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Asymmetric Palladium-Catalyzed Allylic Alkylation Using Dialkylzinc
Reagents: A Remarkable Ligand Effect™*
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Abstract: A serendipitously discovered palladium-catalyzed
asymmetric allylic alkylation reaction with diorganozinc
reagents, which displays broad functional group compatibility,
is reported. This novel transformation hinges on a remarkable
ligand effect which overrides the standard “umpolung”
reactivity of allyl-palladium intermediates in the presence of
dialkylzincs. Owing to its mild conditions, enantioselective
allylic alkylations of racemic allylic electrophiles are possible
in the presence of sensitive functional groups.

The stereoselective introduction of isolated, all-alkyl-sub-
stituted stereocenters in cyclic or acyclic frameworks remains
a daunting synthetic challenge."! In particular, lone ethyl- and
methyl-bearing tertiary stereocenters are present in many
bioactive substances (Figure 1).”! Additionally, the methyl or
ethyl substitution of methylene groups can lead to enhanced
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Figure 1. Natural products bearing lone ethyl or methyl stereocenters.
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pharmacokinetics by blocking or slowing down typical
oxidative metabolic pathways."’

Palladium-catalyzed asymmetric allylic alkylation (AAA)
is a powerful bond-forming synthetic method for the forma-
tion of C—C and C—X bonds,*™*! particularly enabling the
quantitative conversion of chiral racemic substrates into
single enantiomeric products, through deracemization. "
The most widely accepted model states that stabilized or
“soft” nucleophiles attack the pivotal allyl-Pd intermediate
through an outer-sphere substitution reaction with inversion
at carbon, thus leading to global retention of configuration.
Conversely, nonstabilized or “hard” nucleophiles generally
afford overall inversion of configuration, as the nucleophile
transmetalates to palladium before reductive elimination to
the final product takes place.! Pd-catalyzed AAA reactions
carried out in conjunction with “soft” nucleophiles are well
established in the literature. Unfortunately, most of the work
developed for the latter cannot be easily transposed for
“hard” nucleophiles. Indeed, the use of main-group organo-
metallic reagents such as Grignard reagents and organo-
lithium derivatives is plagued by B-hydride elimination as
a competing mechanistic pathway, leading to reduced prod-
ucts. As a consequence, only few reports describe the use of
“hard” nucleophiles in the context of AAA.P In particular,
dialkylzinc reagents are well known to divert the standard
reactivity of Pd-allyl complexes converting them into nucle-
ophilic allyl moieties.” This type of “umpolung” chemistry
constitutes a successful class of reactions in its own right
(Scheme 1a), of which the Marshall-Tamaru propargylation
is a prime example that enjoys widespread use in natural
product total synthesis.”!

Highly enantioselective allylic alkylation reactions
employing organolithium and Grignard reagents as nucleo-
philes can be realized with copper catalysis (Scheme 1b)."
However, the high nucleophilicity and basicity of those
reagents is a drawback of these procedures.”’ To the best of
our knowledge, deracemizing allylic alkylation of cyclic,
racemic electrophiles with “hard” nucleophiles (Scheme 1b)
has only been achieved with alkyl lithium or magnesium
derivatives thus far. Herein, we report a Pd-catalyzed
asymmetric allylic alkylation employing dialkylzinc reagents
which relies on a unique ligand effect (Scheme 1c¢).

Our investigations in this area stem from a serendipitous
observation made during the study of “umpolung”-type
reactions of the cyclobutene substrate rac-1 (Scheme 2).
When this allylic chloride was exposed to catalytic amounts
of [{Pd(allyl)Cl},], the chiral phosphoramidite L1, and a slight
excess of Et,Zn (2.4 equiv) in the presence of benzaldehyde
derivative 2, the “umpoled” nucleophilic addition product 3
was obtained in good yield.” In contrast, when TADDOL-

Angew. Chem. Int. Ed. 2014, 53, 7068 —7073


http://dx.doi.org/10.1002/anie.201309074

a)

Previous work:

"Umpolung"-type allylation

Y [known "Umpolung” reactivityJ v
OAc Pd cat. ij El
)n R,Zn, Electrophile )n
b) "Umpoled" addition
Cu-catalyzed asymmetric alkylation product
Br R'
R2 Cu cat. R2
R3 R3
R? R'MgBr or R'Li R3
R2=Ph, Br, H
R®=Me, H
up to 98% yield
©) up to e.r. 99:1
This work:
v (' direct allylic substitution ) v
KD/OAC Pd cat., Ligand ﬁj R
< En R,Zn x€
racemic Q bypass known "Umpolung” reactivity

Q@ high functional group tolerance
(ketone, aldehyde, ester)

Scheme 1. Pd-catalyzed “umpolung” chemistry and state-of-the-art
asymmetric allylic alkylation employing “hard” nucleophiles.
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Further reaction optimization""! was carried out employ-
ing L2a, leading to product 6a in high diastereo- and
enantioselectivity. As portrayed in Scheme 4, both primary
and secondary dialkylzinc nucleophiles can be added to the
cyclobutenyl framework with moderate to excellent selectiv-
ities and yields. Although in our previous studies with
cyclobutenyl electrophiles in asymmetric palladium catalysis
we observed a very special influence of the small ring size and
the carboxylic acid moiety,“1? the early success with ester
1 suggested that this alkyl transfer could be a more general
transformation.

We thus directed our attention to cyclohexenyl electro-
philes. In the event, the use of ligand L2b enabled derace-
mizing, asymmetric allylic alkylation with Et,Zn to take place
on chlorocyclohexenes rac-8 with excellent diastereo- and
enantioselectivity. Importantly, the use of cis-8a and trans-8b
led to trans-9a and cis-9b alkylation products, respectively
(Scheme 5). This confirmed that this process takes place with
clean inversion of configuration at the reactive center.

At this juncture, we evaluated the influence of the leaving
group in this alkyl-transfer reaction, and chose 4-phenyl-
cyclohex-1-ene derivatives as substrates (Table 1). Since
a vast majority of the known catalytic asymmetric alkylation
reactions employ allylic halides as electrophiles, we were
enticed by the possibility of using ester leaving groups.!'*! Our
results are compiled in Table 1.

Excellent  diastereocontrol  was
observed, with cis substrates 10a/c—
e converting into the trans epimer of

cl
HQ 7y Et,Zn (2.4 equiv) EtyZn (2.4 equiv) . the product. The temperature values
S S SialICH:| O, 5% [{Pd(allyl)Cl},] s listed for each substrate represent the
O\\/ﬁm ~ © rao TS 30%L2a o lowest temperature at which reactivity
D W THF 5 THF d “tus was observed, and conveys reactivity
aldehyde 2 4 differences qualitatively. The acetate
3 48% yield .
65% yield d.r.: 75:25 substrate (Table 1, entry 1), along with
the methyl- and phenylcarbonate deriv-
OO Ph)_ cl A AT ph atives (Table 1, entries3 and 4) dis-
O N 0PN o] 0 Y played similar efficiency at —20°C,
o e OMe delivering trans-11a in good to excellent

z ™~
& X J >< R AN
SO o |" T b
Ar” o Ph

(SRR)-L1

(5,S.S.S)-L2a

yield and enantioselectivity. The use of
a more hindered pivaloyl ester (Table 1,
entry 2) led to no reaction observed even

Scheme 2. Serendipitous discovery of an unusual ligand effect. TMS =trimethylsilyl.

derived ligand L2a*!! was employed, we were surprised to
observe the ethylated cyclobutene 4 as the only reaction
product (Scheme 2).

This unusual ligand effect (particularly given the rather
close structural relationship of L1 and L.2a) prompted us to
investigate the transformation further in the absence of
electrophiles. An extensive screening of ligands was con-
ducted and selected examples are depicted in Scheme 3. As
shown, chiral phosphoramidites L.2/L.3, bearing a TADDOL/
TARTROL backbone, are uniquely capable of successfully
promoting the alkyl transfer reaction. With all other ligands,
only the product of halide reduction, cyclobut-2-enoic acid
(7), was observed.
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at ambient temperature. The substrate
with a tailor-made (2-methylthio)acetyl
leaving group (Table 1, entry 5), which
was developed in the Ni-catalyzed leav-
ing-group-directed, enantiospecific substitution reported by
Jarvo et al. ' also led to a successful reaction, even at lower
temperature. It is accepted that coordination of the organo-
zinc reagent to the leaving group accelerates oxidative
addition of the substrate to the nickel catalyst. Such an
accelerating effect may also be responsible for the qualita-
tively higher reactivity observed here.

We then further investigated the scope of the reaction.
Results are compiled in Table 2. As depicted in entries 1-5,
racemic acetates and carbonates undergo deracemizing
alkylation by dialkylzinc reagents in good to excellent yields
and very good enantioselectivities. Table 2, entries 6-8 show-
case the excellent functional group tolerance of dialkylzinc
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Scheme 3. Ligand screening for the ethyl-transfer reaction. e.r. values were determined on the N-
benzylamide derivative of 6a.""! Yields determined by 'H NMR analysis (internal standard).
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Scheme 4. Catalytic asymmetric alkylation of cyclobutenyl electro-

philes."!
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Scheme 5. Inversion of configuration in the catalytic asymmetric
alkylation of cyclohexenyl electrophiles. Yields are for isolated prod-

ucts.["
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nucleophiles, as Weinreb amides,
ketones, and even free aldehydes
(Table 2, entry 7) are tolerated in this
transformation. Allylic piperidine ace-
tates are also suitable electrophiles for
this transformation, which is not lim-
ited to substrates with six-membered
rings (Table 2, entries 9 and 10).

The complementarity of the trans-
formations reported herein relative to
state-of-the-art, copper-catalyzed
allylic alkylation methodologies is

(RRRRS,S)-L3

25% (6a) best expressed by the experiments

derr 22532 depicted in Scheme 6. As shown,

2 a standard copper-catalyzed asymmet-
o) ric allylic alkylation®®™ employing

PPh, N EtMgBr as the nucleophile with the

free ketone 19a leads to extensive 1,2-
addition to the carbonyl group,™
generating a complex mixture
(Scheme 6a). Additionally, attempted
Cu-catalyzed preparation of a racemic
sample of 22b for the determination of
the enantioselectivity by chromatog-
raphy (HPLC) led to the product
(26a) of reduction of a putative ring-
opened intermediate 25 (Scheme
6b).[8g’i]

L7
only 7

Table 1: Leaving-group effect. The d.r. value of product 11awas >95:5 in
all entries ("H NMR analysis of the crude product). Yields refer to
isolated product.!""
5% [{Pd(allyl)Cl},]
15% L2b

Et,Zn (2.4 equiv)
—_— \

THF, T [°C], 18h Ph
rac-cis-10a—e trans-11a
Entry Leaving group Substrate T[°C] Yield [%] er.
1 OAc 10a —20 89 98:2
2 OPiv 10b RT - -
3 OCO,Me 10c —20 76 98:2
4 OCO,Ph 10d —20 85 98:2
O,
5 ""es/\lg T 10e —40 79 97:3

Interestingly, exposure of linear acetate 27a to similar
reaction conditions cleanly led to the reduced product 28 in
high yield (Scheme 7). A deuterium-labeling experiment
delivered 28d and identified this as the result of “umpo-
lung”-type transmetalation towards a nucleophilic allyl-metal
intermediate, quenching of which likely leads to the observed
product.

The alkylated products obtained offer additional oppor-
tunities for synthetic modification (Scheme 8). Regio- and
stereoselective halohydrin formation affords 29 in 68 % yield,
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Table 2: Scope of the deracemizing alkyl-transfer reaction. Reaction
conditions are the same as those in Scheme 5 and yields are for isolated
compounds.

Entry Substrate Product d.r. Yield e.r.
[%]
1 ACOQ002M6 \“"'VQCone 99:1 78 94:6
rac-12a %
A00’©\002Me 99:1 87 85:15
rac-12a @\
2 CO,Me
e ™
MeO,CO CO,Me 99:1 60 87:13

rac-12b

o

i ~CO,Bn 99:1 55

3 MeO,CO CO,Bn 84:16
rac-13b 14b
\\\“"Qcozan 99:1 78 95:5
o,
4 AcO CO2Bn
rac-13a @\
o CO,Bn 99:1 85 84:16
14b
AcOQPh 97:3 92 89:11
rac-10a Q
5 Ph
Q 11b
MeO,CO Ph 97:3 72 90:10
rac-10c

©\<9Me
N—
e
99:1 86 93:7
QMe (0]
N— 16a
6 AcO

o) QMe
rac-15a N—
99:1 90  93:7
(o]
16b
7 cr““QCHO \/QCHO 82:181 7201 90:10
rac-17a 18a
g Ao ITI I \“‘"IX& 99:1 75 8713
o} o}
rac-19a 20a
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Table 2: (Continued)

Entry Substrate Product d.r. Yield e.r
[%]
-
N [l .
) - 2 1
(j/OAC te 8 90:10
N 22a
? Ts @
rac-21a N
) 81 85:15
Ts
22b

OAc

rac-23a

88:12

AN
24a

[a] d.r. starting material=90:10. [b] Yield of isolated alcohol (DIBALH
reduction). [c] Ratio of 22a to reduced compound 1:1."!

while dihydroxylation leads to highly functionalized cyclo-
hexane 30 in short order." The lone tertiary stereocenter
apparently exerts notable sterecontrol over functionalization
of the neighboring alkene. Furthermore, the cyclobutene
analogue 6a enables a short synthesis of isopilopic acid benzyl
amide 31."1 Upon ozonolysis and oxidation, the desired
natural product derivative is obtained in 56 % yield.

In summary, we have developed the first enantioselective
Pd-catalyzed alkylation employing dialkylzinc reagents as
nucleophiles. This unusual transformation, which thwarts the
standard “umpolung” reactivity of allyl-palladium intermedi-
ates in the presence of diorganozinc reagents, hinges on
a remarkable ligand effect of TADDOL-derived phosphor-
amidites as privileged ligand scaffolds. The broad functional
group tolerance of dialkylzinc reagents renders them poten-
tially complementary alternatives to the commonly employed
alkyl lithium and magnesium analogues. Further studies on
the mechanism and scope of this reaction are in progress.
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