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Abstract

No Strain, No Gain! The first transition metal-catalyzed enantioselective a-alkylation of
cyclobutanones is reported. This method employs palladium catalysis and an electron deficient
PHOX type ligand to afford all-carbon a-quaternary cyclobutanones in good to excellent yields
and enantioselectivities.
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The asymmetric alkylation of enolates to generate a-quaternary carbonyl compounds has
become a mainstay transformation in organic synthesis.[X In this domain, cyclobutanones
have received far less attention relative to their five, six and seven membered congeners,
despite the fact that these compounds and their derivatives are prevalent in important
biologically active natural products(?! (Figure 1A). Additionally, cyclobutanes have been
shown to serve as highly valuable synthetic intermediates for a variety of transformations.[3]
The dearth of reports describing the asymmetric alkylation of cyclobutanones may be
attributed to the fact that these compounds possess an estimated 26—28.6 kcal/mol of
ringstrain[4] and, in turn, exhibit enhanced carbonyl electrophilicity.[5] The propensity of
cyclobutanones to alleviate this strain via electrophilic ring opening is often a limiting
challenge during their manipulation. Moreover, the energetic requirements for enolization of
cyclobutanones are compounded by a concomitant increase in ringstrain to 31-34 kcal/mol
(calculated for cyclobutene, Figure 1B)[3] as well as enforced deviation from the more
favorable puckered conformation (Figure 1C).[6] In the case of a-substituted
cyclobutanones, enolization is further impeded by the development of torsional strain
between the putative enolate substituents (Figure 1C).[]
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Given these data, it is not surprising that previous methods for the preparation of
enantioenriched cyclobutanes have relied primarily on either [2+2] cycloaddition
reactions!8] or ring expansion from various cyclopropane derivatives.[®] Recent reports from
Baudoin on annulating C—H activation[1%] as well as disclosures from Tostel11] and
Echavarrenl12] that employ gold(l) catalysis to affect cyclopropanoid rearrangements have
emerged as significant new methods for the construction of cyclobutanes. Despite these
advances, transformations that produce chiral cyclobutanones remain limited in scope and
very few methods exist for the catalytic construction of chiral cyclobutanones from achiral
starting materials.[°t]: [13] In order to address these limitations and to further develop the
nucleophilic chemistry of these unusually reactive compounds we report herein the first
direct transition metalcatalyzed asymmetric a-alkylation of cyclobutanones to form all-
carbon quaternary centers.

A longstanding interest of our research group is the asymmetric transition metal-catalyzed
a-functionalization of carbonyl compounds to form all-carbon quaternary centers.l!4] In the
course of our studies, we have developed a series of phosphinooxazoline (PHOX) ligands
with varied steric and electronic properties that exhibit a range of reactivities and
selectivities. We have found that the use of electron deficient ligands (e.g. L2 and L3) often
results in superior asymmetric induction where electron rich or electron neutral ligands
perform poorly.[13] Examination of ligand electronic effects would, therefore, help to inform
our development of a method for the asymmetric allylic alkylation of cyclobutanones.

We first established a simple and efficient reaction sequence to access allyl 1-alkyl-2-
oxocyclobutanecarboxylate substrates (4) (Scheme 1). Diazotization of commercially
available 1,3-cyclopentane dione (1) with para-acetamidobenzenesulfonyl azide (o
ABSA)[26] delivered the corresponding diazodiketone (2) in consistently good yields.
Microwave promoted Wolff rearrangement of diketone 2 in the presense of an allylic
alcohol[17] (e.g., allyl alcohol, 3), followed by alkylation with an alkyl halide (e.g., benzyl
bromide) furnished the allyl 1-alkyl-2-oxocyclobutanecarboxylates in good yields over two
steps. With a quick and efficient method to access the desired substrates at hand, we next
examined reaction parameters to identify optimal conditions for reactivity and
enantioselectivity.

Our initial experiments revealed that treatment of allyl 1-benzyl-2-
oxocyclobutanecarboxylate (41) with catalytic Pd,y(pmdba)s in the presence of (S)-£
BuPHOX (L1) in THF delivered the desired a-quaternary (S5)-2-allyl-2-
benzylcyclobutanone (51)[*8] in 90% yield, albeit in moderate enantioselectivity (Table 1,
Entry 1). The use of electron deficient ligands, resulted in considerably improved
enantioinduction (Table 1, Entries 2 and 5). Although the reaction proceeds well in a
number of solvents, toluene was identified as optimal for inducing asymmetry. This solvent
effect is likely due to an enhanced binding between the enolate and the electrophillic sigma-
allyl-Pd(11) center in the catalytic cycle, which may reinforce a tight ion pair and lead to an
inner-sphere mechanism.[19] Finally, at temperatures just below ambient the reaction was
found to proceed at a reasonable rate and with high enantioselectivity.

With these optimized conditions identified, we next explored the influence of different a-
substituents (R1Table 2A) on the efficacy of the allylic alkylation process. To aid in the
isolation of these highly volatile compounds, we chose -ketoesters of higher molecular
weights, bearing substitution at both the a-position and allyl fragment, (i.e. 2-phenylallyl 1-
benzylyl-2-oxocyclobutanecarboxylate) as base substrates. We were pleased to find that a-
alkyl substituents were well tolerated with enantiomeric excess up to 99% (Table 2A, 5a—
5b). a-Benzyl substituents were found to give the respective a-quaternary cyclobutanones
with uniformly excellent enantioselectivity regardless of the electronic nature of the benzyl
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moiety (compounds 5c-5e). In addition to alkyl- and benzyl- substituents, allyl-, TMS-
protected propargyl and heteroaryl substituted 2-carboxyallyl cyclobutanones proved to be
eligible substrates in the asymmetric allylic alkylation reaction providing cyclobutanones
5f-5h in high yields and enantiomeric excess.

Having surveyed the scope of the process with respect to various substituents at the
quaternary center, we were poised to investigate the influence of different allyl substitution
on the process (R2Table 2B). In accord with previous studies on the palladium-catalyzed
asymmetric allylic alkylation, the catalytic system was found to be relatively inactive when
terminally substituted or cyclic allyl fragments were employed.[142 1461 As such, we limited
our survey to carboxyallyl fragments bearing substituents at the 2-allyl position.
Gratifyingly, diverse substituents were found to be well tolerated (Table 2B). All a-
quaternary cyclobutanones were obtained in moderate to high yield and with outstanding
enantiopurity. Particularly interesting are compounds 5i5kand 5m featuring a butadiene, a
vinyl chloro and a benzyl ether moiety, respectively. Each of these diverse functional groups
may potentially serve as handles for various derivatization reactions (e.g., cycloaddition,
annulation or transition metal-catalyzed cross-coupling).

Myriad studies have shown cyclobutanoids to be highly valuable synthetic intermediates,
allowing access to enantioenriched oxazepines,29] piperidines,21] tetrahydropyrans,[?2] a-
and B-quaternary cyclopentanones,[1% benzannulated polycyclest?®] as well as p-quaternary
linear ketones.[?] Cyclobutanones may participate directly in a variety of robust classical
transformations, such as Baeyer-Villiger oxidation and Beckmann rearrangement, 2] as well
as transition metal-catalyzed ring expansion,[?4] ring contractionl2®l and ring-opening
processes.[26] To demonstrate the utility of our asymmetric synthesis of cyclobutanones
within this domain, we carried out a number of transformations on the chiral cyclobutanones
generated in this study. Ring expansion by Baeyer-Villiger oxidation, treatment with
trimethylsilyldiazomethane and Beckmann rearrangement all proceeded smoothly to deliver
dialkyl y-lactone 6, a-quaternary cyclopentanone 7 and dialkyl y-lactam 8, respectively.
Additionally, ring closing metathesis of diallyl substituted cyclobutanone 5f cleanly
furnished quaternary [4.5]-spirocycle 9.

In summary, we have developed the first transition metalcatalyzed enantioselective a-
alkylation of cyclobutanones. This method employs palladium catalysis and an electron
deficient PHOX type ligand to afford a-quaternary cyclobutanones in good to excellent
yields and enantioselectivities. A wide variety of substitutents are tolerated at both the a-
keto and 2-allyl positions. The mild nature of our method is reflected in its compatibiilty
with otherwise highly electrophilic cyclobutanones. We have further demonstrated the utility
of chiral cyclobutanones as synthetic building blocks to access a variety of enantioenriched
derivative compounds including dialkyl y-lactams, dialkyl y-lactones, a-quaternary
cyclopentanones and quaternary [4.5]-spirocycles. We believe that this novel synthetic
method will enable the expeditious synthesis of complex bioactive natural products and
pharmaceutical components by providing unique access to previously unknown and
inaccessible enantioenriched a-quaternary cyclobutanones. Efforts toward this end are
currently underway in our laboratory.
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Figure 1A. Representative bioactive natural products possessing cyclobutanoid core
structures. Figure 1B. Increased ring stain generated upon enolization. Figure 1C. Increased
torsional strain upon unsaturation of 4 membered rings.
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Construction of allyl 1-benzyl-2-oxocyclobutanecarboxylate (41).
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Table 1
Reaction optimization studies.[?]
o)
o. Bn Pdy(pmdba)s (5 mol%) o. Bn
ti)j\o/\/ ligand (12.5 mol%) - N\ l,.o\\/
solvent, temp (°C)
41 51
Entry Ligand Solvent T[°C] ee[%0]
1 L1 THF 25 58
2 L2 THF 25 75
3 L2 p-dioxane 25 84
4 L2 benzene 25 84
5 L3 toluene 25 84
6 L2 toluene 25 85
7 L2 toluene 20 86
CF; CF;
O Me

o

r 0

PhP  N—/
1Bu

0,
1
(p-CF3)CgHy)2P N—/" (p-CF;)CgHq),P
L1 L2 tBu

N\\?<Me

i-Pr

[a]COHdiI/OI?S cyclobutanone 41 (1.0 equiv), Pd2(pmdba)3 (5 mol%), Ligand (L1-L3) (12.5 mol%) in stated solvent (0.033 M) at indicated
temperature for 12-48 h. ee determined by chiral SFC. pmdba = 4,4’-dimethoxydibenzylidene acetone.
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Table 2

Catalytic enantioselective cyclobutanone alkylation: (A) scope of a-keto substitutent tolerance; (B) functional
diversity incorporated at the 2-allyl position.[4]

o R! 0 Pd,y(pmdba); (5 mol%) o R1
-L2 (12.5 mol% o
t')j\o/\( (8)-L2( m°° o) - ﬁ ! \(
R2 toluene, 20 °C R2
4 5

_ Ph
oﬁ El t‘\\ \( Oﬁ Ml ?\‘ \( 0 o Y
Ph Ph Ph

5a, 62% yield 5b 71% yield 5c, 89% yield
99% ee 90% ee 95% ee

F OMe
|

0 .‘\\\\( 0 .‘\\\Y 0 ..‘\‘\(
Ph Ph Ph
5d, 71% yield 5e, 83% yield 5f, 86% yield
93% ee 97% ee 92% ee
TMS
FZ
(0] N 0]
Ph Ph
5g, 90% vyield 5h, 82% vyield
93% ee 92% ee
B
Bn Bn Bn
0, l-“‘\ 0, ,““\Y Q§ , “‘\Y O,Q l‘“\\\/
\< Me (o]
5i, 92% yield 5j, 82% yield 5k, 67% yield 51, 72% yield
"91% ee 90% ee 93% ee 86% ee
Bn
(0]
O: B, n\\\< OQ Br ?\\ \]t'.““
OBn OMe
F
5m, 95% vyield 5n, 91% yield 50, 95% vyield
89% ee 92% ee 94% ee

[A]szo’itians cyclobutanone 4 (1.0 equiv), Pd2(pmdba)3 (5 mol%), (S)-L2 (12.5 mol%) in toluene (0.033 M) at 20 °C for 12-48 h. All reported
yields are for isolated products.
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