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Abstract: A synthetic method for the efficient construction of f-hydroxy lactones and lactams bearing a-quaternary carbon centers
is described. This transformation relies on an electronically differentiated Lewis base catalyst, which is uniquely capable of promot-
ing a reductive aldol reaction of a,a-disubstituted and a,0,B-trisubstituted enones. This approach provides a valuable synthetic al-
ternative for carbon-carbon bond formation in complex molecular settings due to its orthogonal reactivity compared to traditional
aldol reactions. Based on this method described herein, lactones, lactams and morpholine amides bearing a-quaternary carbon cen-

ters are accessible in yields up to 85% and 50:1 d.r.

Toxicity is known to be the leading cause for drug candidates
failing clinical trials.! Recent studies suggest that compounds
of higher complexity, as measured by the saturation and
presence of sp’-hybridized quaternary carbon centers, have
fewer off-target effects, show less toxicity, and have a greater
success rate in the clinic.> However, synthetic access to
molecules with increased complexity requires successful
methods for the construction of quaternary carbon centers.’
Despite recent advances, synthetic challenges in the formation
of quaternary carbon centers still exist, and prove even more
difficult when the desired quaternary carbons are chiral.®
Additionally, quaternary carbon centers in acyclic molecules
and molecular fragments remain challenging to access.?>® *
Furthermore, most of the methods currently available for the
construction of quaternary carbons rely on metal-based
catalysts, and the development of alternative catalytic systems
was recently described as a future challenge.®® Here we
describe a method for the diastereoselective construction of 3-
hydroxyl lactones and lactams bearing a-quaternary carbon
centers that relies on simple, electronically differentiated
phosphine oxides as Lewis base catalysts. The reported
strategy enables access to structural motifs prevalent in many
biologically relevant target structures.>

A synthesis project in our laboratory recently required
operational access to complex lactones and lactams 5 bearing
quaternary carbons from o,a,f-trisubstituted enones 1 (Figure
1A). A reductive aldol approach seemed particularly desirable,
as it would permit a select Michael acceptor such as 1 to react
in the presence of enolizable functional groups. Several
successful protocols for transition metal-catalyzed reductive
aldol reactions for a,B-unsaturated carbonyl compounds 6
have been described that rely on Rh,” Ir,® Cu,’ Co,'° Ru,!! or
Pd'? in combination with boranes, silanes or hydrogen gas as
suitable reductants.

A This work: Metal-free Reductive Aldol Reaction for a,a,B-Trisubstituted Enones.
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Figure 1. Lewis base catalyzed reductive aldol reaction.

Unfortunately, methods for converting o,a-disubstituted (7),'
or a,0,B-tri-(8)'* and tetra-(9) substituted enones to the
reductive aldol products bearing a-quaternary carbons are less
common (Figure 1B)."> An inherent challenge to enones 7-9
relates to the identification of potent catalyst systems that 1)
exhibit high levels of chemoselectivity for 1,4-reduction, 2)
activate both the resulting enolate nucleophile and aldehyde
electrophile for aldol addition while 3) minimizing competing



Table 1. Catalyst evaluation for the sythesis of 11.
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Conditions: Reactions were ran in 0.25 M DCM at 30 °C for 48 hours with 1.2 equi-
valents of benzaldehyde.

reduction of the aldehyde electrophile. Denmark’s pioneering
work has established Lewis bases as a powerful class of
catalysts capable of enhancing enolate nucleophilicity in
asymmetric aldol reactions.!® Recently, Nakajima has shown
that Lewis bases, such as triphenyl phosphine oxide (TPPO)
(12) and hexamethyl phosphoramide (HMPA) (13), are able to
promote reductive aldol reactions of a,B-disubstituted enones
6, though o,a-disubstituted (7) and o,o,B-trisubstituted (8)
enones still remain elusive as substrates.!” We postulated that
the reactivity of these Lewis base catalysts can be tuned to the
specific electronic and steric requirements inherent to highly
functionalized enones 7-9, to enable both in sifu conjugate
reduction and activation of the resulting enolate for a
subsequent aldol reaction. Aryl phosphine oxide derivatives
seemed particularly desirable Lewis bases, as they allow for
facile electronic differentiation of the aryl substituents to
probe our hypothesis. Our initial studies with lactone 10, bear-
ing an exocyclic Michael acceptor, benzaldehyde as an elec-
trophile and TPPO (12) or HMPA (13) as Lewis base catalyst
with HSiCl; as the reductant, proved promising and resulted in
the formation of the reductive aldol product 11 in 43% and
45% vyield, respectively (entries 1 and 2, Table 1). Although
both catalysts produced 11 in similar yields, the reaction pro-
files differed. Unreacted starting material (10) was recovered
when employing TPPO (12), but 10 was consumed with
HMPA (13), forming both 1,4-reduced lactone and benzyl
alcohol as side products. These results suggest that HMPA is a
potent catalyst for initial conjugate reduction but is too steri-
cally encumbering to fully promote subsequent aldol addition.
In comparison, TPPO is not Lewis basic enough to complete
the initial conjugate reduction reaction thus resulting in the
reisolation of starting material 10. Attempts to use the HMPA
analogs 14 and 15 to decrease steric bulk in the aldol addition
resulted in either no reaction or no improved yield of the de-
sired reductive aldol product 11 (entries 3 and 4, Table 1). As
a result, subsequent catalyst optimization centered on electron-
ic differentiation of triaryl phosphine oxides to increase their
reactivity in the initial 1,4-reduction. Lewis bases 16, 20 and
21, bearing electron-donating substituents in the ortho-
position, formed lactone 11 in low yields most likely due to
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the increased steric bulk compared to TPPO (12) (entries 5, 9-
10, Table 1). Para-methyl triarylphosphine oxide 17 showed a
reaction profile similar to Lewis base 12 and resulted in the
formation of 11 in 39% yield together with reisolated starting
material (entry 6, Table 1). In comparison, the corresponding
Lewis base 18 bearing a dimethylamine moiety in the para-
position showed low solubility in dichloromethane and result-
ed in diminished yields of 11 (entry 7, Table 1). However,
para-methoxy triarylphosphine 19 led to formation of product
11 in 71% yield with minor competing reduction (entry 8,
Table 1) and was identified as the optimal Lewis base catalyst.
Subsequent reaction optimization focused on the silane
reductant. It was found that 2.5 equivalents of trichlorosilane
were optimal, while increased amounts resulted in diminished
yields of the desired reductive aldol products due to competing
reduction side- products. Additionally, 20 mol% catalyst
loadings proved superior with minimal reduction of the
aldehyde electrophile (<10%), while stoichiometric quantities
of Lewis base 19 resulted in diminished yields of 11 in 28%.
Notably, the diastereomeric ratio of aldol product 11 remained
constant despite changes in catalyst loading.'®

A Possible chair and boat transition states in the reductive aldol reaction
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Transition state models similar to those proposed by Denmark
for phosphoramide-catalyzed aldol reactions of pre-formed
trichlorosilyl enolates can justify the stereochemical outcome
observed in the reductive aldol reaction.'” Stereochemical
models are consistent with a boat transition state 25 resulting
in the major diastereomer 27 with both CH,R? and hydroxyl
substituent being anti to one another. The minor diastereomer
with CH,R? and hydroxyl group being syn to one another
could be formed via the less favorable boat transition state 26
or by a chair transition state 22 (Figure 2A). The relative
configuration of both diastereomeric products of lactam 28
and tolualdehyde 29 was confirmed using x-ray analysis to
result in the formation of lactam anti-30 as the major



Scheme 1. Substrate scope for lactones and lactams.”
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4Standard Conditions: Michael acceptor (1 mmol), aldehyde (1.5 mmol), pOMe-TPPO (19, 20 mol %), HSiCls (2.5 equiv), in dichloromethane (0.25 M) at 30 °C for 48 h. breaction is com-
plete in 12 h. %in toluene (0.25 M). Yaldehyde is added after 8 h. Reaction is quenched 12 h after addition of the aldehyde.

diastereomer and syn-31 as the minor diastereomer in
combined 70% yield (Figure 2B)

The conditions developed proved efficient for construction of
a variety of a,a-disubstituted and a,a,B-trisubstituted lactones

acidic a-protons, such as pivaldehyde, proved viable under the
conditions developed for reductive aldol reactions of a,a,p-
trisubstituted enones and lactams resulting in the desired prod-

ucts in good yields in up to 65% (56-59, Figure 3).2

and lactams, (Scheme 1) affording yields and diastereomeric o) 9 o OH
ratios up to 85% and 50:1, respectively. For 6-membered X)H%RQ + {BU—CHO M’ X)Ymu
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with diastereomeric ratios up to 20:1 d.r., increasing with both
aldehyde and alkene bulk (11, 32-34, 36-52, 54-55, Scheme
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efficient under the optimized reaction conditions and resulted
in up to 85% yield and 20:1 d.r. of the desired reductive aldol
products (e.g. 32, Scheme 1). Notably, lactams bearing
removable para-methoxyphenyl (PMP) or benzyl protecting
groups afforded high yields and good to excellent
diastereomeric ratios of the desired B-hydroxylactams (34, 48-
51, Scheme 1). Aryl aldehydes with varying substitution are
viable electrophiles, and increased hindrance on the aromatic
moieties lead to higher diastereomeric ratios (e.g. 32, 34,
Scheme 1). Aldehydes conjugated to heterocycles including
furan and thiophene were tolerated well as electrophiles
rendering yields up to 77% (41, 42, Scheme 1). Initial efforts
to extend the substrate scope to unsaturated aldehydes, such as
cinnamaldehyde, proved challenging due to the formation of
competing aldol condensation products. However, conducting
the reaction in toluene under otherwise identical conditions
attenuated this competing self-condensation and resulted in
good yields of the respective B-hydroxylactone and —lactam
adducts (42, 45, 48, Scheme 1). Aliphatic aldehydes lacking
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Conditions: Michael acceptor (1 mmol), aldehyde (1.5 mmol), pMeO-TPPO (19, 20
mol %), HSiCl3 (2.0 equiv), in dichloromethane (0.2 M) at 30 °C for 48 h.

Figure 3. Reductive aldol reactions using pivaldehyde.

Furthermore, morpholine amides 60 and 61 proved viable
substrates for the Lewis base-catalyzed reductive aldol
reaction. Morpholine amides are important synthetic
alternatives to Weinreb amides characterized by their ease of
use.?! Upon conversion of 60 with a variety of aldehydes
under the optimized conditions, the corresponding aldol
products were obtained bearing a methyl group syn and an
ethyl group anti to the B-hydoxyl group (61, 64, 65, Figure 4).
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Figure 4. Reductive aldol reactions of morpholine amides.

Notably, the products of this reductive aldol approach are
formed in up to 60% yield and 10:1 d.r. while the use of TPPO
(12) as catalyst resulted in overall diminished yields.
Importantly, the products are diastereomeric to those obtained
via an alternate approach relying on (Ipc).BH, thus providing
a valuable complementary synthetic alternative (62, Figure
5).2! The same observation was made for the conversion of 63
under the optimized reaction conditions, resulting in the
formation of 62 and 66, albeit in lower yields (Figure 4). The
reductive aldol products are easily converted to versatile
building blocks bearing quaternary carbons (Figure 5). f-
Hyroxylactam 49 was reduced to its piperidine analog 67 in
96% yield in a two-step sequence. Also, B-hydroxylactone
product 11 was converted upon treatment with LiAlH4 to the
corresponding triol 68 incorporating an a-quaternary carbon
center in 72% yield.
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Figure 5. Transformations of reductive aldol products 11 and
49.

In summary, a synthetic method for the efficient construction
of B-hydroxylactones, -lactams and morpholine amides
bearing a-quaternary carbon centers is described. The simple
para-methoxy triarylphosphine oxide 19 was identified as a
Lewis base catalyst uniquely effective in promoting the
reductive aldol reaction of a,a-disubstituted and a,0,p-

trisubstituted enones to form the desired products in up to 85%
yield and 50:1 d.r. Importantly, this reaction complements
existing protocols for the conversion of morpholine amides
relying on (Ipc),BH as reagent, resulting in the formation of
diastereomeric products.
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SYNOPSIS TOC

(0]
H)LR3 pMeO-TPPO
(20 mol %)
+ 1
o) HSiCl;
(2.0 equiv)
X Z "R?
R!

trisubstituted alkenes:

lactones, lactams, morpholine amides

R2
H
[o]
RIS &
RBJ\OTS|C\|3 OMe
X oXx
P
OMe
MeO B
Lewis base

alternative to HMPA

quaternary carbon centers
up to 85% yield, up to 50:1 dr



