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C—C bond forming reactions are vital to the synthesis of natural
products and pharmaceuticals. The intermolecular Heck reaction is
unique among cross-coupling reactions due to the direct formation of
C—C bonds from vinylic C—H bonds of a-olefins." The inertness of
a-olefins relative to the oxidized substrates needed for other C—C bond
forming methods means that fewer steps are required for their
installation and maintenance throughout a synthetic sequence. Despite
significant advances in the scope of the arylating reagent, the
intermolecular Heck reaction has enjoyed limited application in
complex molecule synthesis due to restricted olefin scope.” Generally,
resonance bias on the olefin is necessary for high reactivity and for
control of the regioselectivity of insertion (internal vs terminal olefin
products) and direction of S-hydride elimination (styrenyl vs allylic
internal olefin products), limiting the olefin scope to o, /3-unsaturated-
carbonyls, styrenes, and enol ethers (Figure 1). Herein we report a
chelate-controlled intermolecular, oxidative Heck reaction catalyzed
by a versatile Pd(II)/sulfoxide catalyst 1 that proceeds with excellent
selectivities for a wide range of non-resonance biased a-olefins with
proximal oxygen and nitrogen functionality.
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Figure 1. Selectivities for chelate-controlled oxidative Heck reaction.
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We reported a Pd(II)/sulfoxide-catalyzed sequential one-pot allylic
esterification/vinylic arylation of a-olefins.* In addition to allylic esters,
allylic ethers and N-Boc amines all served as a non-resonance directing
groups for an oxidative Heck arylation® that occurred rapidly (ca. 4 h)
at ambient temperature with outstanding yields, regio- and E:Z
stereoselectivities (>20:1). Allylic methyl substitution yielded signifi-
cantly poorer selectivities (internal:terminal 8:1)** despite being larger
than many of the allylic oxygenates evaluated, suggesting that sterics
is not the major directing factor in this reaction. We hypothesized that
the high selectivities were due to in situ formation of an active, cationic
Pd(II) complex” sensitive to subtle inductive and/or chelation effects®
by neighboring oxidized functionality on the olefin substrate.

Inductive effects decrease rapidly based on distance from the reactive
site. We therefore examined chelation effects by moving the oxidized
functionality away from the allylic position. We found homoallylic
carbonyl functionality and bis-homoallylic carbonyl, alcohol, and thiol
functionality that could effect 5- and 6-membered ring chelation
(respectively) gave outstanding selectivities (Table 1, entries 1—12).
Distal carbonyl functionality that would require a 7-membered chelate
for direction gave regioselectivities comparable to those seen for
unsubstituted olefins (Table 1, entries 13 vs 14).

Several aspects of these oxidative, Heck arylations relative to state-of-
the-art processes are noteworthy. Wittig olefination and high temperature
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Table 1
O \P
s Ph
X R, Pd(OAc)2 1(10moi%) X
)\H/\ /kM/\/Ar
R X (HO) 2B AcOH (4 equiv.), R =12
n=12 BQ (2 equiv.), n=1,
(1 equiv.) (1.5equiv.)  dioxane (0.33M), t, 4h >20:1 E:Z
entry product internal: styrenyl: |solatead
terminal allylic  yield
O
1 / 2R=CH,ClI 16:1 >20:1  64%PC
2 R 3R OH >20:1  >20:1  80%P
CO,Me
OMe 8:1 >20:1  75%%°
3
=
4 N R=s >20:1 >20:1  77%Pf
R ()5 =0 OBn
o
5 52011 >20:1  61%f
HO Y Br
NHBoc
(+)-6
6 H
N Y >20:1  >20:1  60%f

(+)-8 X=0OH >20:1 >20:1  61%9

7 3
8 /\/\/\©(¢)-9x=ssu >2011  >20:1  56%'
o)

BocHN\)J\/\/Ph
9 : >20:1  <1:20 62%"

Ph 5
10 w 201 1:18  50%
>20: : o

07 N7

11 = >20:1 1:17  51%
12

o FsCO Br
12 )K/\D/ >20:1  <1:20 60%
0" 7

13 )J\/\/\/Ph . . o/ b,f
MeO X 9:1 2:1 60%

_
14 CeHir” 37 Ph 8:1 11 68%

“Isolated yield isomerically pure material (except 14, 15). Average 2
runs. ?2.0 equiv. of arylboronic acid. 13:1 styrene:diene, crude
(Supporting Information). 45 °C, 1.2 equiv. of arylboronic acid
¢ Replacing BQ with O, (1 atm), air (1 atm.), or H,O, gave <10% yield
(GC). 724 h. €25 h. "45 °C, 48 h. "PhB(OH), under identical
conditions gave diminished styrenyl:allylic ratios of 1:4.7 THF (0.33 M).

Heck arylation routes to stereochemically well-defined isolated olefins like
2, 3, and 4 lead to inseparable mixtures of E:Z olefins.” Under these mild
oxidative Heck-arylation conditions, E-olefin products are exclusively
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Table 2
X
X | /_ R’ X
J\/\ KF3B 1(10 mol%) R/'\/\/\ Ar
R X ¢ or conditions >20:1 E:Z

>20:1 internal:terminal

n=02 Bpin._~
S >20:1 styrenyl:allylic

NHBoc QTBS
P N~ C4Hg
(-)-16, 80%? (+)-18, 60%*

NHB: 5
0C
ANF Ph HOW
(+)-17, 81%2 19, 83%0¢ N
Boc

“2,6-Dimethylbenzoquinone (2 equiv.), AcOH (4 equiv.), boronic
ester (1.5 equiv.), dioxane (1.0 M), rt, 48 h. * BQ (2 equiv.), AcOH (4
equiv.), ArBFs;K (1.5 equiv.), B(OH)3 (2.0 equiv.), dioxane (0.33 M), rt,
4 h. ¢ Crude int.:term. = 16:1.

formed for all substrates evaluated (Table 1 and 2). Selective Heck
arylations for amino acid-derived pent-4-enones, -enoic acids, and -enoates
like (—)-5, (4)-6, and (+)-7 require different Pd(0) catalyst systems that
must be empirically determined through extensive ligand and additive
screens (Table 1, entries 4—6).8 In contrast, the versatile Pd(IT)/bis-sulfoxide
complex 1 is a general catalyst, furnishing a wide range of coupled
products in uniformly good yields and outstanding selectivities. Finally,
standard Heck arylations with olefinic alcohols give aldehyde or ketone
products via palladium hydride mediated migration of the double bond.®
Chiral bis-homoallylic alcohols undergo 1-catalyzed oxidative Heck
arylation without oxidation or erosion in optical purity (Table 1, entry 7;
Table 2). Interestingly, bis-homoallylic thioethers which are often incom-
patible moieties with Pd(II)-mediated catalysis serve as excellent directing
groups in this reaction (Table 1, entry 8).

We found that under our oxidative, acidic Heck arylation conditions
we could rapidly synthesize 4-arylated-but-2-enoates and -enones
generally as single olefin isomers (Table 1, entries 9—12). This method
represents the state-of-the-art for synthesizing arylated a,S-unsaturated
esters with strongly electron deficient aryl moieties. Horner-Wad-
sworth-Emmons (HWE) routes to compounds 12 and 13 afford the
styrenyl compounds as the major isomer (Table 1, entries 11 and 12).'°

CgHap-F CgHap-F
\ 1 (10 mol%) \
PhB(OH), (2 equiv.)
“AcOH (dequivy . N
BQ (2 equiv.),

45°C, 72h

53%, >20:1 E:Z

In addition to the demonstrated broad range of aryl boronic acids,
styrenylpinacol boronic esters, aryl potassium trifluoroborates, and aryl
stannanes are also competent coupling partners (Table 2).!' Optically
enriched allylic ethers and amines couple with styrenylpinacol boronic
esters to form stereochemically defined (E,E)-dienes in good yields,
outstanding stereoselectivities (>20:1), and no erosion in enantiopurity.
In an example of synthetic streamlining, diene (—)-16, an intermediate
toward a myosin light chain kinase inhibitor, was synthesized in two
fewer steps and 20% higher overall yield using an oxidative Heck
route rather than the alternative olefination route beginning from the
same starting material.'> Indole potassium trifluoroborate was found
to be a competent transmetallating reagent in a reaction to generate
19 upon addition of 2 equiv. of boric acid.'?

Substantial steric bulk is tolerated on the olefin substrate in this
intermolecular Heck reaction without diminished reactivity. Even an
a-olefin comprising a quaternary center and adjacent to an exocyclic
methyl group underwent oxidative Heck arylation via relatively mild
conditions to afford 21, a glucocorticoid receptor modulator, in
preparatively useful yields (eq 1).'*
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In summary, we have described a general oxidative Heck reaction
catalyzed by a versatile Pd/bis-sulfoxide catalyst 1 that proceeds with
excellent selectivities for a broad range of non-resonance biased olefins.
Electrophilic catalyst 1 is sensitive to chelation effects from proximal
oxygen and nitrogen moieties that result in excellent regioselectivities
for olefin insertion. It is noteworthy that Pd—H isomerization'? is not
observed under these mild, oxidative conditions as evidenced by
excellent E:Z selectivities (>20:1 in all cases examined), no erosion
in optical purity for proximal stereogenic centers, and a tolerance for
unprotected alcohol moieties. This report represents a significant
expansion in scope for the intermolecular Heck reaction that brings it
a step closer to realizing its tremendous streamlining potential in
complex molecule synthesis.
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