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ABSTRACT: We report a highly enantioselective inter-
molecular Heck reaction of alkenyl triflates and acyclic
primary or racemic secondary alkenols. The mild reaction
conditions permit installation of a wide range of alkenyl
groups at positions β, γ, or δ to a carbonyl group in high
enantioselectivity. The success of this reaction is attributed
to the use of electron-withdrawing alkenyl triflates, which
offer selective β-hydride elimination followed by migration
of the catalyst through the alkyl chain to give the
alkenylated carbonyl products. The synthetic utility of
the process is demonstrated by a two-step modification of
a reaction product to yield a tricyclic core structure,
present in various natural products.

Installation of an alkenyl motif represents a widely used
strategy for introducing molecular complexity found in

natural products and pharmaceuticals.1 Therefore, enantio-
selective alkenylation has been a cornerstone of synthetic
methods development. However, most methods that enable the
introduction of alkenyl/vinyl moieties enantioselectively are
restricted to the use of biased α,β-unsaturated carbonyls,2 allylic
moieties,3 or other functional groups in close proximity to the
reaction site.4 An alternative powerful strategy for the
stereoselective introduction of alkenyl groups has been the
enantioselective intramolecular Heck reaction of vinyl electro-
philes. In spite of its extensive use in natural product synthesis,5

the effective installation of alkenyl units in an intermolecular
fashion has been limited to the use of classical cyclic enol ether
substrates.6 Here we report a method that overcomes this
considerable limitation wherein a broad array of alkenyl
electrophiles can be combined with acyclic alkenols of various
chain lengths to yield alkenylated Heck-type products in high
enantioselectivity.
We have reported redox-relay Heck reactions of acyclic

alkenols, wherein aryl groups derived from either aryldiazao-
nium salts7a or aryl boronic acids7b can be added enantio-
selectively to an alkenol followed by Pd migration through the
alkyl chain to form a carbonyl product (Figure 1a). This
process provides a platform for setting absolute stereochemistry
remotely to other functionality in a molecule, which was
recently highlighted by the use of trisubstituted alkenes to
generate quaternary centers at positions β, γ, δ, ε, and ζ to a
carbonyl group.8 Even though the redox-relay strategy leads to
remote enantioselective functionalization, the limitation
remains that only aryl groups can be effectively introduced
using this methodology. In this regard, we sought to develop a

general intermolecular enantioselective alkenylative relay Heck
reaction, which would install a new alkene motif at distinct
positions remote from a carbonyl (Figure 1b).
The dearth of examples in the area of intermolecular Heck

reactions of alkenyl electrophiles is evidence that significant
challenges exist to develop viable methods.9 These likely arise
from issues in site selection, with the first of which related to
the initial migratory insertion of a relatively unbiased alkene
into the Pd-alkenyl species, akin to A proceeding to B in Figure
1c.10,11 In our previous arylative redox-relay Heck reactions,7
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Figure 1. (a) Enantioselective arylative relay Heck reaction. (b)
Proposed enantioselective alkenylative relay Heck reaction. (c)
Mechanistic hypothesis. (d) Potential challenge. (e) Preliminary result.
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we observed that substrate control via remote electronic bias is
responsible for effective site selection at the alkene carbon distal
to the alcohol. This result is consistent with computational
analysis wherein the polarization of the alkene in the transition
state is stabilized by remote C−O dipole interactions.12

Therefore, we anticipated that site-selective migratory insertion
could be adequately addressed using this substrate class.
Another problem we suspected to be of greater significance is
that of site-selective β-hydride elimination from an intermediate
like B.11 If β-hydride elimination occurs at HB, the relay
reaction is expected to proceed, revealing the carbonyl product
through iterative β-hydride elimination and migratory insertion
events (B → C → D → 3). However, if HA undergoes β-
hydride elimination yielding E (Figure 1d), migratory insertion
of the alkene into the Pd-hydride would result in a π-allyl
complex, which could arrest catalysis due to its relative stability.
The inherent difference between installing an alkenyl versus an
aryl group is the formation of both a more stabilized diene
intermediate E compared to a styrene and a π-allyl compared to
a π-benzyl intermediate. In fact, Pd-π-allyl intermediates have
been exploited in our group for difunctionalization reactions of
olefins using this precise strategy.13

To initiate the investigation, alkenyl triflates were considered
to be likely suitable coupling partners, as their oxidative
addition is facile and the resultant cationic PdII-alkenyl
intermediate would be highly electrophilic, a requisite for
effective relay Heck reactions due to enhanced alkene binding
properties.7,10 Our initial efforts using a simple cyclohexenyl
triflate 1a with (Z)-alkenol 2a, in the presence of a chiral pyrox
ligand, resulted in the formation of the desired product 3a in
15% yield albeit a good enantiomeric ratio (er) of 95:5 (Figure
1e).14 Attempts to improve the yield of this reaction were met
with similar outcomes. Analyzing the reaction mixture with ESI-
MS provided evidence of a species with a composition similar
to that of the proposed π-allyl intermediate shown in Figure
1e.15 Such a π-allyl species was anticipated as a result of
nonselective β-hydride elimination from an intermediate
resembling B in Figure 1c, as discussed above.
To tackle this issue, we re-examined putative intermediate B

and considered approaches to circumvent catalyst arrest derived
from formation of a π-allyl intermediate through β-hydride
elimination of HA (Figure 2a). In the most simplistic terms, to
promote the relay Heck process, the hydricity of HA needs to
be reduced.16 As a general approach to accomplish this, the use
of electron-deficient alkenyl triflates derived from β-dicarbonyl
compounds was considered, since the electron-withdrawing
nature of the resulting intermediate should avoid formation of
the π-allyl intermediate. Finally, an attractive aspect of alkenyl

triflates derived from β-dicarbonyl compounds is their modular,
facile synthesis.17 To test this hypothesis, alkenyl triflate 1b and
(Z)-2a were treated with a Pd(0) source in DMF under the
conditions in Figure 1e. In this initial event, a modest albeit
significantly improved yield (53%) of the desired aldehyde 3a
was observed in 92:8 er. Further improvement of the reaction
conditions as depicted in Figure 2b allowed for a 65% yield and
96:4 er of 3a to be obtained (see SI for detailed optimization of
the reaction).18 As an important note, the resulting electrophilic
alkene in the product remains untouched in this reaction,
suggesting a high specificity for electron-rich alkenes using this
catalyst.
The scope of the enantioselective alkenylation reaction

utilizing the redox-relay Heck strategy was evaluated using both
(Z)- and (E)-alkenols as substrates with a wide range of alkenyl
triflates (Table 1). Enantiomeric products are observed using
the alkenol stereoisomers, as demonstrated by the use of
alkenyl triflate 2a. The (Z)-alkene yields the (R)-enantiomer of
4a in 96:4 er, whereas 4:96 er is observed using the
corresponding (E)-alkene. A simple cyclohexenone-derived
alkenyl triflate performs similarly, providing the desired product
4b in good yield and enantioselectivity. A rather hindered

Figure 2. (a) Approach to overcome the formation of π-allyl
intermediates. (b) Successful enantioselective alkenylative relay Heck
reaction.

Table 1. Scope of the Vinyl Triflate Coupling Partner in the
Enantioselective Alkenylative Relay Heck Reaction Using
Homoallylic Alcohols

Yields are reported as an average of two parallel experiments.
Enantioselectivity determined by supercritical fluid chromatography
equipped with a chiral column. Reaction performed on 0.5 mmol scale.
Absolute configuration determined to be (R) for a synthetic derivative
of 4b arising from the (Z)-alkene. All others were assigned by analogy.
aReaction performed at room temperature.
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tetrasubstituted alkenyl triflate led to the formation of 4c in
good yield and excellent enantioselectivity using either
stereoisomer of the alkenol substrate (er 1:>99 with the (E)-
alkene). Of particular interest, the reaction proceeds well even
in the presence of an alkenyl bromide, resulting in a highly
enantioselective alkenylative relay Heck reaction to form 4d.
In order to probe the compatibility of an electron-

withdrawing functional group other than ketones, several
ester-derived alkenyl triflates were evaluated (4e−4i). The
first contained a Boc-protected amine in a ring and was
effective, albeit in modest yield, to provide 4e with a 3:97 er
using the (E)-alkene. A vinylogous cyclic ester-derived alkenyl
triflate was found to be an excellent substrate to afford 4f in
good yields and high er (3:97) using the (E)-alkene. Next, (Z)
and (E) acyclic enol triflates were stereoselectively synthesized
using modular acetoacetate derivatives and applied to the relay
Heck reaction.19 Although these alkenyl triflates were found to
be less reactive, raising the temperature to room temperature
provided the products in modest yields and good enantio-
selectivity (4g−4i). The geometry of the alkene was preserved
during the course of the reaction, showcasing the potential
utility of this process. Finally, heteroaromatic-derived alkenyl
triflates are also effective coupling partners, generating products
4j−4l in modest to good yield and high enantioselectivity.
These building blocks are especially noteworthy, as they
incorporate privileged structures including the coumarin and
napthoquinone moieties, which are often observed in bio-
logically active compounds.20 Notably, the use of other
electron-withdrawing groups such as halogens and styrenyl
units proved to be ineffective compared to a conjugated
carbonyl system (see SI for details).
The scope of this method was further evaluated by varying

the alkenyl alcohol (Table 2). A racemic secondary trans-allylic
alcohol was converted to 5a in high yield and er of 97:3. The
use of a similar allylic alcohol and vinylogous ester-derived
alkenyl triflate provided the β-substituted aldehyde 5b with

high enantioselectivity. A racemic secondary homoallylic
alcohol substrate was subjected to the alkenylation reaction
to give the γ-substituted ketone 5c in good yield and 98:2 er. A
methyl-substituted homoallylic alcohol was converted to 5d in
high yield and good er. With an aim of setting chiral centers
more remote from the carbonyl functional group, a trans-
bishomoallylic alcohol was subjected to the standard conditions
using three different alkenyl triflates. Indeed, the alkenyl groups
were installed enantioselectively, giving products 5e−5g in
moderate yields. Exceptional enantioselectivity was observed
for the formation of 5e and 5f, but a reduction in
enantioselectivity was observed using the coumarin-derived
alkenyl triflate. Additionally, a lower enantioselectivity was
observed for product 5f when the cis-bishomoallylic alcohol was
used as substrate. Unfortunately, trisubstituted alkenols are
unreactive under the current reaction conditions.
In general, the alkenyl Heck relay reaction with (E)-alkenes

provides higher enantioselectivity compared to the use of (Z)-
alkene substrates, especially when sterically hindered tetrasub-
stituted alkenyl triflates were employed. This is in contrast to
what has been observed in the enantioselective arylation of
acyclic alkenols, wherein similar levels of enantioselectivity were
observed for both (Z)- and (E)-alkenes.7 While a precise
explanation for these differences is not clear at present, the
absolute configuration of product 4b arising from the (Z)-
alkene was determined to be (R), which is the same face from
which the arene adds in our previous reports. This outcome
indicates that the transition states during the migratory
insertion step for the alkenylative and arylative Heck reactions
are likely to be similar, as the ligand employed is the same in
both reactions.
Many of the products accessed during this study are clearly

unique chiral building blocks. To highlight the anticipated
synthetic utility of this method, product 4b was further
elaborated through two synthetic steps to access the tricyclic
core of various natural products, including elisabethin A,
elisapterosin A, and colombiasin A.21 As depicted in Scheme 1,

Horner−Wadsworth−Emmons olefination of the aldehyde 4b
delivers diene 6 in high (E)-selectivity,22 which serves as a
precursor for an intramolecular Diels−Alder reaction. Treat-
ment of 6 under the conditions reported by Danishefsky and
co-workers yields the tricylic product 7 as a single
diastereomer.23 In all, four steps are required from the β-
dicarbonyl precursor, including a highly enantioselective

Table 2. Evaluation of Alkenol Substrates in the
Enantioselective Alkenylative Relay Heck Reaction

Yields are reported as an average of two parallel experiments.
Enantiomeric ratio determined by supercritical fluid chromatography
equipped with a chiral column. Reaction performed on 0.5 mmol scale.
aUsing the Z-alkene, a 57% yield and er of 10:90 was observed.

Scheme 1. Processing of a Relay Heck Product To Resemble
a Natural Product Core Structure
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alkenylative relay Heck and a diastereoselective intramolecular
Diels−Alder reaction, to access these interesting structures.
In summary, we have successfully developed a method to

install electron-deficient alkenyl groups in high enantio-
selectivity at various distances from a resultant carbonyl by
using a redox-relay strategy. The success of this reaction is
attributed to the use of electron-withdrawing alkenyl triflates,
which leads to improved selectivity during the β-hydride
elimination step to reinforce migration of the palladium catalyst
toward the alcohol. This prevents trapping of the catalyst as a
proposed π-allyl species. The relatively mild conditions and
ability to remotely install alkenyl groups to the carbonyl set the
stage for further synthetic applications of this method. Future
work is aimed at this goal and further detailing the mechanistic
underpinnings of this process.
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