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Abstract: Palladium(II)-catalyzed C(alkenyl)� H alkenylation enabled by a transient directing group (TDG) strategy is
described. The dual catalytic process takes advantage of reversible condensation between an alkenyl aldehyde substrate
and an amino acid TDG to facilitate coordination of the metal catalyst and subsequent C(alkenyl)� H activation by a
tailored carboxylate base. The resulting palladacycle then engages an acceptor alkene, furnishing a 1,3-diene with high
regio- and E/Z-selectivity. The reaction enables the synthesis of enantioenriched atropoisomeric 2-aryl-substituted 1,3-
dienes, which have seldom been examined in previous literature. Catalytically relevant alkenyl palladacycles were
synthesized and characterized by X-ray crystallography, and the energy profiles of the C(alkenyl)� H activation step and
the stereoinduction model were elucidated by density functional theory (DFT) calculations.

Introduction

Alkenes react in a myriad of organometallic processes,[1]

including nucleometallation,[2] migratory insertion,[3] C� H
activation,[4] and isomerization.[5] Controlling selectivity
among these pathways is critical for developing synthetically
useful alkene functionalization methods. During the past
few years, substrate-directed alkene functionalization has
emerged as an enabling approach, in which selectivity
control arises from coordination of the metal catalyst to
Lewis basic sites on the substrate and subsequent formation
of metalacyclic intermediates.[6]

We recently described methods for enantioselective hydro-
arylation and 1,2-arylfluorination of alkenyl aldehydes using a
transient directing group (TDG)[7,8] strategy. In these systems
an amino acid or amino amide co-catalyst reversibly
condenses[9] with the alkenyl aldehyde substrate to generate an
imine intermediate that is capable of coordinating to the
palladium catalyst and directing arylpalladium(II) migratory
insertion and downstream elementary steps. This TDG
approach overcomes limitations associated with auxiliary-based

methods,[10] which are widely used but add steps for auxiliary
installation and cleavage. Based on these precedents, we
questioned whether it would be possible to perturb this TDG-
mediated alkene addition process such that C(alkenyl)� H
activation[1b,4a,b,11] would occur in preference to migratory
insertion (or nucleometallation) from a common π-alkene-
palladium(II) complex. This would generate an exo alkenyl
palladacycle capable of engaging in catalytic coupling with a
potentially wide arsenal of reaction partners, thereby comple-
menting other advances in TDG-based C� H
functionalization,[12] which have largely focused on C(alkyl)�
H,[13] C(benzyl)� H,[14] and C(aryl)� H,[15] substrates
(Scheme 1A).[16,17] Herein, we describe the development of a
TDG approach to C(alkenyl)� H alkenylation in which two
C(alkenyl)� H bonds are oxidatively cross-coupled to generate
1,3-diene products.
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Results and Discussion

To reduce this idea to practice, we carried out optimization
with alkenyl aldehyde substrate S1 and tert-butyl acrylate as
the acceptor alkene. Using a previously published method as
the starting point,[11d] we quickly recognized that the most
important aspect of reaction optimization was identifying
the optimal combination of TDG and carboxylate base to
promote C(alkenyl)� H activation via a concerted metal-
ation/deprotonation (CMD) process.[18,19] Screening of car-
boxylic acid additives as CMD bases (see Supporting
Information) revealed that fluorine-containing benzoic acids
are particularly effective in promoting the
transformation.[14b] In particular, A10 emerged as the optimal
additive, presumably due to having three electron-with-
drawing groups without steric bulk at the 2 or 6 positions
(see below). Having identified a suitable carboxylic acid
additive, screening of α-amino acid TDGs[7,14a] showed the
importance of the steric properties of the α-substituent.
TDGs containing a branched α-substituent were more
effective (Table 1), among which tert-leucine (TDG6) was
the highest-yielding. In comparison, α,α-disubstituted amino
acid TDG7 was much less effective, potentially due to being
prohibitively rigid for the torsions required in the C-
(alkenyl)� H activation step (see below).

With an efficient method in hand, we evaluated the
substrate scope (Table 2). First, different substituents on the
aromatic ring of the benzaldehyde moiety were examined.
Electron-donating and electron-withdrawing groups were
tolerated, providing good to high yields (3–8). In general
electron-poor alkenyl benzaldehyde substrates were lower-
yielding, as exemplified by product 2 containing a para-CF3

group. Then, we tested substrates containing different
substituents attached to the alkene (9–14). Beyond stilbene
derivatives, Z-configured alkyl-substituted alkenes were also
compatible. Whereas methyl-substituted substrate 9 gave
only 32% yield, branched alkyl groups were generally high-
yielding (10–13). Analogous E-configured alkenes were

ineffective substrates, leading to decomposition and un-
reacted starting material (see Supporting Information).
Sterically hindered tri-substituted alkenes, which are a
challenging class of substrates in C(alkenyl)� H
activation,[1b,4a,b] were competent substrates in the case of
benzylidenecyclobutane (14) and benzylidenepiperidine
(15), furnishing highly substituted 1,3-diene products that
would be otherwise difficult to prepare.

Table 1: Optimization of conditions.[a]

[a] Percentages represent 1H-NMR yields with 1,3,5-trimethoxybenzene
as internal standard; the value in parentheses represents isolated
yield.

Table 2: Substrate scope.[a]

[a] Percentages represent isolated yields; (Z)-configured 1,2-disubsti-
tuted alkene starting materials were used in all cases. [b] Combined
yield of E and Z isomers, which were separable. [c] 80 °C. [d] 20 mol%
Pd(OAc)2, 40 mol% TDG6.
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In terms of the coupling partner scope, in addition to
tert-butyl acrylate, other conjugated alkenes including N,N-
dimethylacrylamide (16), acrylonitrile (17), and phenyl vinyl
sulfonate (18) were effective. Moreover, non-conjugated
alkenes were also viable coupling partners (19–21), though
yields in these cases were lower. This reaction system is
distinct compared to many previous Pd-catalyzed C� H
alkenylation reactions because it successfully incorporates
unreactive 1-hexene (21).[20,21] The method was demon-
strated in a gram-scale reaction to prepare 1, which
proceeded in 74% yield.

In preliminary experiments, we have found that this
TDG-mediated C(alkenyl)� H activation method can be
extended to a non-aromatic aldehyde substrate, namely (Z)-
5-phenylpent-4-enal, albeit in low yield (Scheme 2). Com-
pared to the standard conditions in Table 2, screening a
small panel of conditions revealed that the 1,3-diene was
produced by using PivOH as CMD promoter and conforma-
tionally constrained cyclopropane-based TDG9 as the TDG.
Improved performance was achieved with a higher loading
of the Pd catalyst and the TDG.

To demonstrate the utility of this C(alkenyl)� H alkeny-
lation method, a representative product (1) was converted
into a variety of useful derivatives (Figure 1). We were able
to selectively reduce or oxidize the aldehyde moiety to
prepare benzyl alcohol (23) and benzoic acid (24), respec-
tively. Reductive decarboxylation could then be carried out
from the benzoic acid to yield 25,[22] allowing the aldehyde to

function as a traceless directing group. Straightforward
deprotection of the t-Bu ester with TFA yielded free dienyl
acid 26. Alternatively, both the aldehyde and the diene
moieties could be simultaneously engaged in various
annulation reactions. 3,4-Dihydroisoquinoline nitrone ana-
logue 27 was prepared by treatment of 1 with hydroxyl-
amine, which triggered condensation followed by aza-
Michael addition.[23] Tetralone analogue 28 was obtained by
Rh-catalyzed C(formyl)� H activation.[24]

With 3-substituted dienyl benzaldehyde products from
Table 2, rotation about the C(aryl)� C(dienyl) bond was
found to be restricted at ambient temperature. We thus
questioned whether an enantioenriched TDG could be used
to develop an atroposelective version of this transformation
(Figure 2).[15d, 25–33] In comparison to axially chiral styrenes,
synthesis of atropoisomeric 1,3-dienes are less explored
owing to synthetic difficulties and facile product racemiza-
tion (Figure 2A).[34–37] In one study, a C2-symmetric cyclic
1,3-diene with large alkenyl substituents possessing a chiral
axis along the C(alkenyl)� C(alkenyl) bond was synthesized,
and the two atropoisomers were separated through chiral
resolution.[37] Recently Shi reported the synthesis of enan-
tioenriched 1,3-dienes containing a chiral C(aryl)� C(dienyl)
axis via thioether-directed PdII-catalyzed C(alkenyl)� H
activation to form an endo-palladacycle intermediate with a
spirocyclic phosphoric acid as the chiral ligand.[38] Given that
our approach proceeds via an exo-palladacycle, we imagined
that it could offer access to a complementary collection of
axially chiral 1,3-diene products. Thus, we optimized reac-
tion conditions with respect to yield and ee for 3-substituted-
2-alkenyl benzaldehyde substrates. We found that using L-
tert-leucine (L-TDG6) as TDG and carrying out the reaction
at room temperature for four days afforded 1,3-dienes (3, 4,

Scheme 2. Preliminary results with an aliphatic alkenyl aldehyde
substrate.

Figure 1. Product transformations. [a] NaBH4 (1.5 equiv), MeOH, 0 °C–
r.t., 2 h. [b] KH2PO4 (2.0 equiv), H2O2 (1.5 equiv), MeCN:H2O=2 :1,
then aq. NaClO2 (1.5 equiv), 0 °C–r.t., 2 h. [c] Pd(OAc)2 (5 mol%), dppb
(10 mol%), Et3SiH (1.5 equiv), Piv2O (1.5 equiv), toluene, 160 °C, Ar,
9 h; the reaction generated a 2.4 :1 mixture of Z/E isomers, which were
separable; percentage value represents combined yield. [d] TFA
(1.9 equiv), DCM, 0 °C–r.t., 30 min. [e] NH2OH·HCl (1.2 equiv), Et3N
(1.3 equiv), THF, r.t., 14 h. [f ] [Rh(COD)Cl]2 (2.5 mol%), rac-BINAP
(5 mol%), NaBArF4 (5 mol%), 1,4-dioxane, 100 °C, Ar, 12 h.

Figure 2. Syntheses of atropoisomeric 1,3-dienes. Left percentages
represent isolated yields; absolute stereochemistry assigned in analogy
to (Ra)-4.
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6, and 7) with good yield and excellent atroposelectivity
(Figure 2B). X-ray crystallography was used to establish the
absolute stereochemistry of the major isomer of 4 as Ra.

The high selectivity and critical role of the TDG and
carboxylic acid promoter prompted us to examine the
reaction mechanism through experimentation and theory.
First, control experiments showed that these reaction
conditions developed for C(alkenyl)� H activation were
ineffective for analogous substrates bearing similarly posi-
tioned C(alkyl)� H and C(aryl)� H bonds (see Supporting
Information), demonstrating the unique aspects of C-
(alkenyl)� H activation in terms of electronic properties and
transition state geometry. Next, by combining substrate S1,
Pd(OAc)2, and a TDG in pyridine,[13a, 39] we were able to
prepare two alkenyl palladacycles, 29 and 30 (Figure 3).
These complexes were obtained as a mixture of E/Z-
stereoisomers,[5] with the product ratio influenced by the
nature of the TDG. Complex 29 was further characterized
by single-crystal X-ray diffraction confirming the Z-stereo-
chemistry of the major isomer (aryl and Pd cis to each
other). More facile E/Z-isomerization in this stoichiometric
experiment with glycine (TDG1, as in 29) compared with
tert-leucine (TDG6, as in 30) may explain the former’s
comparatively poor reactivity under catalytic conditions
(Table 1). Notably, complex 29 is monomeric in contrast to
the dimeric exo-alkenyl palladacycle complex previously
obtained in our investigations of 8-aminoquinoline-amide-
directed C(alkenyl)� H activation.[11d] Complex 30 was found
to be catalytically competent, despite containing a pyridine
ligand that is not present under catalytic conditions (see
Supporting Information).

A plausible catalytic cycle (Scheme 3) is proposed based
on the experimental mechanistic studies and prior
work.[7,8,11d] Following coordination with the condensed
imine, a π-alkene complex is formed, and the carboxylate-
assisted C� H metalation occurs via a concerted metalation-
deprotonation (CMD) mechanism to generate a six-mem-
bered palladacycle. Ligand exchange with the alkene is
followed by migratory insertion to form an eight-membered
palladacycle. The diene product is then formed via β-hydride
elimination and directing group dissociation. Oxidation of
the Pd0 species and coordination of another condensed
imine substrate regenerate the catalyst/reactant complex.

We performed density functional theory (DFT) calcu-
lations to investigate the proposed mechanism and the origin
of the atroposelectivity (Figure 4).[40] The reaction free
energy profile of the C� H alkenylation of alkenyl aldehyde
S1 with tert-butyl acrylate using L-tert-leucine (L-TDG6) as

the TDG and 3,4,5-trifluorobenzoic acid (A10) additive was
computed at the M06/6-311+G(d,p)-SDD(Pd)/SMD-
(MeCN)//M06/6-31G(d)-SDD(Pd) level of theory (Fig-
ure 4A).[41] From the most stable isomer of the N-,O-
coordinated π-alkene complex IM1, the carboxylate-assisted
alkenyl C� H metalation occurs via a CMD mechanism via
transition state TS1.[42] The resulting six-membered pallada-
cycle IM3 undergoes ligand exchange to replace the
coordinated benzoic acid with tert-butyl acrylate to form
more stable intermediates IM4a and IM4b, where two
opposite π-faces of the tert-butyl acrylate bind to the Pd
center. Alkene migratory insertion from IM4a and IM4b
(via TS3a and TS3b) leads to eight-membered palladacycles
IM5a and IM5b that are both stabilized by coordination of
the π bond on the γ carbon to the Pd center. A relatively
small (1.5 kcalmol� 1) energy difference between TS3a and
TS3b is observed—here, TS3a is slightly more stable due to
less steric repulsion between the tert-butyl acrylate and the
carboxylate oxygen on the TDG (see Supporting Informa-
tion for 3D structures of TS3a and TS3b). Upon β-hydride
elimination and directing group dissociation, IM5a and
IM5b form the same 1,3-diene product.

Next, we investigated the origin of atroposelectivity in
the C� H alkenylation. Because the C� H metalation step is
computationally determined to be irreversible and the
rotation about the C(aryl)� C(alkenyl) bond is hindered
after palladacycle formation, the atroposelectivity of the 1,3-
diene product is determined in the C� H metalation step. We

Figure 3. Synthesis of alkenyl palladacycle complexes. The stereochem-
istry of (E)-30 and (Z)-30 was assigned in by 1H-NMR in analogy to (E)-
29 and (Z)-29.

Scheme 3. Proposed catalytic cycle.
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computed the C(alkenyl)� H metalation pathways from two
π-alkene complexes (IM1 and IM2, Figure 4B), where two
different π-faces of the alkene bind to the Pd center, leading
to two atropoisomers. The chiral center on the TDG
significantly impacts the relative stabilities of these two π-
alkene complexes and subsequent C� H metalation transi-
tion states (TS1 and TS2). In the less stable π-alkene
complex IM2, the Pd center is significantly distorted from
square planar geometry, making it 9.2 kcalmol� 1 higher in
energy than IM1 (Figure 4B). Similar distortion is observed
in TS2, which is 11.0 kcalmol� 1 higher in energy than TS1.
The distortion in IM2 and TS2 is caused by steric repulsion
between the t-Bu group on the TDG and the imine carbon,
which are syn-periplanar in IM2 and TS2. Such steric
repulsion is diminished in IM1 and TS1, where the Ph group
on the imine is not co-planar with the t-Bu. Although the
atroposelectivity of the 1,3-diene product 1 is ablated due to
the lack of ortho-substituent on the Ar group allowing free
rotation about the C(aryl)� C(dienyl) bond, the predicted
atroposelectivity is consistent with the X-ray crystal struc-
ture of the o-Oi-Pr substituted product 4.

Conclusion

In summary, we have developed a TDG-enabled, PdII-
catalyzed C(alkenyl)� H alkenylation, affording 1,3-dienes
with excellent regio- and E/Z-selectivity. We demonstrated
the utility of this method through various product derivatiza-
tions and applied an atroposelective version of the trans-
formation to synthesize a rare class of enantioenriched
axially chiral 1,3-dienes. Key aspects of the reaction
mechanism were elucidated through the synthesis of two
alkenyl palladacycle complexes and computational studies
of key steps in the catalytic cycle. This study establishes a
foundation for future work on TDG-mediated, Pd-catalyzed

alkene functionalization and advances the state of the art in
C(alkenyl)� H activation methodology.
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B) Origin of atroposelectivity.
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