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ABSTRACT: The first enantioselective palladium-
catalyzed decarboxylative allylic alkylation of fully sub-
stituted acyclic enol carbonates providing linear a-
quaternary ketones is reported. Investigation into the
reaction revealed that the use of an electron-deficient
phosphinooxazoline ligand renders the enolate geometry
of the starting material inconsequential, with the same
enantiomer of product obtained in the same level of se-
lectivity regardless of the starting ratio of enolates. As a
result, a general method toward acyclic all-carbon qua-
ternary stereocenters has been developed.

All-carbon quaternary stereocenters are prominent
features in many natural products and can provide bene-
ficial biochemical stability and three-dimensionality to
molecules for medicinal chemistry applications. As a
result, a number of methods to address their synthesis
have been developed, particularly in cyclic systems.' In
acyclic systems, however, the synthesis of this motif is
less explored.” This is in part due to additional problems
that often arise in acyclic systems such as reduced rigidi-
ty of particular substrates leading to lower levels of se-
lectivity. Additionally, selectively controlling the for-
mation of fully substituted olefins/enolates is required
for high selectivity in many catalytic processes. In the
case of electrophilic functionalization of fully substitut-
ed enolates, the general and selective formation of such
enolates as pure geometric isomers is highly challenging
and has slowed progress. Although selective enoliza-
tions have been reported, these typically require highly
specialized substrates, often incorporating chiral auxilia-
ries to impart selectivity in the enolate formation step.’

Recently, our group has become interested in strate-
gies for preparing fully substituted acyclic enolates and
applying them toward the synthesis of acyclic quater-
nary stereocenters, particularly via transition-metal cata-

lyzed allylic alkylation (Figure 1). While palladium-
catalyzed allylic alkylation has been employed in the
synthesis of acyclic tertiary stereocenters,* the formation

of all-carbon quaternary stereocenters has proven more
A. Pd-catalyzed allylic alkylation of fully substituted amide enolates (ref 7)
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B. Rh-catalyzed allylic alkylation of nitriles and aldehydes (ref 8)
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C. Cr-catalyzed alkylation of tributyltin enolates (ref 9)
0OSnBug [Cr(salen)] o
Ve ~ _R' R3C,X Me)%"/\Ri’
R2 R2 R

D. Pd/B hybrid catalyzed allylic alkylation of carboxylic acids (ref 10)
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E. Pd-catalyzed allylic alkylation of fully substituted enol carbonates (this research)
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Figure 1. Preparation of acyclic a-quaternary car-
bonyl derivatives®

Pd-L*
Ar

challenging. Utilizing chemistry developed by the Ma-
rek group® for the synthesis of stereodefined acyclic eno-
lates, we demonstrated the palladium-catalyzed enanti-
oselective decarboxylative allylic alkylation of acyclic
amide enolates utilizing an electron deficient C,-
symmetric bisphosphine ligand (Figure 1A).” Not sur-
prisingly, it was observed that opposite enolate geome-
tries of the substrate favored formation of the opposite
enantiomers of the product, indicating a lack of signifi-
cant dynamic kinetic resolution of the enolates during
the reaction, and different facial selectivity between the
two enolates. In fact, an analogous phenomenon regard-
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ing different enolate geometries was observed by the
Trost lab when forming acyclic tertiary stereocenters via
palladium-catalyzed allylic alkylation.® Additionally,
the Evans lab has reported the use of rhodium-catalyzed
allylic alkylation to furnish acyclic a-quaternary nitriles
and aldehydes (Figure 1B).” In the latter work, they
showed that both enolate geometries form the same en-
antiomer of product in essentially the same level of se-
lectivity, which they believe is a consequence of sub-
strate selectivity and not the result of an enolate equili-
bration event. In contrast, a dynamic equilibration of
tributyltin enolates has been invoked by the Jacobsen
group to directly alkylate fully substituted acyclic eno-
lates with alkyl halides catalyzed by a [Cr(salen)] com-
plex, affording a-quaternary ketones in high enantiose-
lectivity starting with mixtures of enolates (Figure 1C)."
Recently, Shimizu and Kanai demonstrated the prepara-
tion of acyclic a-quaternary carboxylic acids via allylic
alkylation utilizing a hybrid boron-palladium catalytic
system (Figure 1D)."

While acyclic ketone products can be obtained from
the derivatization of a-quaternary nitriles and other car-
bonyl derivatives, we sought to prepare stereodefined
acyclic ketone enolates and demonstrate their utility in
palladium-catalyzed allylic alkylation (Figure 1E). To
accomplish this goal, we utilized recently developed
chemistry toward the synthesis of tetrasubstituted acy-
clic all-carbon olefins via sequential selective enol-
tosylate formation and cross-coupling.” We were
pleased to find that the reported enolization conditions
could be modified to trap the resultant enolate as the
allyl enol carbonate with excellent E/Z ratios (eq 1),
thereby allowing us to investigate palladium-catalyzed
conditions toward furnishing the acyclic quaternary ste-
reocenter.

(o} 0OCOsallyl
on Et LiHMDS, Me,NEt S _Et 0
toluene, 25 °C
Ph then allylchloroformate Ph
95% yield
>98:2 E/Z

We began our studies with an initial ligand screen
using 2.5 mol % Pd,(dba); and 6 mol % of a variety of
common ligands, finding that phosphinooxazoline ligand
L1 gave high conversion of the substrate albeit with very
low enantioselectivity (Table 1, entry 1). This result is
unsurprising since ligand LI has previously been shown
to perform poorly with a-aryl stabilized enolates, albeit
on cyclic motifs."”* We were pleased to find, however,
that electron-deficient phosphinooxazoline L2 gave the
product in similarly excellent conversion with a promis-
ing enantiomeric excess of 54% (entry 2). Bisphosphine
ligand L3 gave high conversion of the substrate but only
a moderate 45% ee (entry 3), whereas L4 gave a more
promising 73% ee but in poor conversion (entry 4). To
our delight, we found that non-polar solvents were supe-
rior for the transformation (entries 5-9) with a 3:1 mix-
ture of hexane/toluene providing the highest and most

reproducible yields. In this solvent system, L4 provided
the product in 89% isolated yield and 86% ee (entry 7).
Gratifyingly, using ligand L2 gave enhanced results with
the desired product obtained in 98% isolated yield and
90% ee. Moreover, the catalyst loading could be re-
duced to 0.5 mol % Pdy(dba); and 1.2 mol % of L2 (en-
try 9) without altering the yield and selectivity or signif-
icantly increasing reaction time.

Table 1. Optimization of acyclic, decarboxylative allylic
alkylation”

OCOzallyl Pd,(dba); (2.5 mol %) o)

ligand (6 mol %) Et
Ph Y* : so:vent : Ph NS
Ph 25°C,12h Ph
1 2a
>98:2 E/Z
entry ligand solvent yield® % ee®
1 L1 THF - 6
2 L2 THF - 54
3 L3 THF - -45
4 L4 THF 42 =73
5 L2 MeCy? 83 89
6 L2 3:1 MeCy/PhMe 90 89
7 L4 3:1 hexane/PhMe 89 -86
8 L2 3:1 hexane/PhMe 98 90
9¢ L2 3:1 hexane/PhMe 97 91

o O,
|
PhP  N—/ NH HN
L1 “+Bu
Pth thp
CF,

Q@

o
) 1
F3C—©—P N
% Bu NH HN
PPh, Ph,P

CF, L4

©*

* Conditions: 0.1 mmol 1, 2.5 mol % Pd,(dba),, 6 mol % ligand,
1.0 mL solvent. ® Yield of isolated product. ¢ Determined by chiral
SFC analysis. ¢ methylcyclohexane © Reaction performed with 0.2
mmol 7, 0.5 mol % Pd,(dba),, 1.2 mol % ligand, and 2.0 mL sol-
vent.

With optimal conditions identified, we next sought
to examine the importance of enolate geometry on the
transformation (Figure 2). Under the standard condi-
tions, the desired product is obtained in 97% isolated
yield and 91% ee favoring the S-absolute stereochemis-
try when the starting material consists of a >98:2 E/Z
ratio of enolates. When the same starting material is
prepared in a 25:75 E/Z ratio via a non-selective enoliza-
tion, the alkylation product is obtained in 95% isolated
yield and 90% ee, forming the same enantiomer of prod-
uct (i.e. S) as in the standard case. Furthermore, the cor-
responding P-ketoester substrate again provides the
same enantiomer (i.e. S) of product in high selectivity,
albeit with a diminished yield (70% yield, 90% ee).
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This surprising result is exclusive to the electron-
deficient phosphinooxazoline L2. With bisphosphine
L4, the 25:75 E/Z ratio of enolates provides the product
in a diminished 64% yield and 50% ee (compared to
89% yield and 86% ee). Additionally, when the 25:75
E/Z ratio substrate is used with L2, the ee of the product
remains the same throughout the time course of the reac-
tion (see supporting information). Based on these find-
ings and prior examples of differing selectivities ob-
tained with different enolate geometries in palladium-
catalyzed allylic alkylation, we believe that a dynamic
kinetic resolution of the two enolate geometries occurs
in the reaction when L2 is used as the ligand, possibly
due to facile equilibration between O-bound and C-
bound palladium enolates.

0COsallyl
Et
n X

Pd,dbaj (0.5 mol %) o £t
L2 (1.2 mol %) .
Ph K \/
3:1 hexane/PhMe

Ph 25°C,12h Ph

P

>98:2 E/Z 97% yield, 91% ee
0COsallyl Pd,dba; (0.5 mol %) o Et
SEt L2 (1.2 mol %) o~
Ph 3:1 hexane/PhMe Ph
Ph 25°C,12h Ph
25:75 E/Z 95% yield, 90% ee
o o Pd,dba; (0.5 mol %) 0
L2 (1.2 mol %) Et\\\/
Ph Oallyl 3.1 hexane/PhMe Ph i
Et" Ph 25°C,12h Ph

70% yield, 90% ee

Figure 2. Importance of enolate geometry

While B-ketoesters and enolate mixtures can be used
to furnish the desired acyclic ketones in high enantiose-
lectivity, due to ease of preparation and characterization,
the substrate scope of the reaction was investigated with
allyl enol carbonates formed via the aforementioned
selective enolization. Substrates were enolized in gener-
ally high levels of selectivity (see supporting infor-
mation for details). A variety of substrates containing
different alkyl and aryl substituents were examined, with
all alkylated products obtained in excellent yields (Table
2). Smaller a-alkyl groups such as methyl (2b) yielded a
lower 67% ee, along with the a-benzyl substrate (2c¢)
providing the alkylated product in only 76% ee. Longer
alkyl chains such as n-butyl (2d) and trifluoroethyl (2f)
as well as cyclopropyl methyl substrate (2e) all provided
the desired alkylation products in high enantioselectivi-
ty. Examining electronic effects on the acetophenone
(ie., Arl) portion of the substrate revealed that a variety
of electron-withdrawing and donating substituents were
well tolerated. Substitution at the para-position led to
consistently high yields and selectivities with the p-Me
(2g), p-ethyl ester (2h), p-OMe (2i), p-chloro (2j), p-
fluoro (2k), and p-CFj3 (2i) substrates providing products
in 96-99% vyield and 90-92% ee. The m-OMe (2m)
substrate also performed well yielding the product in
96% yield and 91% ee. Ortho-substitution on this aryl
ring, however, resulted in lower enantioselectivity with

the o-Me (2n) substrate obtained excellent yield but only
72% ee. Lastly, a-aryl substitutions were surveyed (i.e.
Arz) with electron donating groups such as p-Me (20)
and p-OMe (2p) proceeding with excellent yields and
91% and 92% ee, respectively. While a p-fluoro (2r)
substituent was well tolerated (90% ee), other electron-
withdrawing substituents led to lower selectivity with
the p-chloro (2q) substrate at 86% ee and the p-CF; (2s)
substrate significantly lower at 70% ee. Again, meta-
substitution was tolerated with the m-OMe (2t) substrate
delivering the product in 95% yield and 90% ee. Inter-
estingly, ortho substituion is tolerated on the a-aryl sub-
stituent with 0o-Me (2u) substrate proceeding with excel-
lent yield and 90% ee. Unfortunately, attempts to form
fully alkyl quaternary stereocenters has proven challeng-
ing (see supporting information).

Table 2. Substrate scope of asymmetric, decarboxyla-
tive allylic alkylation®
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0CO,allyl  Pd,(dba); (0.5 mol %) o
SR L2 (1.2 mol %) R\\/
1 _—— 1 (o
Ar 3:1 hexane/toluene Ar
Ar? 25°C,12h Ar2

2a 2b 2c
97% yield,” 91% ee® 96% yield, 67% ee 99% vyield, 76% ee

o]

2d 2e 2f
99% vyield, 87% ee 97% yield, 91% ee 90% yield, 86% ee

99% vyield, 92% ee 99% yield, 90% ee 99% yield, 92% ee

2k 2|
96% yield, 91% ee 99% yield, 90% ee

[0}
Et

J
96% yield, 91% ee

2n 20 Me

95% vyield, 92% ee 95% yield, 72% ee 96% yield, 91% ee

2p OMe 2q Cl
99% vyield, 92% ee 99% yield, 86% ee

99% yield, 70% ee

95% yield, 90% ee

99% yield, 90% ee

* Reactions performed on 0.2 mmol scale. ® Yield of isolated
product. ¢ Determined by chiral SFC analysis. ¢ Absolute configu-
ration of 2b determined by comparison to literature value,” all
other compounds are assigned by analogy.

With the scope of the transformation established, we
sought to demonstrate the utility of the produced acyclic
a-quaternary ketones toward further functionalization
(Figure 3). Treatment of the standard alkylation product
2a to Wacker oxidation conditions' employing catalytic
PdCI, under O, (1 atm) provided methyl ketone 3 in
85% isolated yield. In addition, treatment of ketone 2a
to a hydroboration-oxidation protocol with BH;-THF

and cyclohexene, followed by sodium perborate provid-
ed primary alcohol 4 in 75% isolated yield. A hydrozir-
conation/amination protocol using conditions developed
by the Hartwig group” allows access to anti-
Markovnikov amination product 5 in 83% yield follow-
ing in situ Boc protection. Lastly, olefin metathesis of
alkylation product 2h with methyl acrylate and Grubbs’
second generation catalys‘t6 yields o,B-unsaturated me-
thyl ester 6 in 88% yield.

o
PdCl, (20 mol %) Et
0, (1 atm) Ph

9:1 DMF/H,0, 25 °C Ph O
85% yield

BH3eTHF (1.5 equiv) 0 b
Et _ cyclohexene (3.0 equiv)

Ph then NaBO34H,0

Ph 75% yield
2a

Cp,Zr(H)CI (1 equiv); 0
HaNOSOSH (15 equiv)
e
THF, 25 °C N H
then Et3N, Boc,0
83% yield 5

(o]
Et _ Grubbs Il (5 mol %)
| SN F methyl acrylate (10 equiv) \/\COZMe
Ph CH Cl,, 40 °C
Et0,C 20,2 EtO,C

88% yield
2h oy

Figure 3. Derivatization of alkylation products

In conclusion, we have developed the first enantiose-
lective palladium-catalyzed decarboxylative allylic alkyla-
tion toward the synthesis of chiral acyclic a-quaternary
ketones. The use of electron-deficient phosphinooxazoline
ligand L2 is critical to achieve high yields and enantiose-
lectivity. The allyl enol carbonate substrates could be pre-
pared in high levels of E/Z geometrical selectivity, however
a proposed dynamic kinetic enolate equilibration during the
palladium catalyzed reaction allows the use of enolate mix-
tures and racemic P-ketoesters as substrates as well. Fur-
ther exploration into the scope, mechanism, and applica-
tions of this process are underway.
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Acyclic Quaternary Stereocenter
up to 99% yield and 92% ee

OCOzallyl  pd,(dba); (0.5 mol %) o

R
L* (1.2 mol %)

R o
wA o BT Ao
Ar Ar
CF;

(o)
-/
FiC P N—/
=tBu
L*
CF;

Page 6 of 6

ACS Paragon Plus Environment



