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Asymmetric allylic alkylation (AAA)[ is a powerful and versatile method for the catalytic,
asymmetric construction of quaternary stereocenters.[2] In the Mo- and Pd-AAA in
particular, a broad range of functionalized electrophiles has been utilized, enabling the rapid
synthesis of complex molecules in an atom- and step-economical manner.[341 Geminal
dicarboxylates (e.g., allylidene dicarboxylates) constitute an under-explored set of
electrophiles in this area.l’]

We envisioned a new Pd-AAA reaction employing prochiral nucleophiles and geminal
dicarboxylate electrophiles, one that would yield a quaternary stereocenter bearing a linear,
three-carbon, enol carboxylate unit. This enol carboxylate could be transformed into a
variety of useful functional groups, such as the saturated protected alcohol or the aldehyde
arising from a formal Michael addition to acrolein. However, previous research has
indicated that geminal dicarboxylate-derived, chiral t-allylpalladium complexes generally
undergo intermolecular reaction at the jpso position, affording branched products.[®] In
addition to requiring regioselective formation of /inear products, the proposed
transformation must also proceed with high chemo- and enantioselectivity. When examining
prochiral nucleophiles in the Pd-AAA, the latter parameter represents an especially
significant challenge, as the nucleophile must approach the mt-allylpalladium diistalto its
chiral information, potentially rendering enantiodiscrimination difficult.l”]

We selected oxindoles as nucleophiles for this transformation as the 3,3-disubstituted
oxindole structural motif and its derivatives feature prominently in biologically active
natural products and pharmaceutical compounds. Moreover, the enantioselective
construction of 3,3-disubstituted oxindoles is a significant synthetic challenge.[®! Further, an
asymmetric Michael addition to acrolein represents its own challenge. Possibly owing to the
tendencies for acrolein to undergo 1,2- (vs. 1,4-) reaction and to polymerize,[®l only one
strategy for the asymmetric Michael addition of an oxindole to acrolein has been reported by

Maruoka and co-workerst1%] and only for a limited set of A-Boc, 3-Ph oxindoles (Scheme
1).01
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Maruoka and co-workers have demonstrated the conversion of these products into valuable
alkaloid structural motifs, underscoring synthetic interest in this transformation.[*%] Though
it stands out as a pioneering result, this process requires cryogenic temperatures, excess
base, and dilute conditions. We postulated that our Pd-AAA approach to an enol carboxylate
would, via a subsequent hydrolysis stage, enable a formal Michael addition that could be
performed at ambient temperature, higher concentration, and with sufficient
chemoselectivity to employ unprotected oxindoles.

Our initial discovery efforts focused on the alkylation of oxindole nucleophile 1, in the
presence of Pdodbaz*CHCI3 ligated by our DPPBA ligands (Table 1). Drawing on our prior
methodology for the allylation of this substrate,[8"l PhMe was used as the reaction solvent,
with BuOH included as an additive. Unsurprisingly, the reaction of this nucleophile with
allylidene diacetate led to a complex mixture of branched, linear, aldehydic, and possibly
dimeric products. However, switching to the bulkier allylidene dipivalate provided much
cleaner reactivity as well as higher selectivity for linear product 2 over branched product 3.
Importantly, this electrophile is readily prepared in one step and in very good yield (81%) on
gram-scale, from the reaction of acrolein with pivalic anhydride (see Supporting
Information).[12]

We evaluated this reaction with respect to our standard ligand set, to optimize the formation
of 2 (Entries 1-4). Although L 1 provided 2 with moderate conversion, regioselectivity, and
enantioselectivity, the use of stilbene-derived ligand L 2 provided very good conversion,
essentially complete selectivity for the desired linear product, and excellent
enantioselectivity. Surprisingly, ligands L 3 and L4 afforded low conversion. Notably, the
addition of exogenous base (e.g., EtsN, Cs,COg, or tetramethylguanidine) led to poorer
regio- and/or enantioselectivity, implicating significant counter-ion effects and suggesting
that the hydroxyoxindole tautomer of 1 is the best nucleophile in terms of selectivity.

The effect of the reaction solvent was next explored (Entries 5-7), whereupon it was
discovered that, when performed in THF, the reaction was complete within 24 h yet
maintained excellent regio- and enantioselectivity. To improve reaction efficiency, the
effects of catalyst loading and concentration were also investigated (Entry 8). Pleasingly,
halving the catalyst loading (to 2.5 mol % Pd,dbaz*CHCI3 and 7.5 mol % L 2) while
simultaneously doubling the reaction concentration (to 0.40 M) led to essentially identical
reactivity (>95% conversion, 91% isolated yield, 92% ee) within the same time period.

The effect of the BuOH additive was also investigated (Entries 9-11). Reactions performed
in PhMe or THF without BuOH resulted in good conversion and high regio- and
enantioselectivity; however, yields of 2 were diminished compared to reactions that included
MBuOH. Full conversion occurred when the reaction was performed in pure BuOH, but the
enantioselectivity decreased. These results suggest that the mixed PhMe/BuOH or THF/
BuOH systems afford high enantioselectivity while minimizing side reactions, potentially
including further reactions of 2 or 3.

With these optimized conditions in hand, the substrate scope was evaluated. Thus, a number
of oxindole nucleophiles were prepared according to standard procedures and subjected to
the optimized reaction conditions (Table 2).

The Pd-AAA reaction was compatible with significant structural variation on both the aryl
group and the oxindole core. Notably, electron-neutral (2), electron-rich (5a), and electron-
deficient (5b-5d) aryl substituents were all well-tolerated.[13:14] These included aryl halides,
which underwent the Pd-AAA in high yield and without competitive oxidative addition
reactions. Further, the steric demands of the nucleophile could be increased without ill
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effect, as meta-substituted product 5e and 2-naphthyl product 5f were obtained in high yield
and with excellent selectivity. Halogen substitution on the oxindole core was also tolerated
(5g), again without competitive oxidative addition.

Oxindoles bearing heteroaryl substituents at the 3-position proved among the best substrates
for this reaction, affording very high yields and enantioselectivities (5h-5j). Especially
notable is the synthesis of compound 5j, as 3-indole oxindoles are established precursors to
biologically active indole alkaloids.[*®! Specifically, the 3-indole, 3-enol pivalate compound
5j bears similarity to synthetic intermediates toward gliocladin C.[8m.15]

To our delight, unprotected oxindoles underwent the Pd-AAA with high chemoselectivity
for alkylation at the 3-position. Thus, products 5k-50 were obtained in high yield and
enantioselectivity, with only slight decreases in regioselectivity.[16] Importantly, this
compatibility oxindoles also extended to a 3-heteroaryl nucleophile, as evidenced by the
synthesis of 50 with high yield and selectivity. Furthermore, 5-substitution on the oxindole
core was tolerated (5n).

Although small in magnitude, an interesting substituent effect was observed in the
unprotected oxindole series: while yields and enantioselectivities were generally consistent
for these substrates, a more electron-deficient substrate (5m) afforded slightly greater
regioselectivity than an electron-neutral substrate (5k), which in turn afforded slightly
greater selectivity than electron-rich substrates (51, 5n). This suggests that a subtle electronic
influence may exist wherein the oxindole enolate is destabilized by electron-donating
substituents, resulting in a slightly greater propensity to attack the m-allylpalladium at its
more electrophilic jpso position, leading to more branched product.[17]

Having demonstrated the utility of this method for the synthesis of enantioenriched enol
pivalates, we investigated its application toward the synthesis of functionalized products
(Scheme 2). Focusing first on conversion to the corresponding aldehyde, we were pleased to
find that simply treating 2 with methanolic KOH cleanly provided the desired aldehyde 6 in
a gratifying 84% yield, without competitive aldol or retro-Michael reactions. Theorizing that
these reaction conditions would not be incompatible with those from the Pd-AAA reaction,
we investigated a one-pot transformation of 1 to 6. In this event, the Pd-AAA reaction was
performed according to the standard procedure. After complete consumption of 1, the
reaction mixture was directly treated with the basic solution under ambient conditions,
efficiently providing 6 in only slightly decreased yield, validating our original proposal for
this application of the subject Pd-AAA reaction.

In addition, the catalytic hydrogenation of enol pivalate 2 could be accomplished in good
yield, affording protected alcohol 7. Related 3,3-disubstituted oxindoles featuring a three-
carbon alcohol have attracted attention from the pharmaceutical industry and in natural
products synthesis,[18] and this strategy of two ambient temperature, Pd-catalyzed steps
provides a practical alternative to, for example, an allylation/hydroboration/oxidation/
protection sequence. This application of the present Pd-AAA is especially significant, as the
enantioselectivity of this reaction is markedly greater than that of the simple allylation of
similar nucleophiles.[8hl

The hydrolysis of A~unprotected enol pivalate 5k was also accomplished, smoothly
affording aldehyde 8 in very good yield (Scheme 3). Initial attempts to convert this product
to known A-Boc aldehyde 9 were complicated by competitive A-Boc and enol-Boc
formation. However, chemoselective A~Boc protection could be accomplished by treating 8
with NaH at low temperature and subsequently quenching the mixture with Boc,0.
Aldehyde 9 was thus obtained in good yield, revealing the absolute stereochemistry of enol
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pivalate 5k and demonstrating our ability to selectively functionalize the oxindole
nitrogen.[19]

In conclusion, we report a new Pd-AAA reaction of oxindole nucleophiles with allylidene
dipivalate, one which proceeds under mild, practical conditions and which regioselectively
provides enantioenriched products bearing a synthetically useful linear enol pivalate unit.
This reaction tolerates a variety of substitution patterns, including 3-heteroaryl substitution
and unprotected oxindoles. The synthetic utility of the enol pivalate product has been
illustrated by the one-pot, ambient temperature conversion of the nucleophile to the
aldehyde arising from Michael addition to acrolein and by the conversion to a protected
alcohol unit. Additional applications of this new Pd-AAA are the subject of continued study
in our laboratories, and these results will be reported in due course.

Experimental Section

Representative Procedure for Pd-AAA: A reaction vial was charged with a stir bar, oxindole
1(223.0 mg, 1.0 mmol, 1 equivalent), Pd,dbaz*CHCI3 (25.9 mg, 0.025 mmol, 0.025
equivalent), and (R,A)-L 2 (59.2 mg, 0.075 mmol, 0.075 equivalent). The vial was sealed
with a septum-lined cap and evacuated and backfilled with N5 three times. THF (2.5 mL)
was added, followed by BuOH (478 L, 370 mg, 5.0 mmol, 5.0 equivalents). The reaction
mixture was stirred until it was homogeneous and an orange color persisted (ca. 10 min),
then allylidene dipivalate (387 pL, 364 mg, 1.5 mmol, 1.5 equivalents) was added. The gas
inlet was removed, and the vial was sealed thoroughly. The reaction mixture was stirred at
room temperature for 24 h, then the septum cap was removed and the reaction mixture was
poured into a mixture of Et,O (50 mL) and saturated aqueous NaHCO3 (50 mL). The phases
were separated, and the aqueous phase was extracted with Et,O (50 mL). The pooled
organic phases were washed with water (2 x 25 mL) then brine (25 mL), dried over MgSQyg,
filtered, and concentrated /n vacuo. The residue was purified by column chromatography
(6:1 to 4:1 hexanes:EtOAc), affording 2 (327 mg, 90%, >19:1 linear:branched, 90% ee) as a
viscous, light yellow oil.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Maruoka, et al. (2009) - Phase Transfer Conditions

Ph

Chiral PTC
X H,C=CHCHO 3,5-(CF3)2-CgHs
XT O ~"PhCOK ~ Br-
\ PhMe, — 60 °C p-Bu
Boc 0.075 M T Boc ~Bu
This Work - Pd-AAA T OC 3,5-(CF3)y-CeHs
AT Pd,dbag*CHCI, Ar, ~ /~opPiy Chiral PTC
X (R,R)-Ligand . . -
X o) —oPv X+ O —> Functionalized derivatives
Z N /Y \ of enol pivalate
R OPiv R
‘BuOH

PhMe or THF, 23 °C

Scheme 1.
Asymmetric Michael Additions of Oxindoles to Acrolein
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Scheme 2.

o
B \)\ Ha) Pd-AAA P 1 pd-AA Ph «~""OPiv
Cﬁs: 0 D) KOH, MeOH ©f¥ (90%) o
N 702A: (one-pot) N 2. HzézPO;i/C N
Me 76% (two steps) Me (82%) Vo
6 1 7

- Formal Michael addition into acrolein

- One-pot, ambient temperature process - Two catalytic steps to protected alcohol

Elaboration of Enol Pivalate 2
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Scheme 3.
Elaboration and Stereochemical Analysis of 5k
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Table 1
C . fa]
Selected Optimization Experiments
OPiv
P Pdydbag-CHCI; (fg/ﬁow
L1-L4 *
0O———— ™ o + o
CINS: A/OPIV N N
1 Me OPiv 2 Me 3 Me
BuOH Linear Branched

Solvent, 23 °C

Entry  Solvent Ligand o/ o0y /06 vied 2+3)° 10 (23° % ee(
1 PhMe L1 6865 4.9:1 60
2 PhMe L2 81/80 >19:1 01
3 PhMe L3 9/8 - -
4 PhMe L4 <5/<5 - -
5 Dioxane L2 66 /65 >19:1 76
6 DCE L2 53/52 581 83
7 THF L2 >95/>95 >19:1 92
o THF L2 o5 /017 >19:1 92
9 tBuoH L2 >95/85 >19:1 76
0f  PiMe L2 75165 >19:1 90
e THF L2 >95/75 >19:1 92
Ph Ph
R o
PR O NH HN
NH HN
PPh, PhoP
PPh, PhyP (M2
(RRI-L1

o Q o
QS

(RR)-L4

[,
and 5.0 equiv BuOH at 0.20 M for 24 h.

Determined by 14 NMR analysis of the crude reaction mixture, with mesitylene as an internal standard.

Page 10

nless specified otherwise, reactions were performed with 0.05 mmol 1, 5.0 mol % Pd2dba3*CHCI3, 15.0 mol % L 1-L 4, 1.5 equiv electrophile,

cReaction performed with 0.10 mmol 1, 2.5 mol % Pd2dba3*CHCI3, 7.5 mol % L 2, 1.5 equiv electrophile, and 5.0 equiv BuOH at 0.40 M for 24

h.
a .

Isolated yield after chromatography.
eReactions performed without /BuOH.

fDetermined by chiral HPLC.
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Table 2

Scope of Pd-AAA with Oxindole Nucleophiles™

Ar Pd,dbag*CHCl; Al S TOP
X (R,R)-L2 a
X O—OP.>X_| [e]
Z~N /\( v Z~N

1, 4a4do R OPiv 2,5a-50 R
THF (or PhMe), ‘BuOH, 23 °C

Product R viad (%)b I-bC ee(%)d
R
H(2) 91(90)°  >19:1 (>19:1)° 92 (90)°
P P %"F"e(g‘r’bf’;) 88 >19:1 83
pLks :
 J~OPi 98 >19:1 90
S~7 0PV pBr(50) 82 >19'1 88
o 5ase ACl(3d) 93 >10:1 88
‘ n-Me (Se) 87 >19:1 88
Me
89 >19:1 90
88 >19:1 94
91 >19:1 96
9% >19:1 95
82 >19:1 93
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Ar Pd,dbag*CHCly Al /0P
Xf' N OLXJ ~ o)
LAy /\(OPiv LA~y
1, 4a4o R OPiv 2,5a-50 R
THF (or PhMe), BBuOH, 23 °C
Product R vidd (%)b I-bC ee(%)d
H (5k) 60) 13103”9089
OMe (31) 88 111 84
F (5m) 97 171 89
75 0:1 87
93 14:1 92

[a]UnIess specified otherwise, reactions were performed with 0.10 mmol 1 or 4a-40, 2.5 mol% Pd2dba3+*CHCI3, 7.5 mol % L 2, 1.5 equiv

electrophile, and 5.0 equiv BuOH at 0.40 M in PhMe or THF for 18 - 72 h.
blsolated yield of both regioisomers after chromatography.

cDetermined by 14 NMR analysis.

dDetermined by chiral HPLC.

eReaction performed on 1.00 mmol scale.

fReaction performed on 0.50 mmol scale.
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