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ABSTRACT: A bifunctional iminophosphorane (BIMP)-cata-
lyzed, enantioselective intramolecular oxa-Michael reaction of
alcohols to tethered, low electrophilicity Michael acceptors is
described. Improved reactivity over previous reports (1 day vs 7
days), excellent yields (up to 99%), and enantiomeric ratios (up to
99.5:0.5 er) are demonstrated. The broad reaction scope, enabled
by catalyst modularity and tunability, includes substituted
tetrahydrofurans (THFs) and tetrahydropyrans (THPs), oxaspiro-
cycles, sugar and natural product derivatives, dihydro-(iso)-
benzofurans, and iso-chromans. A state-of-the-art computational
study revealed that the enantioselectivity originates from the
presence of several favorable intermolecular hydrogen bonds
between the BIMP catalyst and the substrate that induce stabilizing electrostatic and orbital interactions. The newly developed
catalytic enantioselective approach was carried out on multigram scale, and multiple Michael adducts were further derivatized to an
array of useful building blocks, providing access to enantioenriched biologically active molecules and natural products.

■ INTRODUCTION
Saturated, α-substituted, chiral oxygen-containing hetero-
cycles1−5 are among the most common structural motifs
found in natural products2d,4e,f and pharmaceuticals, examples
of which include the dopamine D4 antagonist (−)-sonepipra-
zole5d (Scheme 1A). While multiple approaches to this
important class of compounds exist, these are highly
fragmented, with minor structural variations in the substrate
often requiring completely different modes of catalysis, offering
highly variable levels of performance and selectivity. The
development and application of new catalytic systems enabling
the enantioselective construction of these cyclic ether frame-
works across a wide range of substrate classes are therefore of
great importance.

Among the most direct strategies6 to access chiral cyclic
ethers are enantioselective intramolecular oxa-Michael reac-
tions. These transformations are typically very challenging due
to the lower nucleophilicity7 or the higher pKa

8 of alcohol
nucleophiles when compared to the corresponding C-, N-, and
S counterparts. Additionally, the chiral cyclic ethers obtained
from these reactions are well-known to undergo retro-Michael
in the presence of base leading to potential racemization.9,10

While additions of pronucleophilic alcohols to tethered,
activated electrophiles such as β-substituted α,β-unsaturated
aldehydes,11a ketones,11b,c−l,m,n thioesters,11o,p and imides/N-
acyl pyrroles11q are well developed, corresponding reactions to
much less electrophilic12 (yet more attractive) α,β-unsaturated
esters or amides remain largely unknown.13 Such reactions
would provide direct access to the desired enantioenriched

cyclic ethers without the need for extensive functional group
manipulation to install and remove activating groups, which
are prevalent in the literature due to the typical low activity of
the catalysts being employed.

Current state-of-the-art approaches for enantioselective
intramolecular oxa-Michael reactions to α,β-unsaturated esters
or amides have relied heavily on the use of more acidic phenols
as tethered nucleophiles as they can be partially deprotonated
even by weaker 3° amine bases.13 A clear example of this can
be seen in the work of Takemoto,13e where novel bifunctional
3° amine catalyst A, bearing a highly acidic H-bond donor,
could provide rapid access to a wide range of enantioenriched
benzofurans (such as 1) but was recalcitrant in affording THF
product 4a even after 7 days and in only 41% yield.
Additionally, in the case of β-substituted benzofuran 4af, 7
days were also required due to the lower electrophilicity of the
disubstituted acceptor. In an analogous scenario,13f squar-
amide-containing, bifunctional cinchona catalyst B was
demonstrated by Kim to smoothly promote the enantiose-
lective intramolecular oxa-Michael reaction of benzylic
alcohols to afford enantioenriched 1-substituted phthalans
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(such as 2) using α,β-unsaturated ketones as Michael
acceptors. When the tethered α,β-unsaturated ketone acceptor
was replaced with an α,β-unsaturated ester ((S)-4am)
however, extended reaction times of 4 days at 50 °C were
typical, once again highlighting the limitations of 3° amine base
bifunctional catalysts in promoting challenging oxa-Michael
reactions (Scheme 1B).13 Knowing that the bifunctional
iminophosphorane (BIMP) superbase catalysts developed in
our group often vastly outperform 3° amine catalysts in
multiple scenarios, thanks to the increased basicity of the
iminophosphorane group,14 it was very likely this catalyst class
could perform these challenging enantioselective reactions in
only a fraction of the time.

While enabling faster reactions was already a worthwhile
goal, the true challenge lay in enabling intramolecular oxa-
Michael reactions far beyond the reach of current methods. We
envisaged that the enhanced Brønsted basicity of the BIMP

system could potentially provide synergistic activation for
much less reactive and more hindered nucleophiles such as
secondary and tertiary alcohols, in concert with tethers of
varying length and low electrophilicity, β-substituted, α,β-
unsaturated amide and ester acceptors. Moreover, thanks to
the tuneability and modularity of the BIMP catalyst system, we
believed that it could provide the ideal platform to perform
enantioselective oxa-Michael reactions across a wide range of
substrate classes, providing a truly unified and broad scope
approach to the synthesis of enantioenriched cyclic ethers and
herein we sought to present our findings (Scheme 1C).

■ RESULTS AND DISCUSSION
In our initial exploration, we were soon pleased to find that
first-generation BIMP catalyst C could smoothly promote the
cyclization of demanding precursor 3a to enantioenriched
THF 4a with full conversion and good enantioselectivity

Scheme 1. [A] Oxacyclic Cores of Bioactive Molecules (Highlighted in Blue) Accessible by Oxa-Michael Addition; [B]
Limitations of Current State-of-the-Art Methods; [C] BIMP-Enabled Unified Approach to Enantioenriched Cyclic Ethers; and
[D] Reaction Optimization
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Scheme 2. [A] Scope of the BIMP-Catalyzed Intramolecular Oxa-Michael Reaction to α,β-Unsaturated Esters and Amides;
Reactions Were Carried Out on 0.2 mmol Scale; All Yields Are Isolated Yields; er Determined by HPLC Analysis on a Chiral
Stationary Phase; dr Determined by 1H NMR Analysis; Variations from Standard Conditions: [a] 0.2 M; [b] CPME (0.1 M),
48 h; [c] 15 mol % cat. E in CPME (0.1 M), 48 h; [d] 8 h; [e] 0.2 M, 48 h; [f] 15 mol % cat. E, 0.2 M, 50 °C, 72 h; [g] 8 mol %
cat. E for 72 h; [h] 48 h; [i] 0.1 M, 48 h; [j] −22 °C; [k] 0.2 M, −22 °C, 10 h; [l] 0.05 M, 48 h; [m] 0.05 M; [n] 0.1 M, 10 mol
% Enantiomer of cat. E; [B] Preparative Scale Synthesis of 4d. Stereochemical Configuration of 4a−4j and 4l−4ae Was
Assigned by Analogy with (S)-4b (Determined by Comparison of Its Specific Rotation with That Reported in ref 6j);
Stereochemical Configuration of 4k Was Determined by Comparison of Its Specific Rotation with that Reported in ref 6c, See
the Supporting Information for More Details
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(86.5:13.5 er) in only 24 h. The enantioselectivity was
subsequently improved to 91:9 er by using second-generation
BIMP catalyst D, which bears an additional stereocenter
flanking the thiourea. Exchanging the phenyl substituent on the

stereocenter proximal to the iminophosphorane to a tert-butyl
group further enhanced enantioselectivity to 92:8 and,
following a systematic screen of solvents, reaction temperature,
and concentration (see the Supporting Information for full

Scheme 3. [A] Optimization of Reaction Conditions for 3af; [B] Scope of the BIMP-Catalyzed Intramolecular Oxa-Michael
Reaction to α,β-Unsaturated Ester and Amide; Reactions Were Carried on 0.2 mmol Scale; All Yields Are Isolated Yields; er
Determined by HPLC Analysis on a Chiral Stationary Phase; Variations from Standard Conditions: [a] 17 h Reaction Time;
[b] 40 °C, 96 h; [C] Preparative Scale Synthesis of 4ai; the Stereochemical Configurations of 4af−4al Were Assigned by
Analogy with (R)-5i (Determined by Comparison of Its Specific Rotation with That Reported in ref 18); [D] Optimization of
Reaction Conditions for 3am; [E] Scope of the BIMP-Catalyzed Intramolecular Oxa-Michael Reaction to α,β-Unsaturated
Esters; Reactions Were Carried Out on 0.2 mmol Scale; All Yields Are Isolated Yields; er Determined by HPLC Analysis on a
Chiral Stationary Phase; Variations from Standard Conditions: [a] (0.5 M), 10 mol % cat. K, 72 h; [b] (0.5 M), 10 mol % cat.
K, 60 °C, 72 h; [c] 50 °C, 72 h; [d] (0.5 M), 10 mol % cat. K, 50 °C, 72 h; [e] (0.025 M), 10 mol % cat. K, −22 °C;
Stereochemical Configuration of 4an−4ap, 4ar Were Assigned by Analogy with (R)-4am (Determined by Comparison of Its
Specific Rotation with That Reported in ref 11f); Stereochemical Configuration of 4aq Was Determined by Comparison of Its
Specific Rotation with That Reported in ref 6j
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optimization), we were delighted to find that when the
reaction was carried out in 2-MeTHF (0.025 M), 4a could be
obtained in 91% isolated yield and 95:5 er. Significantly, when
using derivatives of catalyst E carrying a less Brønsted basic
iminophosphorane motif (F and G), the oxa-Michael reaction
was found to be much less efficient, highlighting the
importance and advantages of employing a superbase catalyst
(Scheme 1D).

With the optimized conditions in hand, the scope of the
reaction was explored (Scheme 2A). Variations in the nature of
the Michael acceptor were well tolerated, providing access to
varied ester and amide derivatives (4a−4e) in high yield and
enantioselectivity. In the case of 3d and 3e, 15 mol % catalyst
was required to obtain >90% yield of 4d and 4e.

Having investigated modifications to the Michael acceptor,
the effect of substituents on the alcohol tether was examined.
Pleasingly, β-disubstituted alcohol 3f underwent smooth
cyclization under the optimized conditions, affording 4f in
91% yield and 90:10 er. Similarly, even more hindered α-
methyl (3g) and α-phenyl secondary (3h) alcohol substrates
afforded the corresponding enantioenriched cyclic ethers 4g
and 4h in quantitative yields and high enantioselectivity as a
1:1 mixture of diastereomers, respectively. Unfortunately, as
there was little difference in the reaction rates between the two
enantiomeric starting materials with the selected catalyst, an
effective kinetic resolution for this class of substrates could not
be developed at this time. Next, α-disubstituted tertiary
alcohols (3i, 3j) were investigated as substrates and, to our
delight, afforded the corresponding gem-dimethyl (4i) and
dibenzyl (4j) products in excellent yield and 98:2 and 92:8 er,
respectively, although an increase in reaction concentration
and 48 h reaction time was required for 3j. Finally, the effect of
β-disubstitution on the Michael acceptor was investigated.
While low conversion of 3k was observed under the optimized
conditions, 4k could be obtained in 52% yield and 94:6 er
when the reaction was carried out at higher concentration with
15 mol % cat. E at 50 °C for 72 h.

With general reactivity trends established, we envisioned
that the newly developed methodology could be applied to the
synthesis of medicinally relevant, yet underexplored, enan-
tioenriched oxa-spirocycles.15 This family of spirocyclic
compounds has been demonstrated to be much more soluble
than their all-carbon counterparts and incorporates a further
H-bond acceptor to modulate pharmacological properties.15c

To date, very few broad scope catalytic enantioselective
methods toward these compounds have been developed.15m−o

β-Spirocyclobutane (4l), pentane (4m), and hexane (4n)
products were all obtained in excellent yields and enantiose-
lectivities while spirocyclic enantioenriched THP 4o was
obtained in 60% yield and 91:9 er after 72 h. β-Spiroaziridine
product 4p was obtained in good yield and 84:16 er after 48 h,
while β-spiro THP 4q was obtained in quantitative yield and
92.5:7.5 er. Next, substrates bearing spirocyclic tertiary
alcohols (3r−3u) were assessed in the enantioselective oxa-
Michael addition. Products 4r−4u bearing carbocyclic spiro-
cycles were all obtained in excellent yield and enantioselectivity
with both gem-difluoro (4t) and acetal (4u) functionalities
being tolerated. Products bearing spiro-heterocycles (4v−4z)
were also obtained in good to excellent yields with >90:10 er
with thioethers (4v), sulfones (4w), N-Boc piperidine (4x�a
DGAT1 inhibitor fragment), and azetidine (4y) moieties all
being tolerated with minor variations in reaction conditions. Of
note, for substrate 3z bearing an α-oxetane ring, we observed

significant retro-Michael reaction and subsequent racemization
under the optimized conditions. This challenge could be
solved by carefully controlling the reaction temperature; a 77%
yield of 4z in 91:9 er could be obtained by modifying the
reaction conditions to 0.2 M 2-MeTHF at −22 °C after 10 h.
This group of substrates was also extended to alcohols bearing
bis-spirocyclic moieties (3aa and 3ab), affording both N-Boc
7-azaspiro[3.5]nonane 4aa and 2-azaspiro[3.3]heptane prod-
ucts 4ab in 95% yield and 98:2 and 94.5:5.5 er, respectively.

Following the investigation of the scope of oxa-spirocycles,
highly diastereoselective reactions were carried out on
substrates derived from sugars (3ac and 3ad) and the natural
product sclareolide (3ae), employing the same BIMP catalyst.
Gratifyingly, both pyranose (4ac) and furanose (4ad)
carbosugar products16 were obtained in excellent yield and
>95:5 dr. Importantly, when the oxa-Michael reactions were
carried out using BEMP (2-tert-Butylimino-2-diethylamino-
1,3-dimethylperhydro-1,3,2-diazaphosphorine, an achiral
superbase) or 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU), a
<56:44 ratio of anomers was observed. Finally, sclareolide
derivative 4ae was obtained in 92% yield and 99:1 dr.

To demonstrate the scalability of the newly developed
protocol, a multigram quantity of substrate 3d (8.20 g, 41.2
mmol) was converted into the corresponding enantioenriched
product 4d in 93% yield and 95:5 er using 7.5 mol % catalyst in
cyclopentyl methyl ether (CPME) at 50 °C for 48 h. The er of
the product was increased to 96.5:3.5 er following recrystal-
lization from hot hexane (Scheme 2B).

Having established a broad scope for aliphatic primary,
secondary, and tertiary alcohols, we turned our attention to
substrates bearing a phenol nucleophile tethered to β-
disubstituted, α,β-unsaturated ester or amide (3af−3al)
(Scheme 3A). When previously optimal catalyst E was used
on a model substrate 3af however, only a modest yield of 4af
was obtained in a moderate 77.5:22.5 er. The issue of reactivity
was easily overcome by employing catalyst H, bearing a
squaramide H-bond donor motif in place of a thiourea.14f,g,17

This catalyst exhibited excellent performance; the desired
product was obtained in 72% conversion and 75:25 er after 24
h (vs 168 h with Takemoto’s optimal system). The
enantioselectivity was further improved to 91.5:8.5 er using
catalyst I which possesses bulkier aryl substituents on the
iminophosphorane moiety. When this catalyst was paired with
cooling the reaction to 0 °C and the use of tert-butyl methyl
ether (TBME) as the solvent, 4af was obtained in 90% yield
and 95:5 er (see the Supporting Information for full
optimization). Under the optimized reaction conditions,
products decorated with increasingly more sterically encum-
bered esters (4ag−4ai) were obtained in excellent yield and
enantioselectivity, and in only 17 h. Additionally, even less
reactive substrates bearing a β-ethyl (3aj) or amide Michael
acceptors (3ak and 3al) underwent the desired 1,4-addition to
afford products 4aj−4al in good yield and excellent
enantioselectivity (Scheme 3B). When using substrates bearing
amide acceptors however, 40 °C and 96 h were required to
obtain satisfactory amounts of the desired products. When the
reaction was carried out on gram scale, as little as 2 mol % of
catalyst I could be employed to obtain 4ai in 98% yield and
99:1 er (Scheme 3C).

Subsequently, substrates bearing tethered benzylic alcohols
as nucleophiles were investigated. Once again, catalyst E
bearing a thiourea H-bond donor proved to be ineffective with
this class of substrates, leading to only 21% conversion to
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product 4am in and 85:15 er after 24 h. Once again, thanks to
the modular nature of the BIMP catalyst family, a superior
amide-derived catalyst (J) was quickly identified (see the
Supporting Information for optimization). Using 5 mol % J,
85% conversion to product 4am in 91:9 er was achieved in 7.5
h at rt (vs 96 h at 50 °C employing Kim’s protocol). Utilizing
3,5-di-tert-butyl-triphenyl phosphine to generate the imino-
phosphorane (catalyst K) paired with diluting the reaction to
0.1 M resulted in 85% yield of 4am in an improved 95:5 er
(Scheme 3D). Using catalyst K, 6- (4am) and 7-membered
(4an) ring products were obtained in 94 and 28% yield and
92:8 and 91:9 er, respectively. In both cases however, an
increase in temperature and reaction time was required. When
substrate 3ap bearing a pyridine moiety was used, product 4ap
was obtained in 54% yield and 80:20 er. Catalyst K was also
found to be effective in promoting the cyclization of substrates
having different linkages (3aq−3ar). Alternative isochroman
isomer 4aq was attained in 82% yield and 90:10 er using 10
mol % catalyst, while biaryl product 4ar was obtained in 97%
yield and moderate er when the reaction was cooled to −22 °C
(Scheme 3E).

With the scope of the reaction established over three distinct
substrate classes, the enantioenriched cyclic ether products
were then derivatized to a wide range of attractive

enantioenriched building blocks and drug precursors (Scheme
4). For example, compound 4d was converted to the
corresponding ketone using PhCeCl2 in 75% yield with only
a slight erosion in optical purity being detected. Treating the
same substrate with 2 mol % RuCl3·3H2O and sodium
periodate furnished lactone product 5b in moderate yield and
>99.5:0.5 er.18 Alternatively, the amide moiety could be fully
reduced to corresponding amine 5c with Hantzsch ester and
Tf2O or to thioamide 5d using Lawesson’s reagent.19,20 Both
products were obtained in moderate yield with no
racemization being observed (Scheme 4A).

Further transformations of compound 4ai were then
explored. For example, compound 4ai was smoothly converted
to ferrocenyl ester 5e via ester hydrolysis followed by
conversion to the corresponding acyl chloride and coupling
with ferrocenemethanol. Alternatively, when 4ai was treated
with potassium persulfate and CuSO4, an easily separable
mixture of lactone product 5f and ketone 5g was obtained in
52 and 23% yield, respectively, with no erosion of optical
purity.21,22 4ai was then reduced to alcohol 5h in 67% yield
using LiAlH4 and subsequently converted to corresponding
terminal olefin 5i by Grieco elimination.23 The specific
rotation of 5i was then compared to literature data24 and

Scheme 4. [A] Derivatization of Enantioenriched4d, [a] PhCeCl2 (2.5 equiv), THF (1 M), −78 °C, 2 h; [b] RuCl3·3H2O (2
mol %), NaIO4 (8.0 equiv), MeCN/H2O/CCl4 = 1/1.5/1 (0.017 M), rt, 16 h; [c] Hantzsch Ester (2.5 equiv), Tf2O (1.1 equiv),
CH2Cl2 (0.25 M), 0 °C to rt, 16 h; [d] Lawesson’s Reagent (0.55 equiv), THF (0.43 M), 60 °C, 72 h; [B] Derivatization of
Enantioenriched4ai: [e] (i) TFA (0.14 M), CH2Cl2 (0.14 M), 0 °C to rt, 2 h, (ii) SOCl2 (3.0 equiv), DMF (cat.), CH2Cl2 (0.4
M), 0 °C to rt, 2 h, (iii) Ferrocenemethanol (1.2 equiv), Et3N (1.2 equiv), CH2Cl2 (0.24 M), 0 °C to rt, 2 h; [f] K2S2O8 (3.0
equiv), CuSO4 (1.0 equiv), MeCN/H2O = 1/1 (0.014 M), 80 °C, 1 h; [g] LiAlH4 (1.5 equiv), THF (1.0 M), 0 °C to rt, 4 h; and
[C] Targeting Drug Molecules, [h] SmI2 (8.0 equiv), Et3N (71.8 equiv), H2O (0.77 M), rt, 16 h
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used to determine the absolute configuration of compounds
4af−4al (Scheme 4B).

Next, selected oxa-Michael products were converted into
valuable drug and natural product intermediates (Scheme 4C).
4d was directly converted to alcohol 5j25 in 98% yield using
SmI2 and Et3N, providing access to lipoic acid (7)26 precursor
627 and NcRTI inhibitor 8.28 Isochroman product 4aq could
also be reduced according to literature precedent to
corresponding alcohol 5k,29 a key intermediate in the synthesis
of highly selective D4 receptor antagonist Sonepiprazole (9).5d

To elucidate the origin of stereocontrol in the BIMP-
catalyzed intramolecular oxa-Michael reaction to α,β-unsatu-
rated esters, density functional theory (DFT) calculations at
COSMO(THF)-ZORA-M06-2X/TZ2P//COSMO(THF)-
ZORA-BLYP-D3(BJ)/DZP were performed using Amsterdam
Density Functional (ADF) software package (Figure 1).30 The
proposed enantiodetermining step is the C−O bond-forming
intramolecular conjugate addition. An extensive transition-state
(TS) search was performed by considering the conformational
freedom of the catalyst structure and two potential activation
modes using the model substrate A and catalyst B (see Figures
S1−S4 in the Supporting Information for more details).14f,g

Among the combination of possible conformations of the “left
arm (LA)” (catalyst side chain with the amide and tBu groups),
“right arm (RA)” (catalyst side chain with the imino-
phosphorane and tBu groups), and the activation modes, the
most favorable transition structures for the formation of both
enantiomers are found to be TS-(S) and TS-(R). Common
stabilizing intermolecular interactions can be observed in these
TSs. The preferred transition structure is TS-(S) that forms
the (S)-product (ΔΔG‡ = 2.8 kcal mol−1), and this is in
agreement with the experimentally confirmed absolute stereo-
chemical outcome of the reaction.

Next, to quantitatively reveal the origin of the enantiose-
lectivity of the conjugate addition step, we employed the
activation strain model31 in conjunction with an energy
decomposition analysis (EDA).32 The bond energies (ΔE‡sol)
of TS-(S) and TS-(R) in solution were decomposed into the
strain energy (ΔE‡strain_sol) and the interaction energy
(ΔE‡int_sol) by fragmentation of the TS geometries into the
deprotonated substrate (fragment 1 in Figure 1) and the
protonated catalyst (fragment 2 in Figure 1). These analyses

identified that the kinetic preference for the formation of the
(S)-product via TS-(S) arises due to a more stabilizing relative
interaction energy (ΔΔE‡int_sol = −4.8 kcal mol−1). The
decisive role of the interaction energy on the reactivity trends
prompted the use of our canonical EDA in the gas phase,
which decomposes the ΔE‡int into three physically meaningful
terms: ΔE‡

Pauli = Pauli repulsion; ΔV‡
elstat = electrostatic

interactions; and ΔE‡
oi = orbital interactions (see the

Supporting Information for details). Inspection of the relative
EDA terms shows that the combination of more stabilizing
electrostatic and orbital interactions for TS-(S) is decisive for
setting the trend in the relative interaction energies and thus
the bonding energies (Figure 1). Further analysis identified
that the more stabilizing ΔΔV‡

elstat of TS-(S) originates from a
smaller distance between the positively charged protonated
iminophosphorane and the partially negatively charged
carbonyl oxygen. These tightly interacting moieties also enter
into stronger hydrogen bonding and thus more stabilizing
orbital interactions ΔΔE‡

oi, which also contribute to lower the
energy of TS-(S). Therefore, the most favorable TS
conformation TS-(S) creates an ideal-fit pocket where the
substrate can coordinate with maximum stabilizing interactions
during the C−O bond-forming step. Overall, the DFT
calculations and subsequent analysis of the stereoselectivity-
determining intramolecular conjugate addition provide de-
tailed insights and understanding into the origin of the
enantioselectivity for this transformation using a tuneable
BIMP catalyst.33

■ CONCLUSIONS
We have developed a unified, enantioselective, metal-free
approach to substituted cyclic ethers. Enabled by the
superbasic and highly modular BIMP catalyst family, the
newly established oxa-Michael addition is highly efficient over
a multitude of substrate classes bearing diverse alcohol
pronucleophiles and low electrophilicity Michael acceptors. It
was demonstrated that BIMP catalysts could efficiently
promote known but highly challenging oxa-Michael reactions
where previous best-in-class catalysts were found to be
recalcitrant, as well smoothly promoting intramolecular oxa-
Michael additions of even more demanding substrates. The

Figure 1. TS structures (relative energies [kcal mol−1]) of the BIMP-catalyzed intramolecular oxa-Michael addition computed at COSMO(THF)-
ZORA-M06-2X/TZ2P//COSMO(THF)-ZORA-BLYP-D3(BJ)/DZP. Activation strain, EDA values (kcal mol−1), and bond lengths (Å) of the
TSs are provided in the insert.
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enantioenriched products obtained were then converted to
further attractive enantioenriched building blocks and
intermediates en-route to bioactive compounds. Furthermore,
DFT calculations were employed to elucidate the origin of
stereocontrol by the BIMP catalyst. Activation strain and EDA
revealed that the preferred TS structures benefit from a tighter
binding between the catalyst and the substrate through an
intermolecular hydrogen bonding network that induces
stabilizing electrostatic and orbital interactions.
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Asymmetric spiroacetalization catalysed by confined Brønsted acids.
Nature 2012, 483, 315−319. (y) Sun, Z.; Winschel, G. A.; Borovika,
A.; Nagorny, P. Chiral Phosphoric Acid-Catalyzed Enantioselective
and Diastereoselective Spiroketalizations. J. Am. Chem. Soc. 2012, 134,
8074−8077. (z) Hamilton, G. L.; Kang, E. J.; Mba, M.; Toste, F. D. A
Powerful Chiral Counterion Strategy for Asymmetric Transition
Metal Catalysis. Science 2007, 317, 496−499. (aa) Uyanik, M.;
Okamoto, H.; Yasui, T.; Ishihara, K. Quaternary Ammonium
(Hypo)iodite Catalysis for Enantioselective Oxidative Cycloether-
ification. Science 2010, 328, 1376−1379.

(7) (a) Mayr, H.; Ofial, A. R. Do General Nucleophilicity Scales
Exist? J. Phys. Org. Chem. 2008, 21, 584−595. (b) Orlandi, M.;
Escudero-Casao, M.; Licini, G. Nucleophilicity Prediction via
Multivariate Linear Regression Analysis. J. Org. Chem. 2021, 86,
3555−3564.

(8) Bordwell, F. G. Equilibrium Acidities in Dimethyl Sulfoxide
Solution. Acc. Chem. Res. 1988, 21, 456−463.

(9) For recent reviews on oxa-Michael reactions, see: (a) Nising, C.
F.; Brase, S. the Oxa-Michael Reaction: from Recent Developments to
Applications in Natural Product Synthesis. Chem. Soc. Rev. 2008, 37,
1218−1228. (b) Nising, C. F.; Brase, S. Recent Developments in the
Field of Oxa-Michael Reactions. Chem. Soc. Rev. 2012, 41, 988−999.
(c) Ahmad, T.; Ullah, N. the Oxa-Michael Reaction in the Synthesis
of 5- and 6-membered Oxygen-containing Heterocycles. Org. Chem.
Front. 2021, 8, 1329−1344. (d) Chavan, L. N.; Mainkar, P. S.;
Chandrasekhar, S. Organocatalytic Asymmetric Synthesis of Tetrahy-
drofuran and 1,2-Dihydrobenzofuran Scaffolds. Eur. J. Org. Chem.
2019, 2019, 6890−6910. (e) Wang, Y.; Du, D. M. Recent Advances in
Organocatalytic Asymmetric Oxa-Michael Addition Triggered Cas-
cade Reactions. Org. Chem. Front. 2020, 7, 3266−3283. (f) Asano, K.
Multipoint Recognition of Molecular Conformations with Organo-
catalysts for Asymmetric Synthetic Reactions. Bull. Chem. Soc. Jpn.
2021, 94, 694−712.

(10) Pesti, J. A.; Yin, J.; Zhang, L. H.; Anzalone, L.; Waltermire, R.
E.; Ma, P.; Gorko, E.; Confalone, P. N.; Fortunak, J.; Silverman, C.;
Blackwell, J.; Chung, J. C.; Hrytsak, M. D.; Cooke, M.; Powell, L.;
Ray, C. Efficient Preparation of a Key Intermediate in the Synthesis of
Roxifiban by Enzymatic Dynamic Kinetic Resolution on Large Scale.
Org. Process Res. Dev. 2004, 8, 22−27.

(11) For selected publications on the enantioselective addition of
pronucleophilic alcohols or phenols to tethered activated β-
substituted α,β-unsaturated aldehydes, ketones, thioesters, imides
and N-acyl pyrroles, carboxylic acids and α,β-unsaturated aldehydes
see: (a) Liu, K.; Chougnet, A.; Woggon, W. D. A Short Route to α-
Tocopherol. Angew. Chem. 2008, 120, 5911−5913. Angew. Chem., Int.
Ed. 2008, 47, 5827−5829. α,β-unsaturated ketones: (b) Yoneda, N.;
Fukata, Y.; Asano, K.; Matsubara, S. Asymmetric Synthesis of
Spiroketals with Aminothiourea Catalysts. Angew. Chem. 2015, 127,
15717−15720. Angew. Chem., Int. Ed. 2015, 54, 15497−15500,
(c) Asano, K.; Matsubara, S. Asymmetric Catalytic Cycloetherification
Mediated by Bifunctional Organocatalysts. J. Am. Chem. Soc. 2011,
133, 16711−16713. (d) Matsumoto, A.; Asano, K.; Matsubara, S.
Kinetic Resolution of Acylsilane Cyanohydrins via Organocatalytic
Cycloetherification. Chem.−Asian J. 2019, 14, 116−120. (e) Murata,
R.; Matsumoto, A.; Asano, K.; Matsubara, S. Desymmetrization of
Gem-diols via Water-assisted Organocatalytic Enantio- and Diaster-
eoselective Cycloetherification. Chem. Commun. 2020, 56, 12335−
12338. (f) Matsumoto, A.; Asano, K.; Matsubara, S. A Chiral

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c03182
J. Am. Chem. Soc. 2023, 145, 12771−12782

12779

https://doi.org/10.1080/14786419.2018.1478824
https://doi.org/10.1080/14786419.2018.1478824
https://doi.org/10.1021/jm960084f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm960084f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm960084f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ange.201900932
https://doi.org/10.1021/jacs.6b09129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b09129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b09129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ange.201806312
https://doi.org/10.1002/ange.201806312
https://doi.org/10.1002/ange.201806312
https://doi.org/10.1002/ange.201506884
https://doi.org/10.1002/ange.201506884
https://doi.org/10.1002/ange.201506884
https://doi.org/10.1002/ange.201600379
https://doi.org/10.1002/ange.201600379
https://doi.org/10.1002/ange.201600379
https://doi.org/10.1002/ange.201702925
https://doi.org/10.1002/ange.201702925
https://doi.org/10.1002/ange.201702925
https://doi.org/10.1126/science.1254976
https://doi.org/10.1126/science.1254976
https://doi.org/10.1038/s41467-019-08473-x
https://doi.org/10.1038/s41467-019-08473-x
https://doi.org/10.1039/d0qo00104j
https://doi.org/10.1039/d0qo00104j
https://doi.org/10.1021/jacs.6b11993?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b11993?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aaq0445
https://doi.org/10.1021/acscatal.1c01146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c01146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c01146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c01146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c01691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c01691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c04523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c04523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c04523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202111376
https://doi.org/10.1002/anie.202111376
https://doi.org/10.1002/anie.202111376
https://doi.org/10.1021/acs.orglett.1c02361?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c02361?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200805377
https://doi.org/10.1002/anie.200805377
https://doi.org/10.1039/d1cc03506a
https://doi.org/10.1039/d1cc03506a
https://doi.org/10.1021/jacs.1c03923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c03923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature10932
https://doi.org/10.1021/ja302704m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja302704m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1145229
https://doi.org/10.1126/science.1145229
https://doi.org/10.1126/science.1145229
https://doi.org/10.1126/science.1188217
https://doi.org/10.1126/science.1188217
https://doi.org/10.1126/science.1188217
https://doi.org/10.1002/poc.1325
https://doi.org/10.1002/poc.1325
https://doi.org/10.1021/acs.joc.0c02952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c02952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00156a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00156a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b718357g
https://doi.org/10.1039/b718357g
https://doi.org/10.1039/c1cs15167c
https://doi.org/10.1039/c1cs15167c
https://doi.org/10.1039/d0qo01312a
https://doi.org/10.1039/d0qo01312a
https://doi.org/10.1002/ejoc.201901067
https://doi.org/10.1002/ejoc.201901067
https://doi.org/10.1039/d0qo00631a
https://doi.org/10.1039/d0qo00631a
https://doi.org/10.1039/d0qo00631a
https://doi.org/10.1246/bcsj.20200343
https://doi.org/10.1246/bcsj.20200343
https://doi.org/10.1021/op0300239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op0300239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ange.200801765
https://doi.org/10.1002/ange.200801765
https://doi.org/10.1002/ange.201508405
https://doi.org/10.1002/ange.201508405
https://doi.org/10.1021/ja207322d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207322d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/asia.201801600
https://doi.org/10.1002/asia.201801600
https://doi.org/10.1039/d0cc05509c
https://doi.org/10.1039/d0cc05509c
https://doi.org/10.1039/d0cc05509c
https://doi.org/10.1039/c5cc04124d
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c03182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Phosphoric Acid Catalyst for Asymmetric Construction of 1,3-
dioxanes. Chem. Commun. 2015, 51, 11693−11696. (g) Yoneda, N.;
Fujii, Y.; Matsumoto, A.; Asano, K.; Matsubara, S. Organocatalytic
Enantio- and Diastereoselective Cycloetherification via Dynamic
Kinetic Resolution of Chiral Cyanohydrins. Nat. Commun. 2017, 8,
1397. (h) Jadhav, A. P.; Oh, J. A.; Hwang, I. S.; Yan, H.; Song, C. E.
Organocatalytic Enantioselective Cycloetherifications Using a Coop-
erative Cation-Binding Catalyst. Org. Lett. 2018, 20, 5319−5322.
(i) Ravindra, B.; Maity, S.; Das, B. G.; Ghorai, P. Organocatalytic,
Enantioselective Synthesis of 1- and 3-Substituted Isochromans via
Intramolecular Oxa-Michael Reaction of Alkoxyboronate: Synthesis of
(+)-Sonepiprazole. J. Org. Chem. 2015, 80, 7008−7018. (j) Yoneda,
N.; Matsumoto, A.; Asano, K.; Matsubara, S. Asymmetric Cyclo-
etherification via the Kinetic Resolution of Alcohols Using Chiral
Phosphoric Acid Catalysts. Chem. Lett. 2016, 45, 1300−1303.
(k) Matsumoto, A.; Asano, K.; Matsubara, S. Organocatalytic
Enantio- and Diastereoselective Construction of syn-1,3-Diol Motifs
via Dynamic Kinetic Resolution of In Situ Generated Chiral
Cyanohydrins. Org. Lett. 2019, 21, 2688−2692. (l) Reddy, R. R.;
Gudup, S. S.; Ghorai, P. Organocatalytic, Enantioselective Synthesis
of Cyclohexadienone Containing Hindered Spirocyclic Ethers
through an Oxidative Dearomatization/Oxa-Michael Addition
Sequence. Angew. Chem. 2016, 128, 15339−15343. Angew. Chem.,
Int. Ed. 2016, 55, 15115−15119. (m) Lu, Y.; Zou, G.; Zhao, G.
Asymmetric Intramolecular Oxa-Michael Reactions to Tetrahydrofur-
ans/2H-Pyrans Catalyzed by Primary−Secondary Diamines. ACS
Catal. 2013, 3, 1356−1359. (n) Reddy, R. R.; Panda, S.; Ghorai, P.
Enantioselective Synthesis of Cyclohexadienone Containing Spiroke-
tals via DyKat Ketalization/oxa-Michael Addition Cascade. J. Org.
Chem. 2019, 84, 5357−5368. α,β-unsaturated thioesters (o) Oka-
mura, T.; Asano, K.; Matsubara, S. Organocatalytic asymmetric oxy-
Michael addition to a γ-hydroxy-α,β-unsaturated thioester via
hemiacetal intermediates. Chem. Commun. 2012, 48, 5076−5078.
(p) Fukata, Y.; Miyaji, R.; Okamura, T.; Asano, K.; Matsubara, S.
Asymmetric Cycloetherifications by Bifunctional Aminothiourea
Catalysts: The Importance of Hydrogen Bondingα,β-unsaturated
Imides and N-acyl pyrroles. Synthesis 2013, 45, 1627−1634.
(q) Fuwa, H.; Ichinokawa, N.; Noto, K.; Sasaki, M. Stereoselective
Synthesis of 2,6-Cis-Substituted Tetrahydropyrans: Brønsted Acid-
Catalyzed Intramolecular Oxa-Conjugate Cyclization of α,β-Unsatu-
rated Ester Surrogates. J. Org. Chem. 2012, 77, 2588−2607. and
references cited therein. α,β-unsaturated carboxylic acids: (r) Azuma,
T.; Murata, A.; Kobayashi, Y.; Inokuma, T.; Takemoto, Y. A Dual
Arylboronic Acid−Aminothiourea Catalytic System for the Asym-
metric Intramolecular Hetero-Michael Reaction of α,β-Unsaturated
Carboxylic Acids. Org. Lett. 2014, 16, 4256−4259. (s) Hayama, N.;
Kuramoto, R.; Földes, T.; Nishibayashi, K.; Kobayashi, Y.; Pápai, I.;
Takemoto, Y. Mechanistic Insight into Asymmetric Hetero-Michael
Addition of α,β-Unsaturated Carboxylic Acids Catalyzed by Multi-
functional Thioureas. J. Am. Chem. Soc. 2018, 140, 12216−12225.
For selected publications on enantioselective intermolecular examples
see: (t) Albrecht, Ł.; Ransborg, L. K.; Jørgensen, K. A. Organo-
catalytic Synthesis of Optically Active Heteroaromatic Compounds.
Catal. Sci. Technol. 2012, 2, 1089−1098. (u) Mondal, B.; Balha, M.;
Pan, S. C. Organocatalytic Asymmetric Synthesis of Highly
Substituted Tetrahydrofurans and Tetrahydropyrans via Double
Michael Addition Strategy. Asian J. Org. Chem. 2018, 7, 1788−
1792. (v) Phillips, E. M.; Riedrich, M.; Scheidt, K. A. N-Heterocyclic
Carbene-Catalyzed Conjugate Additions of Alcohols. J. Am. Chem.
Soc. 2010, 132, 13179−13181. (w) Kano, T.; Tanaka, Y.; Maruoka, K.
Asymmetric organocatalytic oxy-Michael addition of alcohols to α,β-
unsaturated aldehydes. Tetrahedron 2007, 63, 8658−8664. (x) Me-
gens, R. P.; Roelfes, G. DNA-based Catalytic Enantioselective
Intermolecular Oxa-Michael Addition Reactions. Chem. Commun.
2012, 48, 6366−6368. (y) Bertelsen, S.; Diner, P.; Johansen, R. L.;
Jørgensen, K. A. Asymmetric Organocatalytic β-Hydroxylation of α,β-
Unsaturated Aldehydes. J. Am. Chem. Soc. 2007, 129, 1536−1537.

(12) (a) Appel, R.; Mayr, H. Quantification of the Electrophilic
Reactivities of Aldehydes, Imines, and Enones. J. Am. Chem. Soc.

2011, 133, 8240−8251. (b) Allgäuer, D. S.; Jangra, H.; Asahara, H.;
Li, Z.; Chen, Q.; Zipse, H.; Ofial, A. R.; Mayr, H. Quantification and
Theoretical Analysis of the Electrophilicities of Michael Acceptors. J.
Am. Chem. Soc. 2017, 139, 13318−13329.

(13) For selected publications on enantioselective addition of
pronucleophilic alcohols or phenols to tethered activated β-
substituted α,β-unsaturated esters or amides, see: (a) Kurimoto, Y.;
Nasu, T.; Fujii, Y.; Asano, K.; Matsubara, S. Asymmetric Cyclo-
etherification of in Situ Generated Cyanohydrins through the
Concomitant Construction of Three Chiral Carbon Centers. Org.
Lett. 2019, 21, 2156−2160. (b) Saito, N.; Ryoda, A.; Nakanishi, W.;
Kumamoto, T.; Ishikawa, T. Guanidine-Catalyzed Asymmetric
Synthesis of 2,2-Disubstituted Chromane Skeletons by Intramolecular
Oxa-Michael Addition. Eur. J. Org. Chem. 2008, 2008, 2759−2766.
(c) Hintermann, L.; Ackerstaff, J.; Boeck, F. Inner Workings of a
Cinchona Alkaloid Catalyzed Oxa-Michael Cyclization: Evidence for a
Concerted Hydrogen-Bond-Network Mechanism. Chem.�Eur. J.
2013, 19, 2311−2321. (d) Kobayashi, Y.; Kuramoto, R.; Takemoto,
Y. Catalytic Asymmetric Formal Synthesis of Beraprost. Beilstein J.
Org. Chem. 2015, 11, 2654−2660. (e) Kobayashi, Y.; Taniguchi, Y.;
Hayama, N.; Inokuma, T.; Takemoto, Y. A Powerful Hydrogen-Bond-
Donating Organocatalyst for the Enantioselective Intramolecular Oxa-
Michael Reaction of α,β-Unsaturated Amides and Esters. Angew.
Chem. 2013, 125, 11320−11324. Angew. Chem., Int. Ed. 2013, 52,
11114−11118. (f) Son, E. C.; Kim, S. Y.; Kim, S. G. Squaramide-
Catalyzed Asymmetric Intramolecular Oxa-Michael Reaction of α,β-
Unsaturated Carbonyls Containing Benzyl Alcohol: Construction of
Chiral 1-Substituted Phthalans. J. Org. Chem. 2021, 86, 6826−6839.
(g) Zhu, D. X.; Liu, J. G.; Xu, M. H. Stereodivergent Synthesis of
Enantioenriched 2,3-Disubstituted Dihydrobenzofurans via a One-Pot
C-H Functionalization/Oxa-Michael Addition Cascade. J. Am. Chem.
Soc. 2021, 143, 8583−8589.

(14) For selected publications on BIMP superbase catalysis, see:
(a) Formica, M.; Rozsar, D.; Su, G.; Farley, A. J. M.; Dixon, D. J.
Bifunctional Iminophosphorane Superbase Catalysis: Applications in
Organic Synthesis. Acc. Chem. Res. 2020, 53, 2235−2247. (b) Farley,
A. J. M.; Sandford, C.; Dixon, D. J. Bifunctional Iminophosphorane
Catalyzed Enantioselective Sulfa-Michael Addition to Unactivated α-
Substituted Acrylate Esters. J. Am. Chem. Soc. 2015, 137, 15992−
15995. (c) Yang, J.; Farley, A. J. M.; Dixon, D. J. Enantioselective
Bifunctional Iminophosphorane Catalyzed Sulfa-Michael Addition of
Alkyl Thiols to Unactivated β-Substituted-α,β-Unsaturated Esters.
Chem. Sci. 2017, 8, 606−610. (d) Formica, M.; Sorin, G.; Farley, A. J.
M.; Díaz, J.; Paton, R. S.; Dixon, D. J. Bifunctional iminophosphorane
catalysed enantioselective sulfa-Michael addition of alkyl thiols to
alkenyl benzimidazoles. Chem. Sci. 2018, 9, 6969−6974. (e) Fulton, J.
L.; Horwitz, M. A.; Bruske, E. L.; Johnson, J. S. Asymmetric
Organocatalytic Sulfa-Michael Addition to Enone Diesters. J. Org.
Chem. 2018, 83, 3385−3391. (f) Su, G.; Thomson, C. J.; Yamazaki,
K.; Rozsar, D.; Christensen, K. E.; Hamlin, T. A.; Dixon, D. J. A
bifunctional iminophosphorane squaramide catalyzed enantioselective
synthesis of hydroquinazolines via intramolecular aza-Michael
reaction to α,β-unsaturated esters. Chem. Sci. 2021, 12, 6064−6072.
(g) Rozsar, D.; Formica, M.; Yamazaki, K.; Hamlin, T. A.; Dixon, D. J.
Bifunctional Iminophosphorane-Catalyzed Enantioselective Sulfa-
Michael Addition to Unactivated α,β-Unsaturated Amides. J. Am.
Chem. Soc. 2022, 144, 1006−1015. (h) Krstic,́ M.; Benaglia, M.;
Gazzotti, M.; Colombo, E.; Sanz, M. Enantioselective Organocatalytic
Addition of Nitromethane to Trifluoromethyl Aryl Ketimines
Promoted by Electron-Rich Bifunctional Iminophosphoranes. Adv.
Synth. Catal. 2023, 365, 1093−1098. (i) Rozsar, D.; Farley, A. J. M.;
McLauchlan, I.; Shennan, B. D. A.; Yamazaki, K.; Dixon, D. J.
Bifunctional Iminophosphorane-Catalyzed Enantioselective Nitro-
alkane Addition to Unactivated α,β-Unsaturated Esters. Angew.
Chem., Int. Ed. 2023, 62, No. e202303391. (j) de Jesuś Cruz, P.;
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