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ABSTRACT: An enantioselective, intermolecular dehy-
drogenative Heck arylation of trisubstituted alkenes to
construct remote quaternary stereocenters has been
developed. Using a new chiral pyridine oxazoline ligand,
good to high enantioselectivity is achieved for various
combinations of indole derivatives and trisubstituted
alkenes. However, some combinations of substrates led
to lower enantioselectivity, which provided the impetus to
use structure enantioselectivity correlations to design a
better performing ligand.

Since the early years in the development of the Heck reaction,
the formal addition of an arene to an alkene has been sought

rather than using a preformed aryl organometallic under
oxidative conditions.1 This transformation has been termed an
oxidative dehydrogenative Heck reaction (Figure 1a).2 While

many impressive and important reports have detailed this
process, several key limitations have arisen including the general
need of an electron-deficient alkene and/or a terminal alkene and
often the use of forcing conditions.2,3 Indeed, the use of electron-
rich multisubstituted alkenes has been restricted with issues
associated with addition to a specific carbon on the alkene and
overall reactivity.4 Therefore, there is a significant need to
develop systems to facilitate the direct addition of an arene to
multisubstituted, electron-rich alkenes.5

In this regard, we desired to integrate our recently developed
enantioselective redox relay Heck reactions of alkenols with the
direct addition of a nucleophilic arene, thus avoiding the need of
a preformed organometallic reagent (Figure 1b).6,7 In particular,
our previous reports demonstrate that heteroaromatic boronic
acid derivatives are relatively poor coupling partners in these
reactions especially when using trisubstituted alkenes.7 There-
fore, our initial goal was to evaluate indole derivatives directly in

the reaction of various trisubstituted alkenols. This would allow
us both to determine if dehydrogenative Heck reactions of these
relatively unreactive alkenes are possible and to develop a
method to enantioselectively form quaternary centers containing
a heterocycle remote from a carbonyl.8−11 Herein, we describe
the successful development of an enantioselective oxidative
dehydrogenative Heck arylation of trisubstituted alkenols.
Catalysis is performed at ambient temperature, a range of indole
derivatives, an important pharmacophore under study in our
lab,12 can be incorporated, and new chiral pyridine oxazolines are
discovered and designed for improved catalysis by using the
relationship of enantioselectivity to a simple ligand structural
parameter.
On the basis of our previous reports,6,7 we initiated the study

by evaluating PyrOx ligand L1, which is optimal in a wide range of
enantioselective redox relay Heck reactions, for the Pd(II)
catalyzed addition of 1-methylindole (1a) to a simple
trisubstituted homoallylic alkenol (2a) under aerobic conditions
(Table 1). Successful conversion to product is observed albeit in
low yield and encouraging enantioselectivity. To initially
improve the catalysis, smaller substituents were incorporated
into the oxazoline, as it was reasoned that the formation of a
requisite Pd-aryl species (or direct nucleopalladation of the
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Figure 1. (a) General dehydrogenative Heck reactions. (b) Proposed
direct indole addition and resultant relay Heck reaction.

Table 1. Ligand Optimizationa

aReaction conditions: 1a (1.25 mmol, 5.0 equiv), 2 (0.25 mmol, 1.0
equiv), Pd(MeCN)2(OTs)2 (0.025 mmol, 10 mol %), CuSO4 (0.0175
mmol, 7 mol %), PyrOx (0.05 mmol, 20 mol %), DMF (3 mL), 3 Å
Ms (50 mg), O2 (1 atm), room temperature, 24 h. Reported yields are
of isolated material and enantioselectivity determined by SFC.
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alkene) may be thwarted by the larger t-butyl substituent. As
anticipated, an improvement in conversion and yield is observed
but at the cost of reduced enantioselectivity (L1-L3, Table 1).
Therefore, it was rationalized that we may need alternative
noncovalent interactions to improve enantioselectivity. This
hypothesis was explored by incorporating various aryl groups on
the oxazoline that may engage in putative π-interactions (L4-L9,
Table 1). Interestingly, the ligand containing a naphthyl ring (L9)
provided by far the best result, wherein a 96:4 er was observed in
77% yield.
The scope of different trisubstituted alkenyl alcohols was

investigated with 1-methylindole as the heteroaromatic
nucleophile using 2-NapPyrOx as ligand (L9) (Table 2a). In
general, a broad range of trisubstituted alkenes are compatible
with the reaction in terms of yield, although the conversion to
product with more hindered alkenes is reduced. An interesting
observation is that alkenes incorporating amethyl group (3e−3j)
rather than an ethyl group (3a−3d) undergo the reaction in
reduced enantioselectivity. It should be noted that the reaction
was initially optimized for a substrate containing the latter. Of
additional importance, the reaction of homoallylic alcohols is
possible in reduced yields (3k−3m). Excellent enantioselectivity
is observed in this case when using the cis-alkene (3l, 96:4 er) in
lieu of the trans-alkene.
Various indole derivatives were evaluated in the reaction

(Table 2b). The use of electron-rich and modestly electron-
deficient substituted indoles is tolerated. Similar to above,
trisubstituted alkenyl alcohols containing an ethyl group lead to
improved enantioselectivity with the exception of an N-
substituted with an isopropyl group (3n, 3v), which leads to
the high enantioselectivity of 96:4 er for 3n. Clearly, the
enantioselectivity is sensitive to both the nature of the indole and
the alkene substituents. More complex indoles containing fused
rings (3u, 3x) are compatible with the reaction, and the use of a 2-
substituted indole is modestly effective with low yield of the
desired product (3y). Unfortunately, other electron-rich

aromatics such as pyrroles, furans, and anisoles are poor
substrates under the current reaction conditions.
Two reasonable pathways are possible for the formal addition

of indole to the alkene: (1) direct palladation through an
electrophilic aromatic substitution-type process or (2) a Wacker-
type addition. The results of the scope investigation suggest that
an electron-rich arene is required, which could be consistent with
either path. Therefore, we performed a simple experiment by
evaluating both an indole and a boronic ester containing a similar
indole (4), which likely forms an intermediate similar to A
(Figure 2). We rationalized that the enantioselectivity should be

quite different as a function of a Wacker-type mechanism as
compared to a Heck-type insertion. In the event, nearly the same
magnitude of asymmetric induction is achieved to yield 5
consistent with a Heck-type mechanism.
As noted above, the enantioselectivity is especially sensitive to

the nature of both reagents. In particular, methyl-substituted
alkenes have reduced enantioselectivity as compared to the
simple change to an ethyl-substituted variant (compare 3a and
3e, Table 2a). As the ligand was optimized for the formation of
3a, we evaluated the same initial ligand set for the construction of
3e (Table 3). Unfortunately, the optimal ligand for 2a, 2-
NapPyrOx, is also the best evaluated for the reaction of 2e (entry

Table 2. Scope and Limitations of the Enantioselective Dehydrogenative Heck Reactiona

aStandard reaction conditions: 1a (1.25 mmol, 5.0 equiv), 2 (0.25 mmol, 1.0 equiv), Pd(MeCN)2(OTs)2 (0.025 mmol, 10 mol %), CuSO4 (0.0175
mmol, 7 mol %), 2-NapPyrOx (0.05 mmol, 20 mol %), DMF (3 mL), 3 Å Ms (50 mg), O2 (1 atm), room temperature, 24 h. Reported yields are of
isolated material and enantioselectivity determined by SFC.

Figure 2. Exploring the nature of palladation.
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6, Table 3), and no obvious trends to improve the performance of
this substrate were qualitatively observed. Therefore, we sought
to improve the catalysis through the relationship of enantiose-
lectivity to parameters describing the ligand substituents. The
goal was to use this correlative approach to predict new, possibly
nonintuitive, ligand structures. To accomplish this, each ligand
was geometrically optimized using M06-2x/def2tzvp13 level of
theory to obtain steric and electronic parameters including
natural bond orbital (NBO) charges,14 IR frequencies and
intensities,15 and Sterimol values.16

We then utilized linear regression analysis to relate the effect of
these ligand parameters to the enantioselectivity. A simple
correlation was achieved between the enantioselectivity and
NBO charge on the oxazoline nitrogen of the training set of 5CF3
PyrOx ligands (black squares, Figure 3a). This relationship
shows that a more electronegative NBO charge on the oxazoline
nitrogen leads to higher enantioselectivity, which may be
attributed to the modulation of the cationic nature of Pd. NBO
charge calculations were then performed on a variety of proposed
PyrOx ligands with emphasis on including unique and accessible
substituents on the pyridine. Simply, the goal was to determine
PyrOx ligands with a more negative NBO charge on the
oxazoline nitrogen. Indeed, several possible ligands were virtually
identified that meet this criterion. Eight of these predicted

ligands were synthesized and evaluated in the dehydrogenative
Heck reaction of 1a and 2e. The results are presented in Table 3
under the heading of extrapolation set and highlighted as red
crosses in Figure 3a. To our delight, most of the PyrOx ligands
evaluated resulted in improved enantioselectivities and were
generally well-predicted, albeit the yields were highly dependent
on the nature of the ligand with electron-poor ligands containing
a smaller oxazoline substituent leading to the best results.
Plotting the predicted %ee versus measured %ee (Figure 3b)

demonstrated the effectiveness of this linear regression model to
accurately predict the enantioselectivity of the extrapolation set
within absolute error of 10% ee except for two ligands, L10 and
L12 (see Table S4). In sum, this structure function correlation has
guided us to L15 (entry 12), with a 3-fluoro substituent on the
pyridine ring, as the best combination of enantioselectivity and
yield, wherein a 93:7 er in 69% yield is achieved. This is a ligand
that has not been previously prepared and would not have
necessarily been an obvious one to include in a screening set,
making the tactic of relating enantioselectivity to a parameter
more compelling for ligand optimization protocols. It should be
noted that this strategy improved the enantioselectivity by ∼0.5
kcal/mol, which is significant in terms of synthetic utility. Finally,
the enantioselectivity is nearly unaffected with steric variations in
oxazoline substitutions, but remote electronic effects from the
pyridine ring appears to have the most impact.
To assess the effectiveness of this new ligand (L15), various

trisubstituted alkenyl alcohols and indoles were evaluated (Table
4). Improved enantioselectivity is achieved for substrates
previously evaluated, which was highlighted by the formation
of 3i in 90% ee as compared to 72% ee using ligand 2-NapPyrOx.
Furthermore, the N-benzyl group of 3z can be removed (see
Supporting Information) to afford the free N-indole product.
Finally, using L15 as the ligand, Et-substituted alkenyl alcohols
(3b and 3c, Table 4) give modestly improved enantioselectivity
for poorer performing substrates.
In conclusion, we have developed a rare variant of a

dehydrogenative Heck reaction of trisubstituted, electron-rich
alkenes to construct quaternary stereocenters containing a
heterocycle remote to a carbonyl. This reaction was rendered
enantioselective using a new PyrOx ligand containing a naphthyl
group, but initially the enantioselectivity was moderate for a
particular substrate class. Therefore, structure enantioselectivity
relationships were developed and used to virtually evaluate
computationally suggested improved ligands. These ligands were
validated providing enhanced asymmetric catalysis. An interest-
ing feature of this reaction beyond the useful bond construction
is that all components have a subtle impact on yield and
enantioselectivity, providing the basis to probe the noncovalent
interactions responsible for enantioselection.17 Further develop-

Table 3. Empirical Results of Training Set and Exploration Set
to Optimize Ligand Performancea

aReaction conditions: 1a (1.25 mmol, 5.0 equiv), 2 (0.25 mmol, 1.0
equiv), Pd(MeCN)2(OTs)2 (0.025 mmol, 10 mol %), CuSO4 (0.0175
mmol, 7 mol %), PyrOx (0.05 mmol, 20 mol %), DMF (3 mL), 3 Å
Ms (50 mg), O2 (1 atm), room temperature, 24 h. Reported yields are
of isolated material and enantioselectivity determined by SFC. Note
that some ligands are used in their enantiomeric form.

Figure 3. Correlation of NBO charge with enantioselectivity and
resultant predictions.
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ment of mild, enantioselective dehydrogenative Heck reactions
are ongoing.
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Table 4. Selected Scope Using New Ligand, L15
a

aStandard reaction conditions: 1a (1.25 mmol, 5.0 equiv), 2 (0.25
mmol, 1.0 equiv), Pd(MeCN)2(OTs)2 (0.025 mmol, 10 mol %),
CuSO4 (0.0175 mmol, 7 mol %), L15 (0.05 mmol, 20 mol %), DMF (3
mL), 3 Å Ms (50 mg), O2 (1 atm), room temperature, 24 h. Reported
yields are of isolated material and enantioselectivity determined by
SFC. ber when using 2-NapPyrOx as a comparison.
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