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Herein we report a simple BFs-catalyzed cycloaddition of dihydro-
pyridines with bicyclobutanes for the expedient synthesis of novel
three-dimensional azacycle-fused bicyclo[2.1.1]lhexane scaffolds.
The reaction utilizes easily accessible starting materials and pro-
ceeds under mild, metal-free conditions with high atom efficiency.

Building on the success of the “escape from flatland” concept in
pharmaceutical development, there is growing interest among
chemists in creating efficient methods to rapidly construct confor-
mationally rigid, C(sp®)-enriched scaffolds. These structures hold
immense potential for phenyl or pyridinyl bioisosterism, with a
higher proportion of sp>hybridized carbon atoms that is often
linked to enhanced physicochemical and pharmacokinetic pro-
perties of drug candidates.' This is particularly true for
bicyclo[2.1.1]hexanes (BCHs), which have shown promise as ben-
zene bioisosteres due to their rigid conformation.” Consequently,
there is a continual pursuit of new methods for the rapid construc-
tion of these ring systems with diverse substitution patterns.

To synthesize these coveted BCH building blocks in a straight-
forward and atom-economical way, the direct cycloaddition of
bicyclobutanes (BCBs) with n-components has been the method
of choice in recent years. Accordingly, these methods can be
categorized into two main reaction pathways: those that proceed
via a radical-based mechanism® and those that utilize Lewis acid
catalysis* (Scheme 1a). Given the ubiquity of (hetero)arenes, the
dearomative cycloaddition of (hetero)arenes with BCBs represents
an attractive approach to their synthesis. In this context, Deng’
and Feng® independently reported the Lewis acid-catalyzed
[2n+20] cycloaddition reactions of BCBs with indole derivatives
to afford indoline fused BCHs. In addition, through photocatalysis
strategies, our group has achieved the direct cycloaddition reac-
tions of BCBs with diverse (hetero)arenes (e.g. indoles, coumarins,
flavones, (iso)quinolines, quinazolines and phenols) to produce
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highly substituted BCHs (Scheme 1b).” Pyridines are readily avail-
able and abundant feedstock chemicals, and the development of
new cycloaddition reactions could facilitate their use in rapidly
building up molecular complexity. However, due to their inherent
stability from aromaticity, cycloaddition of these aromatic cores
with BCBs remains challenging.® Inspired by the elegant work on
cycloaddition reactions of dihydropyridines (synthesized in one step
from pyridines) with o-substituted acroleins,” as well as recent
advancements in Lewis acid-catalyzed BCB-based cycloaddition
chemistry,”® we envisioned that a Lewis acid catalytic strategy
would be capable of achieving [2n+2c] cycloaddition of dihydropyr-
idines with BCBs (Scheme 1c). Such a method could provide
straightforward access to BCHs directly fused to azacycles, which
are among the most frequently encountered structural motifs in
FDA-approved pharmaceuticals.'® Driven by our ongoing interest in
dearomative cycloaddition reactions of (hetero)arenes with BCBs’
and prompted by the growing demand of conformationally
restricted, saturated scaffolds in drug discovery, herein, we report
that the direct cycloaddition of dihydropyridines with BCBs can be
smoothly executed under simple BF; catalysis (Scheme 1c).

a) Strategies for cycloaddition of BCBs with n-component to form rigid BCHs scaffold
R2
1) Radical-based strategy

X=C,N,O 2) Lewis acid catalysis R

b) Our previous work: cycloaddition of BCBs with (hetero)arenes via photocatalysis

1
R R? Photocatalysis R!

N
+  HetAr -~
it {HetAr!

c) This work: BF 3-catalyzed cycloaddition of BCBs with dihydropyridines

X R?
| BF;-catalysis o]

1,
* N R n-C,

PN OR

OR =

R' R2

Scheme 1 BCB-based cycloaddition reactions for BCHs synthesis.
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Initially, we chose BCB 1a and dihydropyridine 2a as the
model substrates, and we were pleased to find that, after
stirring them in DCM at room temperature for 24 h with BF;-
Et,O as catalyst, the corresponding [2n+2c] cycloaddition pro-
duct 3a was furnished in 56% yield, with no formation of a
[4n+20] cycloaddition product observed (Table 1, entry 1). The
structure of 3a was confirmed by single-crystal X-ray diffraction
analysis (CCDC: 24007067). Other Lewis acid catalysts were also
tested but gave poorer results (Table 1, entries 2-6). A control
experiment showed that the Lewis acid catalyst was crucial for
this transformation (Table 1, entry 7). Other solvents were
subsequently investigated, and MeCN was found to be superior
(Table 1, entries 8-14). Performing the reaction with 1.5
equivalent of 2a gave a similar yield (Table 1, entry 15). Using
dihydropyridine 2a as limiting reagent and slightly excess BCB
did not improve the yield significantly (Table 1, entry 16).

Table 1 Optimization of the reaction conditions?
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Entry Catalyst Solvent Yield (%)
1 BF;-Et,0 DCM 56
2 Sc(OTfy; DCM 42
3 Eu(OTf); DCM 11
4 AICL, DCM <5
5 TMSOTf DCM 16
6 Y(OTf); DCM <5
7 — DCM —
8 BF;-Et,0 MeCN 69
9 BF;-Et,0 THF 35
10 BF,-Et,0 PhMe 66
11 BF,-Et,0 EtOAc 68
12 BF;-Et,0 Acetone 67
13 BF5-Et,0 DME 43
14 BF,;-Et,0 CHCl, 50
15? BF;Et,O MeCN 70
16° BF,;-Et,0 MeCN 70
174 BF,-Et,O MeCN 72
18° BF5-Et,0 MeCN 70
19 BF;-Et,0 MeCN 60

“ Reaction conditions: 1a (0.1 mmol), 2a (0.12 mmol), catalyst (10 mol%),
solvent (1 mL), Ar, rt, 24 h. Yields were determined by "H NMR analysis of
the crude mixture using CH,Br, as an internal standard.” Using 2a
(0.15 mmol). ¢ Using 1a (0.12 mmol) and 2a (0.1 mmol). ¢ Using catalyst
(20 mol%). ° Reaction conducted at 50 °C./ Reaction condition: 1a
(0.2 mmol), 2a (0.24 mmol), catalyst (10 mol%), solvent (2 mL), Ar, rt,
24 h. Isolated yield is showed.
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Furthermore, using a higher loading of Lewis acid catalyst or
conducting the reaction at 50 °C afforded the product 3a in
comparable yields (Table 1, entries 17 and 18). Finally, we
conducted the reaction on a 0.2 mmol scale and the product 3a
can be isolated in 60% yield (Table 1, entry 19). Notably,
condition-based sensitivity assessment'' indicated that moisture
supressed the reaction, while other reaction parameters such as
concentration, O, level, reaction temperature and scale showed
only negligible effects on the reaction outcome (Table 1).

With the optimized conditions in hand, an initial survey of
the dihydropyridines and BCBs substrate scope was investigated
(Table 2). To our delight, alkyl-substituted dihydropyridines can
be accepted in this protocol (3b, 3c). Although the use of a
mono-substituted BCB resulted in a lower yield of product (3d)
due to decomposition under the reaction conditions, various
disubstituted ketone BCBs with electron-donating or electron-
withdrawing groups reacted smoothly, producing cycloadducts
in moderate to good yields (3e-30). Among them, medicinally
relevant trifluoromethyl and fluoro groups can be tolerated (3f, 3g).
Pleasingly, alkyl ketone BCBs can also be accommodated in this
protocol (3k, 3lI). Other BCB substrates were also tested, for

Table 2 Substrate scope investigation?
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“ Reaction conditions: 1 (0.2 mmol), 2 (0.24 mmol), BF;-Et,O (10 mol%),
MeCN (2 mL), Ar, 1t, 24 h. Isolated yields are shown. ” Using DCM as
solvent. n.d. = not detected. See the ESI for experimental details.
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Scheme 3 Proposed mechanism.

examples, substrates 1k, 11, and 1m produced little or no product,
with a significant amount of starting material remaining. Substrate
1n, however, decomposed under the reaction conditions, resulting
in an uncharacterized complex mixture. In addition to dihydropyr-
idines, we were delighted to find that, dihydroisoquinoline could
also undergo the corresponding [2m+26] cycloaddition (Scheme 2).

Based on the observed regioselectivity and literature reports,”® a
plausible reaction mechanism is proposed (Scheme 3). Initially, the
BCB substrate 1a coordinates with the Lewis acid catalyst to form
complex A, which then undergoes enolization to yield species B.
Subsequently, the electron-rich dihydropyridine 2a nucleophilically
attacks B to generate enolate and iminium intermediate C. Finally,
intramolecular cyclization gives product 3a and regenerates the BF;
catalyst.

In conclusion, we have developed a new BF;-catalyzed
cycloaddition reaction between dihydropyridines and bicyclo-
butanes to create novel azacycle-fused BCH scaffolds. The
reaction utilizes easily accessible starting materials and pro-
ceeds under mild conditions, further enriching the synthetic
toolkit for rapid access to structurally diverse rigid scaffolds.
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