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ABSTRACT: Herein we describe the enantioselective
conjugate addition of nitroalkanes to unactivated a,B-un-
saturated esters, catalyzed by a bifunctional iminophos-
phorane (BIMP) superbase. The transformation provides
the most direct access to pharmaceutically relevant enan-
tioenriched y-nitroesters, utilizing feedstock chemicals,
via unprecedented, yet fundamental reactivity. The meth-
odology exhibits a broad substrate scope, including alkyl,
aryl and heteroaryl electrophiles substituted in the (3-posi-
tion, and represents the most general entry to enantioen-
riched y-nitroesters. The methodology was successfully
applied on a gram scale with reduced catalyst loading,
and additionally catalyst recovery was carried out, further-
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more, the formal synthesis of a range of drugs, and the enantioselective synthesis of (S)-rolipram were achieved.

Introduction

Catalytic enantioselective carbon—carbon bond forming
reactions are a cornerstone of contemporary organic syn-
thesis." Amongst them, the venerable Michael addition re-
action allows the direct formation of desirable carbon-
linked stereocentres with perfect atom economy, in a sin-
gle step, often using inexpensive and abundant starting
materials. As such, the discovery of catalytic and enanti-
oselective Michael additions, both metal catalyzed and
metal free, have been at the forefront of organic methods
development for decades.? The enantioselective addition
of nitroalkanes, and specifically nitromethane, to electron
poor olefins has received great attention, as the products
obtained may be converted to y-nitroesters, which provide
direct entry to a plethora of medicinally and industrially
relevant compounds, specifically 2-pyrrolidinones, 2-pi-
peridones, and y-amino acids.® y-Aminobutyric acid
(GABA), the simplest 4-aminobutyric acid, is a primary
regulator of the mammalian central nervous system.* Syn-
thetic analogues of GABA, substituted at the B-position,
such as pregabalin, baclofen and phenibut, exhibit signif-
icant bioactivity, including analgesic, tranquilizing, antial-
lodynic, anticonvulsant and anxiolytic effects (Scheme 1
D).° The enantioselective Michael addition involving unac-
tivated a,B-unsaturated esters is a highly desirable trans-
formation due to the abundance of these feedstock chem-
icals, however examples of such reactions remain scarce,
due to the diminished reactivity of the conjugated alkene
functionality as an electrophile.® To our knowledge, the
only known metal-free enantioselective C-C bond for-
mation utilizing unactivated a,B-unsaturated esters is a
Diels-Alder reaction developed by List,” whilst metal cata-
lyzed examples include the enantioselective addition of
organocuprates, pioneered by Feringa® and Rh-diene cat-
alyzed addition of arylboronic acids developed by Hayashi
and Miyaura.® There are, in contrast, numerous reports of
the enantioselective addition of nitromethane to activated
a,B-unsaturated carboxylic acid derivatives, including N-

acylpyrazoles by Kanemasa,'® imides by Takemoto,' N-
acylpyrroles by So6s,' and thioamides by Shibasaki."
Jargensen, building upon the seminal work of Hayashi,'
utilised a,B-unsaturated aldehydes and proline catalysis
to perform an enantioselective 1,4-nitromethane addition,
followed by oxidation using NBS to furnish y-nitroesters in
a one-pot fashion.' An alternative strategy for the enanti-
oselective synthesis of y-nitroesters can be envisaged by
the conjugate addition of malonate esters to nitroolefins,
followed by decarboxylation. Bifunctional tertiary amine
bases can efficiently promote this addition, as demon-
strated by Takemoto,' Deng,"” Connon,'® and our own
laboratory™ (Scheme 1 A). The above and related syn-
theses have been widely studied, and even performed in
a flow setting in multiple accounts by Kobayashi and
Kappe, and in a domino fashion by Corma, underpinning
the importance of GABA analogues.?° While elegant and
often efficient, the above methods necessitate the instal-
lation of bespoke activating groups which require the
downstream manipulation of the obtained enantioen-
riched material to achieve the synthesis of y-nitroesters.
Synthetic efficiency has thus been sacrificed to compen-
sate for the low reactivity of existing catalysts. A more
straightforward entry to enantioenriched y-nitroesters
would entail the direct, intermolecular enantioselective
addition of nitromethane to unactivated a,B-unsaturated
esters. However, due to the mismatch in reactivity be-
tween the nitronate nucleophile and unactivated a,3-un-
saturated esters (as indicated by Mayr’s reactivity scale),
this desirable disconnection is currently out of reach
(Scheme 1 B, C).5?" Interestingly, the intramolecular en-
antioselective addition of certain tethered nitroalkanes to
unactivated a,B-unsaturated esters has been reported,
using bifunctional cinchona catalysts.?? However, even in
these kinetically favoured 6-membered ring-forming sys-
tems, applicability is plagued by long reaction times (~7
days) necessary to achieve moderate to high yields
(Scheme 1 C).
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Scheme 1. Contemporary methods for the synthesis of y-nitroesters (A). Streamlining the synthesis of y-nitroesters with
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In 2013 our group introduced a new family of bifunctional
superbases,? the bifunctional iminophosphorane (BIMP)
catalysts,?>?% which have been demonstrably successful
in promoting highly challenging enantioselective conju-
gate additions.?” Seeking to overcome the limitations in
the existing literature, and to unlock the synthetic potential
of two abundant, yet underutilized classes of feedstock
chemicals, we aimed to develop the first enantioselective
addition of nitroalkanes to unactivated a,B-unsaturated
esters. If successful, our methodology would provide the
most straightforward, single-step, entry to valuable enan-
tioenriched y-nitroesters. To achieve this, we hoped to
identify a BIMP catalyst capable of the simultaneous acti-
vation of the electrophile and the pronucleophile and fur-
nish the desired products with high levels of enantiocon-
trol (Scheme 1 B).

Optimization

To establish BIMP catalyst-enabled reactivity in the enan-
tioselective addition of nitromethane to a,B-unsaturated
esters, we selected commercially available (E)-methyl-
crotonate 1a, and nitromethane 2a as the model system.
Reactions were run at 0.1 mmol scale with 10 mol% cat-
alyst loading using 10 equivalents of 2a and were
quenched after 24 or 96 hours by passing the reaction
mixture through a short silica plug. An initial catalyst
screen revealed that first generation BIMP catalysts bear-
ing a thiourea hydrogen bond donor (HBD) and a single
stereocenter were significantly superior to others in our

library.?® Catalyst B1 provided the desired y-nitroester 3a
in 69% vyield and 80:20 enantiomeric ratio (e.r.), albeit
over 4 days of reaction time, even under neat conditions
(Table 1, entry 1). With the HBD moiety established, the
substituent effects of the chiral backbone were investi-
gated, and found to be substantial. L-Serine derived cat-
alyst B2, bearing a benzhydryl sidechain provided 3a in
84.5:15.5 e.r., while other substituents in the same posi-
tion proved to be detrimental to selectivity (entry 2).?% In a
bid to increase selectivity and reactivity, the late stage
tunability of the BIMP catalysts was exploited, and a thor-
ough investigation of the iminophosphorane substituent
was performed by varying the trivalent phosphine de-
ployed in the Staudinger reaction. It was found that re-
placing the para-methoxyphenyl (PMP) substituents to
peripherally bulky and electron-rich 3,5-di-tert-butylphenyl
substituents gave a slight increase in selectivity (B3,
86.5:13.5 e.r.), however conversion remained at only 47%
over a 24-period (entry 3). Finally, the fine tuning of the
HBD revealed that a tetra-trifluoromethylated terphenyl
substituent in B4 gave a notable uplift in selectivity
(90.5:9.5 e.r.), and crucially in reactivity, providing 3a in
73% yield in only 24 hours (entry 4). Further structural
modifications to catalyst B4 led to no improvements in the
outcome of the reaction. At this stage, a thorough solvent
screen was performed at high concentrations (3.3 M, 30
uL solvent), to circumvent potential decrease in reactivity
due to over-dilution. It was found that most solvents pro-
vided only a slight increase in selectivity, and low variation
in reactivity (entries 5, 6).
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PMP: para-methoxyphenyl. Ar: 3,5-bis-(CF)s-phenyl.

Switching the reaction medium to cyclohexane, however,
afforded a surprising and sharp increase in both reactivity
and selectivity, providing 3a in 88% yield and 95:5 e.r. in
24 hours (entry 7). Notably, this reaction mixture was bi-
phasic due to the immiscibility of cyclohexane and nitro-
methane, however crucially all components were soluble
in one of the two phases, including catalyst B4. Finally, to
increase the isolated yield of product 3a, the catalyst load-
ing was adjusted to 15 mol%, providing 3a in 99% isolated
yield and 95:5 e.r. (entry 8) on a 0.3 mmol scale.?® Im-
portantly, the transformation could be conducted under air
with no detrimental effects to yield or enantioselectivity,
as a testament to the robustness of our catalyst system.
After establishing the optimal conditions for the model re-
action, the generality of the methodology was explored.

Substrate Scope

Reactions were conducted on a synthetically useful, 0.3
mmol scale (Scheme 2). First, the effects of the alkoxy-
substituents of the ester were investigated, using sub-
strates 1a-d. Switching the model substrate to ethyl sub-
stituted analogue 1b had no considerable effect on the
outcome of the transformation, which importantly allows
use of commercially widely available ethyl esters. A bulk-
ier benzyl group reduced the isolated yield to 87% and the
e.r. to 88.5:11.5, while tert-butyl crotonate 1d was incom-
patible with the system, providing product 3d in only 8%
yield, likely due to the substrate’s decreased electrophilic-
ity.® When nitropropane was employed as a pronucleo-
phile, product 3e was obtained as a 55:45 mixture of dia-
stereomers (with 91.5:8.5 e.r. and 89:11 e.r., respectively)
in 63% yield. Next, various alkyl substituents in the B-

position were investigated (3f-j). Product 3f was obtained
in excellent 79% vyield and 95:5 e.r., and product 3g in
54% yield.*® Pregabalin precursor 3h was synthesized
from commercially available substrates in 64% yield and
slightly diminished 89.5:10.5 e.r., probably due to in-
creased steric hinderance, while cyclohexyl substituted
ester 1i underwent the transformation smoothly, furnish-
ing 3i in 45% yield and 92.5:7.5 e.r. Product 3j, bearing a
medicinally relevant trifluoromethylated stereocenter, was
obtained in an excellent 72% yield and 94:6 e.r. from com-
mercially available ester 1j.3' Doubly unsaturated ethyl
sorbate 1h underwent the transformation in a moderate
yield and excellent enantioselectivity, and provided un-
conjugated product 3k after a selective 1,6 addition as a
single regioisomer. Next, a series of substituted cin-
namate esters were evaluated (11-x). Pleasingly, an im-
pressive range of aryl substituents were tolerated with
very little variation in selectivity. Electronically neutral me-
thyl cinnamate and 2-naphthyl acrylate (11, 1m) provided
3l (the precursor of phenibut), and 3m in excellent yield
and selectivity. Next, para-substituted aromatic sub-
strates were investigated (1n-s), and to our delight both
electron donating and electron withdrawing substituents
were tolerated exceptionally well with, once again, practi-
cally no changes in selectivity, however electronically rich
substrates provided the corresponding products in slightly
diminished yields due to lower electrophilicity. Crucially,
the precursors of tolibut (3n), baclofen (30) and paroxe-
tine (3p) were obtained in good to excellent yields, and
high selectivity from simple, and in the case of baclofen,
inexpensive, and commercially available, starting materi-
als.
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h reaction time.

4-Nitroethyl cinnamate gave a surprisingly low, 38% iso-
lated yield, which we speculated was due to its low solu-
bility in cyclohexane. Exploiting the catalytic system’s abil-
ity to tolerate n-alkyl chains on the ester’s O substituent,
a lipophilic n-octyl analogue of 1r was prepared, which
was fully soluble in the reaction mixture, and underwent
the transformation smoothly, furnishing 3r in 63% yield
and 93.5:6.5 e.r. Substrate 1t bearing a nitrile group in the
meta position yielded 3t in 70% yield and 94.5:5.5 e.r,,
and even ortho-bromo substituted product 3u was

obtained in 73% yield and 91.5:8.5 e.r. Disubstituted cin-
namate analogues, 3v-x, underwent the transformation in
good to excellent yields, and with no change in selectivity,
and importantly 3x, a direct precursor of (S)-rolipram, was
obtained in 49% yield and 96:4 e.r. Finally, a set of het-
eroaromatic a,B-unsaturated esters was investigated. All
three isomers of pharmaceutically relevant products bear-
ing a pyridine substituted stereocenter 3y-aa were ob-
tained in excellent enantioselectivities and yields, without
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the Lewis basic nitrogen compromising the catalytic pro-
cess. Quinoline 1ab was also tolerated, however product
3ab was obtained in a slightly diminished yield, likely due
the substrate’s poor solubility in cyclohexane. Even pyrim-
idine 1ac, bearing an electron donating 4-thioether moi-
ety, was smoothly converted to the corresponding y-nitro-
ester, providing 3ac in 56% yield and 93.5:6.5 e.r. 5-Mem-
bered heteroaromatics 1ad-af were similarly well toler-
ated, albeit oxadiazole 3ae was obtained in a slightly de-
creased, 91:9 e.r., and moderate 35% yield.

Scale-up, catalyst recovery and derivatizations

After demonstrating the scope and limitations of our meth-
odology, its synthetic applicability was established by
scaling up both the model reaction and that employing tri-
fluoromethylated substrate 1j to a 10 mmol scale
(Scheme 3). Both reactions were performed under identi-
cal reaction conditions. For these transformations, the
catalyst loading was reduced to 4 mol% (from 15 mol%
previously), and reaction times were increased to 48 h.

Product 3aS was isolated in 66% yield and 95:5 e.r., and
product 3jS was obtained in quantitative yield and
93.5:6.5 e.r. After the isolation of both products by flash
column chromatography, the eluent polarity was in-
creased to elute catalyst B4 in both cases. The obtained
catalyst was dissolved in n-hexane and purified by means
of an aqueous wash with 3 M NaOH. The recovered cat-
alyst was then resubjected to the model reaction under
the optimized reaction conditions, delivering the desired
product in quantitative yield and with the same level of en-
antiopurity as previously established, demonstrating the
robustness of the BIMP catalytic system. Subsequently,
product 3aS was reacted with ammonium acetate and
paraformaldehyde to furnish frans-2-piperidinone 4a in
84% vyield, 95.5:4.5 e.r. with perfect diastereoselectivity,
and the same product was reductively cyclized using in
situ generated nickel boride to obtain 2-pyrrolidinone 5a
in a 54% yield and 98:2 e.r. Trifluoromethylated y-nitroes-
ter 3jS was subjected to similar reaction conditions in the
presence of benzylamine, and N-benzyl protected trans-



2-piperidinone 4b was obtained in quantitative yield, 93:7
e.r. and 95:5 d.r., while trifluoromethylated pyrrolidinone
5b was synthesized in 80% yield and 92.5:7.5 e.r., yield-
ing precious enantioenriched trifluoromethylated hetero-
cycles in only two steps from commercially available start-
ing materials.®' Next, the enantioselective synthesis of
(S)-rolipram was achieved by converting aldehyde 6a to
a,B-unsaturated ester 1x by alkylation of the phenolic OH,
and subsequent HWE reaction in 92% yield over two
steps. The obtained product was then submitted to our
methodology to furnish y-nitroester 3x in 49% yield and
96:4 e.r., which was reductively converted to (S)-rolipram
(5¢) in a single step in 80% vyield and 98:2 e.r. Finally, a
series of APIs (active pharmaceutical ingredient) were for-
mally synthesized. With the synthesis of 3h, 3l and 3o,
the enantioselective formal synthesis of (R)-pregabalin,®?
(S)-phenibut and (S)-baclofen®® was achieved. Addition-
ally, 3p was converted to 4c in 72% vyield, 95:5 e.r. (major
enantiomer) and 95:5 dr in a single step, en route to
(3R,4S)-paroxetine,'3* and finally 3n was reductively cy-
clized to furnish 2-pyrrolidinone 5d in 93% vyield and
96.5:3.5 e.r., achieving the formal synthesis of (S)-
tolibut.3®

Conclusion

In summary, we have developed the first enantioselective
conjugate addition of nitroalkanes to unactivated a,B-un-
saturated esters to yield precious enantioenriched y-nitro-
esters from commercially widely available starting materi-
als, streamlining their synthesis thanks to the power of bi-
functional iminophosphorane catalysis. The methodology
tolerates a larger range of substituents compared to pre-
viously reported strategies and can be applied to up to 10
mmol scale, with catalyst recovery.
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