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Abstract: We describe a formal 1,3-dipolar cycloaddition between
bicyclobutanes and pyridinium ylides to form azabicycloheptanes via
diastereoselective pyridine dearomatization. Microscale high-
throughput experimentation led to identification of conditions affording
high yield and stereoselectivity without the need for catalysis. These
reactions proceed using as-received reagents and solvents under
ambient atmosphere. The resulting ring-fused
azabicyclo[3.1.1]heptanes have diverse synthetic handles for further
transformations, making them potentially valuable scaffolds for the
design of Csp®rich drug candidates. We also demonstrate a
diastereoselective photochemical skeletal rearrangement to give a
1,1,3,3-tetrasubstitued cyclobutane.

For over a decade, 'escaping from flatland' — increasing the
fraction of Csp?® centers in target molecules — has been a rallying
cry in medicinal chemistry.? One approach is to exploit the
concept of bioisosterismf! to replace aromatic units with rigid,
Cspé-rich multicyclic ring systems. This is demonstrated to
improve the pharmacokinetic and physicochemical properties of
existing drug candidates and marketed approved drug
molecules.™® Most published research to date focuses on bicyclic
compounds as phenyl bioisosteres,®! such as small-ring
bicycloalkanes,[® and cubanes*®*! (Figure 1A).

In contrast, there are a dearth of approaches toward
bioisosteres of aromatic N-heterocycles, despite the fact such
heterocycles are an essential part of pharmaceuticals and drug
discovery.'¥ This is due to the limited number of modular
approaches for synthesizing the relevant azabicyclic scaffolds
(Figure 1B).¥1 In 2023, Mykhailiuk and co-workers reported a
novel synthesis of azabicyclo[3.1.1]heptanes from spirocyclic
oxetanes.*¥ Subsequent work from several groups exploited the
reactivity of bicyclobutanes (BCBs) to effect formal cycloaddition
reactions, including with nitrones (Deng and co-workers),
isocyanides (Glorius and co-workers),*® and vinyl azides (Zheng
and co-workers,'1 and Li/wWang and co-workerst®l). While
finalizing this paper, we noted that Li and co-workers reported a
Cu-catalyzed cycloaddition of azomethine ylides to BCBs to give
azabicyclo[3.1.1]heptanes.[?
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Figure 1. A) Bioisosteres for substituted phenyl and pyridine rings. B) Existing
routes to azabicyclo[3.1.1]heptanes. C) Our previous work on imine and enolate
addition to bicyclobutanes. D) Diastereoselective 1,3-dipolar cycloaddition
approach to 3-azabicyclo[3.1.1]heptanes.
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Figure 2. A) Microscale high-throughput screening results (*H NMR spectroscopy solution yields and diastereoselectivities using 1,3,5-trimethoxybenzene internal
standard) for pyridinium ylide 2a addition to bicyclobutane 1a. B) Reaction progress plot monitored by *H NMR spectroscopy. C) Test for thermodynamic control of
diastereoselectivity, revealing no epimerization of 3a under the optimized conditions (KsPO4, MeCN).

Our group has been focused on exploiting polar mechanisms
for elaborating BCBs to more complex ring systems (Figure 1C),
including the first examples of formal [20+2m] cycloaddition
between imines and BCBs (giving azabicyclo[2.1.1]hexanes),??%
and the first examples of enolate addition to BCBs (giving 2-
oxobicyclohexanes after annulation).?yl This latter work in
particular provides the key precedent for carbon nucleophile
addition to BCBs as a first step in stepwise polar cycloadditions,
such as those from Glorius*® and now from Li.l!% We envisioned
that combining the mechanistic aspects of the imine addition and
enolate addition processes would enable formal 1,3-dipolar
cycloaddition. Herein we report a dearomative, diastereoselective,
dipolar cycloaddition of BCBs with pyridinium ylides in the
presence of a mild base to give highly substituted, ring-fused
azabicyclo[3.1.1]heptanes (Figure 1D). Beyond the potential for
simple pyridine bioisosterism, these multicyclic scaffolds could
serve as pharmacophores in their own right, given the core
quinolizidine structure is present in several alkaloid families,
including the lupinine alkaloids.?223

Since our initial report in 2022,2% many groups have exploited
the Lewis acid catalyzed reactivity of BCBs.[?**! Based on this
now ample precedent, we hypothesized that Lewis acids could
effect a dipolar cycloaddition between BCBs and pyridinium ylides.
In addition to the complex multicyclic scaffold that would result,
pyridinium ylides are modular reagents that are simple to access
from N-alkylpyridinium salts.#? Initial reaction discovery was
enabled by microscale high-throughput experimentation (Figure
2). Using Glorius’s acylpyrazole BCB (1a)®% and simple
pyridinium 2a, we screened a variety of solvents, bases, and
Lewis acids. A 30-reaction multivariate array was conducted at
room temperature, selecting four Lewis acids (LiOTf, Mg(OTf),,
Zn(OTf),, and AgOTT), three bases (Cs,COs, KsPO,4, NEt3) and
two solvents (THF and MeCN). We also included a set of control
experiments where no Lewis acid was used (Figure 2A).

A holistic analysis of the resulting data reveals that: 1) Lewis
acids are not required, and are even detrimental in most cases;
2) an inorganic base is required, with KsPO,4 giving the best
results; 3) diastereoselectivity is solvent dependent, with THF
giving diastereomeric ratio (dr) values between 1:1 - 9:1, whereas
only a single diastereomer is observed in MeCN. The major
diastereomer is assigned as the structure with the two methine
hydrogens anti to one another (vide infra). Finally, screening at
60 °C revealed poor stereoselectivity across all conditions tested
(Table S2, Supporting Information).

Overall, using KsPO, as the base with no Lewis acid in
acetonitrile gave the highest solution yield of 86%. These
conditions were carried forward into a full factorial screen to
optimize the reagent loadings and reaction concentration. These
studies revealed the yield and stereoselectivity are relatively
insensitive to changes in these factors. Best results are obtained
with lower pyridinium loadings (1.25 equiv 2a), higher base
loadings (2.5 equiv), and higher reaction concentrations (0.25 M)
(Table S3, Supporting Information). We then monitored reaction
progress by *H NMR spectroscopy (Figure 2B). The conversion
to 3a is fairly rapid at room temperature, with a first half-life of 30
min, and subsequent half-lives of 1 h. Throughout the course of
NMR monitoring, we observe no clear intermediates, and no
evidence of the minor diastereomer. Tracking the mass balance
further supports these observations, with the %la + %3a
averaging 93% with a standard deviation of only 2% (excluding t
= 0). Finally, to test whether the diastereomer ratio is under
thermodynamic control via rapid epimerization in MeCN, we
subjected a nearly 1:1 mixture of 3a diastereomers to the
optimized reaction conditions (K3PO4 in MeCN, rt, 24 h); no
change to the dr is observed, confirming stereochemistry is under
kinetic control.

Finally, we studied the impact of the base, water content, and
temperature on the reaction (Table 1). As expected, without
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K3sPO, the reaction does not proceed, returning 84% of 1a after
24 h. Slightly elevated temperature (30 °C) or addition of 10 equiv
water (from Na;SO4+10H,0) does not significantly affect the
reaction yield. Adding 4 A molecular sieves reduced the solution
yield to 66%. This may be due to the aforementioned detrimental
effect of Lewis acids on the reaction, or may be simply due to
inefficient mixing by addition of more insoluble material. Overall,
this reaction is insensitive to oxygen, water, as well as slight
changes in temperature or reactant/reagent charges.

Table 1. Control reactions for the synthesis of 3a with optimized conditions.

7
(1.25 equiv.) MeO,C. N \
O KsPO, (2.5 eq.) Ho
N.__CO;Me  MeCN (0.25M), rt Ph
3a N’N
) )\_f
Entry Deviation from standard!®! 3albllc] 1al®!
1 No K3PO, added 0 84
2 Runat30°C 81 5
3 Na,SO4¢10H,0 (1 equiv) 81 6
4 4 A molecular sieves 66 12

la]Reactions are performed at room temperature for 24 hours with 0.05 mmol
of 1a. [PlAmounts of 1a and 3a are obtained by 'H NMR spectroscopy by
relative integration vs. internal standard, 1,3,5-trimethoxybenzene (TMB).
lcOnly one diastereomer of 3a is observed.

With robust conditions identified, we next explored the
reaction scope using a diverse set of bicyclobutanes and N-alkyl

pyridinium salts possessing various functional groups and
steric/electronic properties (Figure 3). Initial isolation attempts
revealed that the dihydropyridine-containing products are not
stable to silica gel chromatography; therefore, we used basic
alumina as an alternative stationary phase. Isolation is achieved
by reaction solvent evaporation, redissolution in dichloromethane,
and passage of this solution through a pad of basic alumina
followed by exhaustive elution with additional dichloromethane.
The prototype compound 3a was prepared in this manner on 0.30
mmol scale in 88% yield, and 65% yield on 2.0 mmol scale. Once
isolated, the 3-azabicyclo[3.1.1]heptane compounds are stable in
their respective physical states.

With respect to bicyclobutane scope, other arylbicyclobutanes
possessing the acylpyrazole electron-withdrawing group are
suitable, affording 3b, 3c, and 3d with good to moderate yields.
We also conducted single-crystal X-ray diffraction for 3c, which
confirms the relative configuration of the major diastereomer.
Importantly, this cycloaddition reactivity also occurs using mono-
substituted bicyclobutanes, making this chemistry a relatively rare
example that can function with both mono and disubstituted BCBs,
albeit with modest yields. To enable this, we prepared a
monosubstituted N-acylpyrazole BCB, 1e, inspired by Glorius’s
BCB 1a.”% Product 3e is formed as a single diastereomer,
whereas 3f (derived from a ketone-based pyridinium ylide) gives
a similar yield but with a diminished 6:1 diastereomer ratio. In
addition to N-acylpyrazole BCBs, mono and disubstituted BCBs
containing aryl ketones also react, giving 3g, 3h, and 3i. Notably,
BCBs with weaker electron-withdrawing groups (esters, amides)
do not react in this chemistry (see Supporting Information).

® Mild and robust reaction conditions

® Diverse synthetic handles

w* . </‘g

® Excellent dlas!ereaselectlwty
K3POy (2.5 eq)

~R
7
EWG,__N_
.
(o)
H/Ar
3 .

® Mono and disubstituted BCBs ® Densely ionali; y
® Modular substrates 2 Bf rt, MeCN (0.25 M) ® Thi sp’-rich
th
1.25eq i
Bicyclabutane
MeO,C. N H ‘
j&; MeO,C. MeO,C. PhOC, MeO,C,
o "o
88% (0.3 mmol) | X L
65% 20 mmol) \ / 32% N 35% - 25%l°!
3¢ OMe 3d )\_?/ 3e )_7/ (61dr
Pyridine
N _~__CFy » -
P ﬂ A Me A~ CFs Y 1-gram scale synthesis ~
MeO,C_N._~ MeO,Co N ﬂ MeO,Co_N j MeO,C N oy COMe K;PO‘ (255 eq) MeO,C. MeOH (equal volume) MeO,C.
Ph o on o o 0 Ph N\ * G) i, MeCN 10 25 M) K3POy (1 eq), rt, overnight oh o
N
Br
63% N 57% N OMe Y 1.00 950 mg OMe
N . 00g o
(1531i ar) Ny ) 3k ;\_7/ o )\_7/ 4.0 mmol Mo 125eq Not iseated )_7/ 741 %
a
(15% BCB-Methyl Ester) Not observed
I
Electron-withdrawing group ( \\]
A~ Z PN N Z A PN o~ o
7 ﬂ o N H oA N( /H S\‘ R ,O N{ ‘] \/L 0 { /‘ K\ﬂ [n\/ o 7 ] A\ rL /H '$)
PhOC. _N e, - . RN SSmor NN No ’ N NV o " /
p o 0 0 H 0 o
Ph Ph Ph Ph o o Ph 0 Ph Ph
75% N 3“n/“ N 46%“" se%bl N 75%0] N’N/ o N'N/ % N 65% (N 85% N ) 7 N
3m )\_7/ )_7/ (25% 1a))_7/ (1.2:1dr) )\_7/ (9% 1a) )\ ) 3 N (1:1.4d.r) )\_?/ 3u (1.23111.) \ )
1.0 mmol (13% 1a) 3q 3t
scale 3p
- . o . Reduction of dihydropyridine chromatographically stable
o \ﬂ 7 \H o & ‘/f\‘ @ l g
N |
AN N L N j P ) > MeO.C, NaBH,CN (2.5 equiv) ]
(\\7‘ H H /(x g H g H \V4 H - H 002 H Acetic acid (0.1 mL) _ MeO2C. ’
s, e} P o o o Ph 0 o o 0°Clort, o
MeOH (0.1 M), 4 h Ph
16909 N AC] N ol N 48%Llel N OMe g 58%
6N 8/': N 84%0 - 32%“‘ X 75% N 1.0 mmol b OMe
£ )\_7/ / o N )\_7/ 32a :195) P b

Figure 3. Scope of azabicyclo[3.1.1]heptanes 3 via pyridinium ylide addition to bicyclobutanes. Yields are for isolated compounds following a basic alumina plug
purification and are obtained as a single diastereomer unless otherwise noted with dr values in parentheses (determined by *H NMR spectroscopy). Two examples
of further reactivity are shown, including telescoped methanolysis to give 4a, and monoreduction of 4a to give silica-stable product 4b. ®Yield determined by ‘H
NMR spectroscopy (with internal standard 1,3,5-trimethoxybenzene). Plisolated yield as part of a mixture with unreacted bicyclobutane starting material. [lReaction
performed using NaPFs (1.3 equiv) as an additive. IReaction performed in methanol. Single crystal XRD structures are deposited with the CCDC: 2374388-2374389.
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We also examined the effect of pyridinium ylide substituents
on reactivity. Direct substitution of the pyridine ring led to
significant differences in reactivity. For instance, using 4-phenyl
or 4-methyl pyridiniums, we isolated 3j and 3k in 63% and 57%
yield, respectively, with high diastereoselectivity; however, when
we tested a 4-CF; pyridinium, we observed only a 7% solution
yield of product 3I, with the mass balance mainly unreacted
bicyclobutane. Taking inspiration from prior studies of pyridinium
ylide cycloadditions and the role of bases and solvents,“344 we

examined the use of a protic reaction solvent to increase reactivity.

With MeOH as the solvent, we are able to effect cycloaddition
accompanied by methanolysis of the N-acylpyrazole to yield 3I-
OMe in 60% yield (along with 15% of co-eluting unreacted
bicyclobutane). Given that ester-substituted BCBs are unreactive
toward cycloaddition, we propose that this reaction proceeds by
rapid cycloaddition followed by slower methanolysis of the
acylpyrazole unit.

With respect to the electron-withdrawing group of the
pyridinium ylide, we examined a wide range of functional groups
and substituents, including ketone (3m), amide (3n), and nitrile
(30) EWGs. Using a ketone-based EWG to generate 3m initially
led to low yield, which we improved to 80% solution yield by the
addition of catalytic Mg(OTf), (the only reasonably successful
Lewis acid in MeCN, Figure 2A). This prompted us to consider the
potential role of Mg(OTf), given its relatively poor solubility. We
hypothesized that, rather than acting as a Lewis acid to activate
the BCB and/or ylide, it may simply effect salt metathesis to
convert the pyridinium bromide salt into a pyridinium triflate.

To test this salt metathesis possibility, we investigated NaPFg
as an additive; NaBr is almost completely insoluble in MeCN, so
this should be an effective method to swap the pyridinium
counterion. With 1.3 equiv of NaPFg, we were able to isolate 3m
in 75% vyield. This method was adopted for all ketone-based
pyridinium ylides (3f and 3w-3ab). Both (hetero)aryl and alkyl
ketones are suitable, including the cyclopropyl ketone resulting in
3aa in 75% isolated yield. In each case, we observe a single
diastereomer, except for the t-butyl-substituted ketone product
3ab. This product is generated as a mixture of diastereomers and
does contain additional impurities after alumina treatment;
however, the fact that such a sterically-encumbered ylide can still
undergo cycloaddition to some degree is remarkable.

In general, ester-based pyridinium vylides are superior
substrates for this chemistry (3p-3v). Primary (3q, 3s), secondary
(3t, 3u, 3v), and even tertiary (3r) substituents at oxygen are
amenable, as is the highly substituted lactone in 3p. Notably, this
derivative is formed in a nearly 1:1 mixture of diastereomers.
Chiral esters in 3t and 3v do not induce any significant
stereocontrol over the absolute stereochemistry of the resulting
products, and the dr values given reflect the ratio between the two
different anti diastereomers.

To further demonstrate synthetic utility, we carried out the
preparation 3a on gram scale, and telescoped 3a into a
methanolysis of the acylpyrazole to generate the corresponding
methyl ester 4a in 71% isolated yield. We also successfully
monoreduced the dihydropyridine in 4a on 1.0 mmol scale using
sodium cyanoborohydride to afford 58% of 4b as a single
diastereomer. Importantly, this compound is stable on silica,
enabling purification by flash column chromatography. We also
subjected a single crystal of 4b to X-ray diffraction, confirming the
site of reduction.

4

As a further demonstration of synthetic versatility, we
hypothesized that a light-mediated aza-Norrish Il rearrangement
— hydrogen atom transfer and concomitant C—N cleavage — of 3m
could lead to a highly functionalized and stereochemically-defined
cyclobutane.*549l |rradiating an acetonitrile solution of 3m with
blue LED light (470 nm) for 6 h with fan cooling affords 47% of
4m, which contains two quaternary centers on a cyclobutane unit
with complete control over relative stereochemistry (eq. 1).

N
‘ =
Ph" 0
MeCN (0.025 M
( ) Me )
N’ Me 1 W, fan cooling | N
)J blue LED (470 nm) %

Mé 6h,rt 4m Me

47%
single diastereomer

Mechanistically, this cycloaddition could proceed via several
possible pathways. Our working hypothesis, based on our
previous work (Figure 4A and B),'?3 is a stepwise polar
mechanism (Figure 4C). Initial nucleophilic attack by the in situ
generated ylide proceeds to give a reactive cyclobutane enolate
with a pendant electrophile. Intramolecular attack by the enolate
to the pyridinium then proceeds to close the bicyclic system. A
simple diastereoselectivity model (analogous to that proposed for
imine addition stereoselectivity???l) based on strain minimization in
the cyclization transition state is consistent with the observed
major diastereomer, and work is underway to fully elucidate the
mechanistic features and aforementioned solvent dependence.

A. Enolate Addition (2023) C. This Work B. Imine Addition (2022)
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Figure 4. A) Previously reported mechanism for enolate addition to
bicyclobutanes.?] B) Previously reported mechanism for imine addition to
bicyclobutanes.”® C) Proposed mechanism for the formation of
azabicycloheptanes 3, and simple stereochemical model for the observed
diastereoselectivity (CW = clockwise; CCW = counterclockwise).
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In summary, we have developed a modular approach to
synthesize densely functionalized azabicyclo[3.1.1]heptanes via
a formal (3+3) dipolar cycloaddition of pyridinium ylides with
bicyclo[1.1.0]butanes. The resulting azabicycloheptanes possess
a multicyclic core analogous to the quinolizidine family of
heterocycles, and thus offer an opportunity to explore new
chemical space in the search for new drug candidates with higher
three-dimensionality and rigidity. The product synthetic handles
provide a platform to derivatize different vectors. Work is ongoing
to explore the structure-reactivity relationships of pyridinium (and
other) ylides in cycloaddition reactions with small strained rings,
as well as to elucidate the mechanistic details underpinning
stereoselectivity. These efforts are in line with our objective of
developing techniques to access complex, Csp®-rich scaffolds
pertinent to the synthesis and development of new
pharmaceuticals, ideally beyond their use as simple isosteric
replacements.
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