.g., natural product
synthesis and medicinal chemistry. In addition, by extending the
Please cite this article as: H.T. Dang et al., Highly stereoselective and c
importance of basic additives, Tetrahedron, https://doi.org/10.1016/j.tet.2
scope of the dienylation reaction to these substrates, we hoped to
gain better understanding of the roles of the reagents that are used
in the reaction. Given that both potassium methoxide and potas-
sium carbonate can have deleterious effects on the stability of tri-
flate substrates, we first embarked on the study of the influence of
basic additives on the stereoselectivity and efficiency of the dien-
ylation reaction with dienesulfinate salt 12, thus excluding potas-
sium methoxide from the reaction mixture (Table 1). Interestingly,
the reaction with potassium carbonate resulted in 84% yield of
diene 10 with a 1.5 : 1 E/Z ratio (entry 1), confirming that the basic
additive is responsible for the low stereoselectivity in THF.

This result highlights the important role that the basic additive
plays in determining the stereoselectivity of the dienylation reac-
tion. Replacement of THF with dioxane as a solvent had a detri-
mental effect (entry 2), favoring triflate cleavage. The reaction
proceeded substantially better in toluene (entry 3), although the
atalytic desulfitative CeO and CeI dienylation with sulfolenes: The
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Scheme 1. Attempted dienylation of triflate 8.

Table 1
Optimization of CeO dienylationa.

Entry Basic additive Solvent Yield, %b E/Z ratio

1 K2CO3 THF 84 1.5:1
2 K2CO3 Dioxane 0c e

3 K2CO3 Toluene 68 21:1
4 Cs2CO3 THF 13d >30:1
5 Li2CO3 THF 47 >30:1
6 Na2CO3 THF 92 5.7:1
7 K3PO4 THF 55 22:1
8 K2HPO4 THF 40 >30:1
9 KH2PO4 THF 49 >30:1
10 Na2HPO4 THF 35 >30:1
11 Li3PO4 THF 71 >30:1
12 KHCO3 THF 81e >30:1

a Reaction conditions: triflate 8 (1mmol), sulfinate 12 (2mmol), Pd(OAc)2 (5mol
%), dppbz (8mol %), basic additive (2mmol), solvent (9mL), 100 �C, 18 h.

b Determined by 1H NMR spectroscopy with 1,4-dimethoxybenzene as an inter-
nal standard.

c Phenol 11 was produced in 67% yield.
d Phenol 11 was produced in 85% yield.
e Isolated yield.
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stereoselectivity was not as high as for the dienylation of aryl ha-
lides. Carbonates of other alkali metals showed disparate but
overall unsatisfactory performance. While low yields and high
stereoselectivity were observed for cesium and lithium carbonates
(entries 4 and 5), high yield and low stereoselectivity was observed
for sodium carbonate (entry 6).

We then proceeded to investigate the influence of other basic
salts on the reaction performance. Although the reaction with po-
tassium phosphate afforded diene 10 in a fairly good yield, the E-
stereoselectivitywas below 30 : 1 (entry 7). On the other hand, both
potassium hydrogen phosphate and dihydrogen phosphate gave
rise to diene 10with very high E/Z ratio, albeit at the expense of the
yield (entries 8, 9). Various sodium and lithium phosphate salts
were also investigated (e.g., entries 10 and 11). In both cases high
stereoselectivity was observed, but the yield remained unsatisfac-
tory. Gratifyingly, when potassium hydrogen carbonated was used,
diene 10 was produced essentially as a single E-isomer, and in 81%
yield. With this result in hand, we proceeded to test the dienylation
reactionwith potassium hydrogen carbonate as a basic additive and
potassium methoxide as a base. Surprisingly, the reaction did not
produce any dienylation product, instead affording a mixture of
products of triflate cleavage and substitution with methoxide
Please cite this article as: H.T. Dang et al., Highly stereoselective and c
importance of basic additives, Tetrahedron, https://doi.org/10.1016/j.tet.2
(phenol 11 and 4-methoxybenzonitrile). This result indicated that
in addition to the carbonate-induced cleavage of the triflate group,
the reaction also suffered from the deleterious effects of the
nucleophilicity of potassium methoxide.

Our prior experiments showed that although the methoxide-
induced ring opening of sulfolene 9 is completed within 10min at
110 �C it is very slow at room temperature, thus leaving ample time
for the unproductive triflate cleavage by the methoxide. On the
other hand, potassium tert-butoxide effects a fast sulfolene ring
opening even at room temperature. We therefore tested the two-
flask procedure, wherein sulfolene 9 and potassium tert-butoxide
were allowed to react separately at room temperature for 1 h,
before being added to the reaction vessel with the catalyst. This
procedure afforded diene 10with the same high E-stereoselectivity
and 81% yield. With this simple procedure in hand we proceeded to
test the scope of the triflate dienylation with sulfolene 9 (Fig. 3). A
variety of products (13e32) bearing cyano (10, 13), halogen
(14e16), alkyl (17), alkylthio (18), methoxy (19), and fluorinated
groups (20, 21) were tolerated. Keto and ester groups (23 and 24)
were suitable, as well bicyclic aromatic substrates (25e27). All
substitution patterns (ortho, meta and para) were well-tolerated.
Heteroaryl triflates of the pyridine and quinoline series and the
estrone-derived triflate also afforded the corresponding dienes
28e33 in synthetically useful yields.

We also tested the triflate dienylation protocol with various
natural product-derived vinyl triflates. Despite the pronounced
propensity for polymerization, polyenes 34e37 derived from
cholesterol, stigmasterol, diosgenin, and ergosterol were readily
obtained from the corresponding triflates. The newly-established
synthetic access to the highly air-sensitive ergosterol-derived
pentaene 37 highlights the potential of the triflate dienylation
procedure for preparation of polyenes. Conversion of unsaturated
ketones to conjugated polyenyl triflates typically proceeds under
milder conditions than conversion to the corresponding bromides.
Hence, the new triflate dienylation procedure can be particularly
useful for the synthesis of polyenes with labile vinyl bromide
precursors.

Nonaflates (nonafluorobutanesulfonates, RONf) are cost-
effective and reactive electrophiles that have found use in CeC
bond-forming cross-coupling reactions and other synthetic appli-
cations [13]. Nonaflates can be readily accessed from the inexpen-
sive and bench-stable nonaflyl fluoride (NfF), and their use can be
particularly advantageous in large-scale CeO functionalization
applications. We, therefore, tested the performance of a series of
aryl nonaflates in the newly-developed dienylation protocol. In all
of the cases, dienes 10, 19, 24 and 31were produced in good yields,
indicating that nonaflates are also suitable substrates for the
dienylation protocol.

We further proceeded to test the triflate dienylation procedure
with substituted sulfolenes (Fig. 4). 2,4-Substituted sulfolene 38
reacted smoothly with aryl and heteroaryl triflates, producing di-
enes 39 and 40 with >30 : 1 stereoselectivity and in excellent
yields. The dienes share the 1Z,2E configuration in line with the
reactivity observed for aryl halides and as predicted by the stereo-
and regiochemical model of the sulfolene ring-opening process.
The desulfitative coupling with sulfolene 38 was 1Z-selective.
Substituted polyenes 41e42 were also prepared from stigmasterol
and cholesterol-derived vinyl triflates, confirming applicability of
the dienylation procedure for polyene synthesis. Estrone-derived
diene 43 was also prepared in a good yield. The structure of het-
erocyclic diene 40 was confirmed by single crystal X-ray crystal-
lographic analysis (Fig. 5a). Trisubstituted sulfolene 44 also reacted
with high stereoselectivity, affording diversely substituted 1Z-di-
enes 45e48 in good yields. Similarly, 3-substituted myrcene-
derived sulfolene 49 produced 1Z-dienes 50e52 with >30 : 1 Z-
atalytic desulfitative CeO and CeI dienylation with sulfolenes: The
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Fig. 3. Conjugated dienes and polyenes obtained with sulfolene 9. Aryl and vinyl triflates were used, and E/Z ratio >30:1 unless otherwise specified.
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selectivity and in good yields. The results with substituted sulfo-
lenes 9, 38, 44 and 49 confirm broad scope of the triflate dien-
ylation procedure with a variety of sulfolenes and triflates. In all of
the cases, only the dienylation products were formed, and dien-
esulfones that may be produced by a reaction of halo(hetero)arenes
with dienesulfinate salts 5 were not observed [14]. The success of
the present study hinged on identification of potassium hydrogen
carbonate as a basic additive that can efficiently sequester sulfur
dioxide and catalyze the Z/E-isomerization of the dienesulfinate
unit (in the case of sulfolene 9), but that is not basic enough to
cleave labile aryl sulfonates. Use of strongly basic potassium tert-
butoxide to accelerate the ring-opening of sulfolenes allowed for
by-passing potassium methoxide that was also responsible for the
unproductive cleavage of triflate esters.

With the catalytic dienylation of triflates and nonaflates
secured, we proceeded with the study of the dienylation of iodides
that were also found to be resistant to the reaction conditions
Please cite this article as: H.T. Dang et al., Highly stereoselective and c
importance of basic additives, Tetrahedron, https://doi.org/10.1016/j.tet.2
developed for bromide and chloride substrates. The behavior of the
catalytic dienylation system stands in stark contrast to the majority
of other palladium-catalyzed cross-coupling reactions, for which
aryl iodides are typically the most reactive electrophiles [15]. Aryl
iodides are less cost-effective and less readily available than aryl
bromides, chlorides and sulfonates, and they are typically only used
when the more readily obtainable electrophiles do not show
satisfactory performance. We were, however, intrigued by the
challenge of circumventing the lack of reactivity of iodides in the
catalytic dienylation and endeavored to extend the scope of the
dienylation reaction to C(sp2)�I bonds. Our initial attempts to effect
conversion of iodide 53 to diene 10 confirmed that alkali carbonate
and phosphate salts were not suitable as basic additives for CeI
dienylation (Table 2, entries 1e3). Prompted by our earlier research
on Pd-catalyzed functionalization of heterocyclic N- oxides [16]
that showed the superior performance of basic silver salts, espe-
cially with aryl iodides as electrophiles, we employed silver oxide
atalytic desulfitative CeO and CeI dienylation with sulfolenes: The
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Fig. 4. Dienylation products obtained with substituted sulfolenes 38, 44 and 49. Aryl and vinyl triflates were used, and E/Z ratio >30:1 unless otherwise specified.
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as a basic additive and observed a much improved catalytic per-
formance and stereoselectivity (entry 4). Interestingly, the rate-
enhancing effect was limited to silver oxide, while reactions with
copper(I) oxide, as well as other basic silver salts (e.g., carbonate
and phosphate) did not produce diene 10 (entries 5e7). Replacing
potassium methoxide with potassium tert-butoxide resulted in
higher stereoselectivity, albeit at the expense of lower yield.
Further improvement in yield was achieved by reducing concen-
tration of the reactants, likely due to improved mixing (entry 9).
Increased loading of potassium tert-butoxide and sulfolene 9
further improved the yield and stereoselectivity, although, even
after further optimization, the performance of the CeI dienylation
could not achieve the levels of CeBr and CeO dienylation. Several
aryl iodides were evaluated in the dienylation reaction with sul-
folenes 9 and 38 (Figs. 3 and 4). Dienes 10,13,18, 21 (Fig. 3) and 54,
55 (Fig. 4) were obtained with high stereoselectivities, confirming
that CeI dienylation can be used to directly access conjugated di-
enes from aryl iodides. The structure of diene 55 was confirmed by
Please cite this article as: H.T. Dang et al., Highly stereoselective and c
importance of basic additives, Tetrahedron, https://doi.org/10.1016/j.tet.2
single crystal X-ray crystallographic analysis (Fig. 5b).
The beneficial role of silver oxide may be explained by facilita-

tion of the anion metathesis en route to arylpalladium sulfinate
intermediate 6 (Fig. 2) that may be sluggish in the case of the
iodide.
3. Conclusion

In summary, we developed a simple procedure for the
palladium-catalyzed, highly stereoselective dienylation of triflates,
nonaflates and iodides that are not compatible with the dienylation
method developed for chlorides and bromides. The new protocol
allows for efficient and highly stereoselective conversion of triflates
and nonaflates to substituted dienes and polyenes. The develop-
ment of this protocol was enabled by a study of the influence of
basic additives on the stereoselectivity and efficiency of dien-
ylation. Potassium hydrogen carbonate was found to be the basic
additive of choice for sulfonates, while silver oxide was the optimal
atalytic desulfitative CeO and CeI dienylation with sulfolenes: The
019.04.012



Fig. 5. X-Ray crystallographic structure of dienes 40 (a) and 55 (b) with ellipsoids
shown at the 65% probability level.

Table 2
Optimization of CeI dienylationa.

Entry Basic additive Base Yield, %b E/Z ratio

1 K2CO3 KOMe 9% 1:1
2 K3PO4 KOMe 12% 1:1.7
3 Cs2CO3 KOMe 15% 1.5:1
4 Ag2O KOMe 59% 15:1
5 Cu2O KOMe e e

6 Ag2CO3 KOMe e e

7 Ag3PO4 KOMe e e

8 Ag2O KOtBu 45% >30:1
9c Ag2O KOtBu 55% 27:1
10c,d Ag2O KOtBu 60% >30:1

a Reaction conditions: iodide 53 (1mmol), sulfolene 9 (2mmol), Pd(OAc)2 (5mol
%), ligand (8mol%), base (1.6mmol), basic additive (2mmol), THF (10mL), 16 h.

b Determined by 1H NMR spectroscopy with 1,4-dimethoxy-benzene as an in-
ternal standard.

c 15mL of THF was used.
d 2 equiv. of KOtBu and 2.2 equiv. of sulfolene 9 were used.

H.T. Dang et al. / Tetrahedron xxx (xxxx) xxx6
reagent for iodides. The scope of the reaction was found to
encompass a variety of functional groups. Aryl, heteroaryl and vinyl
triflates were readily converted to conjugated dienes and polyenes
in good to excellent yields and with high regio- and stereo-
selectivity. In addition, several substituted sulfolenes were suc-
cessfully used as dienylation reagents, indicating that the reaction
can be used to prepare substituted dienes, in particular, the more
synthetically challenging Z-dienes with a variety of substitution
patterns.
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