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ABSTRACT: A domino inverse electron-demand Diels—Alder
reaction/thermal ring expansion sequence was developed to enable
the one-step synthesis of arene-annulated eight-membered nitro-
gen heterocycles from readily available aromatic 1,2-diazines. A
boron-based, bidentate Lewis acid catalyst facilitates the initial
cycloaddition of Boc-protected 2-azetine with various electron-
poor and electron-rich phthalazines. The subsequent electrocyclic
ring expansion furnishes azocines fused to differently substituted
aromatics, a structural motif that holds vast potential for further

derivatization.

E ight-membered nitrogen-containing heterocycles are
widely found in biologically active natural products’ as
well as medicinally relevant synthetic compounds.”> They are
commonly regarded as privileged scaffolds for drug discovery
owing to their distinctive structural features.’ In comparison to
smaller rings, eight-membered carbo- and heterocycles offer a
balance between conformational flexibility and rigidity which
can lead to improved binding properties to biological targets
by either allowing effective folding into enzymatic pockets’ or
by rigidifying active conformations.® In particular, benzannu-
lated azocines are the core structural motif of a variety of
synthetic compounds and natural products showing promising
biological activity (Figure 1)1
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Figure 1. Representative examples of arene-annulated azocine
alkaloids.
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Inverse electron-demand Diels-Alder reaction/thermal ring expansion sequence

E . II__T'BOC ,Boc

via H ,Boc 10n
disrotato

H
O transition metal-free O access to arene-annulated azocines
O readily available starting materials O up to 89% yield

Consequently, extensive efforts have been made to syntheti-
cally access these benzo-fused scaffolds as well as structurally
related eight-membered ring systems,”'*™'° primarily via ring
expansion strategies' '~ or transition metal-promoted cycliza-
29723 However, medium-sized heterocycles are still
strongly underrepresented in screening libraries and drug
approvals,”* most probably due to the persisting synthetic
challenges caused by unfavorable entropic and enthalpic
factors.””*® Therefore, new general strategies, especially for
the synthesis of benzannulated azocines, are highly desirable.
In the light of sustainability and the shortage of resources,
these strategies should be based on simple, readily available
starting materials and work in the absence of transition metals.

In the past, we established the bidentate Lewis acid BDLA
as an effective catalyst to promote inverse electron-demand
Diels—Alder (IEDDA) reactions of phthalazines (1) and
various dienophiles (Scheme 1a).””~** These reactions usually
proceed via a reactive o-quinodimethane (0-QDM) inter-
mediate 2 which is formed after the initial IEDDA-cyclo-
reversion sequence.’® This reactive intermediate can be utilized
to initiate different domino processes, depending on the
reaction conditions and the nature of the dienophile. Recently,
we have shown that benzannulated, medium-sized carbocycles
can be accessed through a photoinduced ring opening of the o-

tions.
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Scheme 1. BDLA-Catalyzed IEDDA Reactions for the
Construction of Medium-Sized Rings

a) Previous work: IEDDA reactions catalyzed by the BDLA

1) IEDDA reaction
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: B :
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b) This work: IEDDA reaction/thermal ring expansion strategy

QDM intermediate.”> We wanted to further expand this
methodology to the synthesis arene-annulated, eight-mem-
bered nitrogen heterocycles. We envisaged that the use of
highly strained 2-azetine 3 as dienophile would afford 0-QDM
intermediate 4, which would then react under thermal
conditions to the desired benzannulated azocine $ through a
107 disrotatory electrocylic ring expansion (Scheme 1b). Prior
reports indicate that analogous 67 azacycles thermodynami-
cally favor the formation of the bridged four-membered
structure.”” However, we hypothesized that in azocine §, the
formation of an annulated aromatic ring would significantly
shift the equilibrium toward the ring-expanded product.

We decided to utilize Boc-protected azetine 3 as it can be
easily prepared from commercial fert-butyl 3-hydroxyazetidine-
1-carboxylate over two steps and should allow easy
functionalization of the final azocine at the nitrogen atom.
We commenced our study by treating very reactive, electron-
poor difluorophthalazine 1b with azetine 3 (1.2 equiv) in the
presence and absence of the BDLA (S mol %) at 70 °C (Table
1, Entries 1 and 2). Without the catalyst, no visible
consumption of phthalazine 1b was observed by 'H NMR
spectroscopic analysis and no traces of the desired product
were detected. To our delight, in the presence of the BDLA
catalyst, all of the staring material was consumed and the
desired azocine Sb could be isolated in 25% yield.

A substantial amount of different, chromatographically
inseparable byproducts was obtained as well. Judging by high
resolution mass spectrometry, we hypothesized that these
byproducts were a mixture of regio- and stereoisomers formed
by a follow-up Diels—Alder reaction of 0-QDM intermediate 4
with another equivalent of azetine 3. To prove this hypothesis,
we treated phthalazine 1b with an excess of azetine 3, which
suppressed the formation of azocine $b and resulted almost
exclusively in a mixture of double Diels—Alder adducts, the
structure of which was further proven by X-ray crystallography
of meso compound 6 after partial purification via preparative
HPLC (Scheme 2 and the Supporting Information (SI)).

BDLA

N,Boc
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Table 1. Optimization of the Reaction Conditions”

R BDLA (5 mol%) R
IN ,Boc 1,4-dioxane, T, ¢ — N\ -Boc
~N _
R R
1a (R = H) 3 5a (R = H)
1b (R=F) 5b (R=F)
Entry R T (°C) t (h) Addition of 3 Yield (%)
1v F 70 20 at once 0
2 F 70 20 at once 25
3 F 70 16 over 10 h 75
4 F 80 22 over 20 h 87
S H 70 16 over 10 h 12
6 H 90 22 over 20 h 55
7 H 110 22 over 20 h 73

“Reaction conditions unless noted otherwise: phthalazine 1a or 1b
(0.25 mmol, 1.0 equiv) and BDLA (13 umol, 5.0 mol %) in 1,4-
dloxane (4 mL), azetine 3 (0.31 mmol, 1.2 equiv) in 1,4-dioxane (1
mL). "Reaction was performed without the BDLA catalyst. “Reaction
was performed on a 1.0 mmol scale: phthalazine 1a (1.0 mmol, 1.0
equiv) and BDLA (30 ymol, 3.0 mol %) in diglyme (16 mL), and
azetine 3 (1.2 mmol, 1.2 equiv) in diglyme (4 mL) yielded azocine Sa
(188 mg, 73%).

Scheme 2. Synthesis and Crystal Structure of Double Diels—
Alder Adducts

Boc
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With an explanation for the byproduct formation in hand,
we further optimized the conditions for the IEDDA reaction/
thermal ring expansion sequence by adding azetine 3 slowly via
syringe pump to a mixture of phthalazine 1b and BDLA
catalyst to prevent an excess of the dienophile (Table 1, Entries
3 and 4). With a longer addition time of 20 h, the isolated yield
of azocine Sb could be improved to 87%. Changing the diene
to electron-neutral, unsubstituted phthalazine (1a) led to a
significant decrease in product formation, and the temperature
had to be increased to 110 °C to furnish azocine 1a in a good
yield of 73% (Table 1, Entries 5 to 7).

With optimized reaction conditions in hand, we set out to
explore the scope of this transformation by testing different
phthalazines and pyridazino-aromatics (1c—m), most of which
can be readily synthesized from commercially available
aldehydes by a convenient one-pot procedure previously
developed in our laboratory (Scheme 3).** As expected, all
tested diazines carrying electron-withdrawing groups (1b—j)
underwent the IEDDA reaction smoothly and afforded the
desired azocines after ring expansion in good to very good
yields up to 89% (Scheme 3). In that way, synthetically
valuable functional groups such as esters (Sj), nitro groups
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Scheme 3. Scope of 1,2-Diazines in the IEDDA/Thermal
Ring Expansion Reaction”

BDLA (5 mol%)
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over 20 h)
Cl
@(} -Boc @(} \-Boc ¢C> \-Boc
Cl
5a, 73% 5b, 87% 5¢, 66%

diglyme, 110 °C 1,4-dioxane, 80 °C 1,4-dioxane, 80 °C

R R

— “\-Boc EX\:O\‘_BOC @C\/ -Boc

~
— Y N\= —
R’ R'
5d, 89%" 5e, 71%° 5f, 88%°

a(R=NO,, R =H) a(X=N,Y=CH) a(R=F,R=H)
b (R=H,R'=NO,) b(X=CH,Y=N) b(R=H,R =F)
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Mel\ _N_Boc Mog'\ _N_Boc
esl/ _ eal/ _

5m, 17%¢
diglyme, 140 °C

51, 22%¢
diglyme, 125 °C

“Reaction conditions: phthalazine la—m (0.25 mmol, 1.0 equiv) and
BDLA (13 pmol, 5.0 mol %) in 1,4-dioxane or diglyme (4 mL),
azetlne 3 (0.31 mmol, 1.2 equiv) in 1,4-dioxane or diglyme (1 mL).

bConstitutional isomers were separated (a, 42%; b, 47%) “Isolated
yield as a mixture of C7/C10-constitutional isomers. “Isolated yield as
a mixture of C8/C9-constitutional isomers.

(5d) or different halogens (Sc,f—h) were introduced at the
fused aromatic ring. Furthermore, pyridine-annulated azocine
Se was obtained in a good yield of 71% from pyridopyridazine
le. In the case of monohalogenated phthalazines 1f—h and
trifluoromethylated phthalazine 1i, a slight increase in
temperature to 90 °C was required to achieve good yields
over 70%. Similarly, benzophthalazine 1k furnished naph-
thoazocine Sk in 71% yield at an elevated reaction temperature
of 110 °C. Even electron-rich methyl- (11) and methoxyph-
thalazine (1m) were reactive in this transformation. However,
higher temperatures of 125 and 140 °C, respectively, were
required for the IEDDA reaction to take place. This led to an
increased formation of side products and the desired azocines
Sl,m were isolated in a yield of around 20%.
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For all asymmetrically substituted phthalazines, mixtures of
regioisomers were obtained in this transformation. In the case
of nitrobenzazocine 5d, both isomers could be separated via
column chromatography and were obtained in a ratio of 47:53.
Most of the other nonsymmetrically substituted phthalazines
yielded a similar ratio of isomers. Only in the case of
pyridopyridazine le, the strong polarization of the substrate
led to the formation of the major isomer in a 4-fold excess (see
the SI). As a final structural proof, we attempted to analyze the
ring expansion products via X-ray crystallography. However, all
azocines Sa-m were obtained as oils or amorphous solids, and
every attempt to produce single crystals failed. Unexpectedly,
we observed the formation of a crystalline dimerization
product of azocine Sa during NMR measurements in
nonstabilized CDCl;. After separation of the formed stereo-
isomers via preparative chiral HPLC, single crystals suitable for
X-ray diffraction were obtained. The product was found to be
hemiaminal ether 7 formed in the presence of water and
catalytic amounts of acid (Figure 2). In that way, we were
finally able to confirm the formation of the azocine ring in our
IEDDA reaction/thermal ring expansion sequence.

Figure 2. Structure of the hemiaminal ether 7 formed from azocine Sa
in acidic CDCl; in the presence of water.

In summary, we have developed a novel Lewis acid-catalyzed
domino IEDDA/thermal ring expansion reaction that provides
rapid access to arene-annulated, eight-membered nitrogen
heterocycles. The key to successfully optimizing the reaction
was the very slow addition of the azetine dienophile, which
suppressed the undesired follow-up Diels—Alder reaction of
the highly reactive 0-QDM intermediate and ensured its
conversion via a 10z disrotatory electrocylic ring expansion.
Various, readily available phthalazines and pyridazino-aro-
matics can be used as dienes in this transformation, giving rise
to the azocine core structure fused to diversely functionalized
aromatics. The electronic nature of the phthalazine was found
to be a crucial parameter for this transformation, with electron-
poor substrates providing the medium-sized nitrogen hetero-
cylces in high yields up to 89%, whereas electron-neutral and
-rich phthalazines required higher temperatures and showed
diminished yields. The final proof of the eight-membered ring
structure was provided by X-ray crystallography of a hemi-
aminal ether degradation product. The presented methodology
holds great potential to synthetically address different,
biologically active azocine natural products as well as their
derivatives in order to tap into the full potential of eight-
membered nitrogen heterocycles in medicinal chemistry and

drug discovery.

B ASSOCIATED CONTENT

Data Availability Statement

The data underlying this study are available in the published
article and its Supporting Information.

https://doi.org/10.1021/acs.orglett.5c01150
Org. Lett. 2025, 27, 4893—-4897


https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.5c01150/suppl_file/ol5c01150_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.5c01150/suppl_file/ol5c01150_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01150?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01150?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01150?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01150?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01150?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01150?fig=fig2&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.5c01150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organic Letters

pubs.acs.org/OrglLett

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01150.

Experimental details, analytical data, NMR spectra, and
crystallographic details (PDF)

Accession Codes

Deposition Numbers 2431433 and 2431435 contain the
supplementary crystallographic data for this paper. These
data can be obtained free of charge via the joint Cambridge
Crystallographic Data Centre (CCDC) and Fachinformations-
zentrum Karlsruhe Access Structures service.

B AUTHOR INFORMATION
Corresponding Author

Hermann A. Wegner — Institute of Organic Chemistry and
Center for Materials Research (LaMa), Justus Liebig
University Giessen, 35392 Giessen, Germany; © orcid.org/
0000-0001-7260-6018; Email: hermann.a.wegner@
org.chemie.uni-giessen.de

Authors

Michel Grofle — Institute of Organic Chemistry and Center for
Materials Research (LaMa), Justus Liebig University Giessen,
35392 Giessen, Germany

Christopher M. Leonhardt — Institute of Organic Chemistry
and Center for Materials Research (LaMa), Justus Liebig
University Giessen, 35392 Giessen, Germany

Patrick A. R. Campbell — Institute of Organic Chemistry and
Center for Materials Research (LaMa), Justus Liebig
University Giessen, 35392 Giessen, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.5c01150

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The financial support by the LOEWE Program of Excellence of
the Federal State of Hesse (LOEWE Focus Group PriOSS
“Principles of On-Surface Synthesis”) is gratefully acknowl-
edged. We thank the Organic Chemistry Analytics Department
(Institute of Organic Chemistry, Justus Liebig University,
Giessen) for NMR, HRMS and HPLC measurements as well
as preparative HPLC purifications.

B REFERENCES

(1) Lee, S.; Sperry, J. Isolation and biological activity of azocine and
azocane alkaloids. Bioorg. Med. Chem. 2022, 54, No. 116560.

(2) Sun, H.; Nikolovska-Coleska, Z.; Lu, J.; Meagher, J. L.; Yang, C.-
Y,; Qiu, S.; Tomita, Y.; Ueda, Y.; Jiang, S.; Krajewski, K.; Roller, P. P.;
Stuckey, J. A.; Wang, S. Design, synthesis, and characterization of a
potent, nonpeptide, cell-permeable, bivalent Smac mimetic that
concurrently targets both the BIR2 and BIR3 domains in XIAP. J.
Am. Chem. Soc. 2007, 129 (49), 15279—15294.

(3) Putey, A,; Popowycz, F.; Do, Q.-T.; Bernard, P.; Talapatra, S. K.;
Kozielski, F.; Galmarini, C. M.; Joseph, B. Indolobenzazepin-7-ones
and 6-, 8-, and 9-membered ring derivatives as tubulin polymerization
inhibitors: synthesis and structure-activity relationship studies. J. Med.
Chem. 2009, 52 (19), 5916—5925.

(4) George, K. M.; Frantz, M.-C.; Bravo-Altamirano, K.; Lavalle, C.
R,; Tandon, M.; Leimgruber, S.; Sharlow, E. R,; Lazo, J. S.; Wang, Q.

4896

J.; Wipf, P. Design, Synthesis, and Biological Evaluation of PKD
Inhibitors. Pharmaceutics 2011, 3 (2), 186—228.

(5) Sumi, K; Inoue, Y.; Nishio, M.; Naito, Y.; Hosoya, T.; Suzuki,
M.,; Hidaka, H. IOP-lowering effect of isoquinoline-5-sulfonamide
compounds in ocular normotensive monkeys. Bioorg. Med. Chem. Lett.
2014, 24 (3), 831—834.

(6) Li, J.; Dong, Z.; Zhao, C. Recent progress in the construction of
eight-membered nitrogen-heterocycles. New J. Chem. 2024, 48 (11),
4645—4669.

(7) Romines, K. R.; Watenpaugh, K. D.; Tomich, P. K.; Howe, W. J;
Morris, J. K; Lovasz, K. D.; Mulichak, A. M,; Finzel, B. C.; Lynn, J.
C.; Horng, M. M. Use of medium-sized cycloalkyl rings to enhance
secondary binding: discovery of a new class of human immunode-
ficiency virus (HIV) protease inhibitors. J. Med. Chem. 1995, 38 (11),
1884—1891.

(8) Clayden, J.; Moran, W. J.; Edwards, P. J.; LaPlante, S. R. The
challenge of atropisomerism in drug discovery. Angew. Chem., Int. Ed.
2009, 48 (35), 6398—6401.

(9) Yang, L; Wang, D.-X,; Zheng, Q.-Y.; Pan, J; Huang, Z.-T,;
‘Wang, M.-X. Highly efficient and concise synthesis of both antipodes
of SB204900, Clausenamide, neoclausenamide, homoclausenamide
and zeta-Clausenamide. Implication of biosynthetic pathways of
Clausena alkaloids. Org. Biomol. Chem. 2009, 7 (12), 2628—2634.

(10) Riemer, B.; Hofer, O.; Greger, H. Tryptamine derived amides
from Clausena indica. Phytochemistry 1997, 45 (2), 337—341.

(11) Viladomat, F.; Bastida, J; Codina, C.; Campbell, W. E;
Mathee, S. Alkaloids from Boophane flava. Phytochemistry 1995, 40
(1), 307-311.

(12) Qiao, M.-E,; Ji, N.-Y,; Liu, X.-H,; Li, K; Zhu, Q.-M.; Xue, Q.-Z.
Indoloditerpenes from an algicolous isolate of Aspergillus oryzae.
Bioorg. Med. Chem. Lett. 2010, 20 (19), 5677—5680.

(13) Sarker, S. D.; Dinan, L.; Sik, V.; Underwood, E.; Waterman, P.
G. Moschamide: An unusual alkaloid from the seeds of Centaurea
moschata. Tetrahedron Lett. 1998, 39 (11), 1421—1424.

(14) Chattopadhyay, P.; Pada Majhi, T.; Achari, B. Advances in the
Synthesis and Biological Perspectives of Benzannulated Medium Ring
Heterocycles. Heterocycles 2007, 71 (S), 1011.

(15) Hussain, A; Yousuf, S. K; Mukherjee, D. Importance and
synthesis of benzannulated medium-sized and macrocyclic rings
(BMRs). RSC Adv. 2014, 4 (81), 43241—43257.

(16) Clarke, A. K; Unsworth, W. P. A happy medium: the synthesis
of medicinally important medium-sized rings via ring expansion.
Chem. Sci. 2020, 11 (11), 2876—2881.

(17) Guney, T.; Wenderski, T. A.; Boudreau, M. W.; Tan, D. S.
Synthesis of Benzannulated Medium-ring Lactams via a Tandem
Oxidative Dearomatization-Ring Expansion Reaction. Chem. Eur. ].
2018, 24 (50), 13150—13157.

(18) Hall, J. E.; Matlock, J. V.; Ward, J. W.; Gray, K. V.; Clayden, J.
Medium-Ring Nitrogen Heterocycles through Migratory Ring
Expansion of Metalated Ureas. Angew. Chem., Int. Ed. 2016, SS
(37), 11153—11157.

(19) Zhou, Y.; Wei, Y.-L.; Rodriguez, J.; Coquerel, Y. Enantiose-
lective Organocatalytic Four-Atom Ring Expansion of Cyclo-
butanones: Synthesis of Benzazocinones. Angew. Chem., Int. Ed.
2019, 58 (2), 456—460.

(20) Ji, M-M,; Liu, P.R; Yan, J.-D; He, Y..Y;; Li, H; Ma, A.J;
Peng, J.-B. Ruthenium-Catalyzed Carbonylation of a-Aminoaryl-
Tethered Alkylidenecyclopropanes: Synthesis of Eight-Membered
Benzolactams. Org. Lett. 2024, 26 (1), 231-235.

(21) Hasegawa, D.; Tsuji, A.; Greiner, L. C.; Arichi, N.; Inuki, S.;
Ohno, H. Synthesis of Azocine-Fused Indoles via Gold(I)-Catalyzed
Cyclization of Azido-alkynes. J. Org. Chem. 2025, 90 (1), 925—930.

(22) Cheng, Z.; Chen, J; Zhang, Y.; Shao, Y,; Sun, J; Tang, S.
Decarboxylative Cyclization of Ethynyl Benzoxazinanones with
Imidazolidines to Access 2,3-Indole-Fused 1,4-Diazocines. Org. Lett.
2024, 26 (23), 4863—4867.

(23) Zhang, Z.; Fang, X; Aili, A.; Wang, S.; Tang, J.; Lin, W.; Xie, L.;
Chen, J; Sun, K. Cascade Radical Trifluoromethylthiolation/

https://doi.org/10.1021/acs.orglett.5c01150
Org. Lett. 2025, 27, 4893—-4897


https://pubs.acs.org/doi/10.1021/acs.orglett.5c01150?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.5c01150/suppl_file/ol5c01150_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2431433&id=doi:10.1021/acs.orglett.5c01150
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2431435&id=doi:10.1021/acs.orglett.5c01150
http://www.ccdc.cam.ac.uk/structures
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hermann+A.+Wegner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7260-6018
https://orcid.org/0000-0001-7260-6018
mailto:hermann.a.wegner@org.chemie.uni-giessen.de
mailto:hermann.a.wegner@org.chemie.uni-giessen.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michel+Gro%C3%9Fe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+M.+Leonhardt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrick+A.+R.+Campbell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01150?ref=pdf
https://doi.org/10.1016/j.bmc.2021.116560
https://doi.org/10.1016/j.bmc.2021.116560
https://doi.org/10.1021/ja074725f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja074725f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja074725f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm900476c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm900476c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm900476c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/pharmaceutics3020186
https://doi.org/10.3390/pharmaceutics3020186
https://doi.org/10.1016/j.bmcl.2013.12.085
https://doi.org/10.1016/j.bmcl.2013.12.085
https://doi.org/10.1039/D3NJ05655D
https://doi.org/10.1039/D3NJ05655D
https://doi.org/10.1021/jm00011a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00011a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00011a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200901719
https://doi.org/10.1002/anie.200901719
https://doi.org/10.1039/b901965k
https://doi.org/10.1039/b901965k
https://doi.org/10.1039/b901965k
https://doi.org/10.1039/b901965k
https://doi.org/10.1016/S0031-9422(96)00848-5
https://doi.org/10.1016/S0031-9422(96)00848-5
https://doi.org/10.1016/0031-9422(95)00191-9
https://doi.org/10.1016/j.bmcl.2010.08.024
https://doi.org/10.1016/S0040-4039(97)10818-8
https://doi.org/10.1016/S0040-4039(97)10818-8
https://doi.org/10.3987/REV-07-612
https://doi.org/10.3987/REV-07-612
https://doi.org/10.3987/REV-07-612
https://doi.org/10.1039/C4RA07434C
https://doi.org/10.1039/C4RA07434C
https://doi.org/10.1039/C4RA07434C
https://doi.org/10.1039/D0SC00568A
https://doi.org/10.1039/D0SC00568A
https://doi.org/10.1002/chem.201802880
https://doi.org/10.1002/chem.201802880
https://doi.org/10.1002/anie.201605714
https://doi.org/10.1002/anie.201605714
https://doi.org/10.1002/anie.201810184
https://doi.org/10.1002/anie.201810184
https://doi.org/10.1002/anie.201810184
https://doi.org/10.1021/acs.orglett.3c03913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c03913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c03913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.4c02704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.4c02704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.4c01279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.4c01279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c01714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.5c01150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organic Letters pubs.acs.org/OrglLett

Cyclization of Dienes To Access SCF3-Containing Medium-Sized
Heterocycles. Org. Lett. 2023, 25 (24), 4598—4602.

(24) McGrath, N. A; Brichacek, M.; Njardarson, J. T. A Graphical
Journey of Innovative Organic Architectures That Have Improved
Our Lives. J. Chem. Educ. 2010, 87 (12), 1348—1349.

(25) Galli, C.; Mandolini, L. The Role of Ring Strain on the Ease of
Ring Closure of Bifunctional Chain Molecules. Eur. J. Org. Chem.
2000, 2000 (18), 3117—3125.

(26) Iluminati, G.; Mandolini, L. Ring closure reactions of
bifunctional chain molecules. Acc. Chem. Res. 1981, 14 (4), 95—102.

(27) Kessler, S. N.; Neuburger, M.; Wegner, H. A. Bidentate Lewis
Acids for the Activation of 1,2-Diazines — A New Mode of Catalysis.
Eur. J. Org. Chem. 2011, 2011 (17), 3238—3245.

(28) Kessler, S. N.; Neuburger, M.; Wegner, H. A. Domino inverse
electron-demand Diels-Alder/cyclopropanation reaction of diazines
catalyzed by a bidentate Lewis acid. J. Am. Chem. Soc. 2012, 134 (43),
17885—17888.

(29) Schweighauser, L.; Bodoky, I; Kessler, S.; Hiussinger, D.;
Wegner, H. Bidentate Lewis Acid Catalyzed Inverse-Electron-
Demand Diels-Alder Reaction for the Selective Functionalization of
Aldehydes. Synthesis 2012, 44 (14), 2195—2199.

(30) Schweighauser, L.; Bodoky, I; Kessler, S. N.; Hiussinger, D.;
Donsbach, C.; Wegner, H. A. Bidentate Lewis Acid Catalyzed
Domino Diels-Alder Reaction of Phthalazine for the Synthesis of
Bridged Oligocyclic Tetrahydronaphthalenes. Org. Lett. 2016, 18 (6),
1330—1333.

(31) Ahles, S.; Gétz, S.; Schweighauser, L.; Brodsky, M.; Kessler, S.
N.; Heindl, A. H.; Wegner, H. A. An Amine Group Transfer Reaction
Driven by Aromaticity. Org. Lett. 2018, 20 (22), 7034—7038.

(32) Ahles, S;; Ruhl, J; Strauss, M. A.; Wegner, H. A. Combining
Bidentate Lewis Acid Catalysis and Photochemistry: Formal Insertion
of 0-Xylene into an Enamine Double Bond. Org. Lett. 2019, 21 (11),
3927-3930.

(33) Ruhl, J.; Ahles, S.; Strauss, M. A.; Leonhardt, C. M.; Wegner, H.
A. Synthesis of Medium-Sized Carbocycles via a Bidentate Lewis
Acid-Catalyzed Inverse Electron-Demand Diels-Alder Reaction
Followed by Photoinduced Ring-Opening. Org. Lett. 2021, 23 (6),
2089-2093.

(34) Beeck, S.; Ahles, S.; Wegner, H. A. Orthogonal Catalysis for an
Enantioselective Domino Inverse-Electron Demand Diels-Alder/
Substitution Reaction. Chem. Eur. J. 2022, 28 (5), No. ¢20210408S.

(35) Grofe, M.; Wegner, H. A. Bidentate Lewis Acid-Catalyzed
Inverse Electron-Demand Diels—Alder Reaction of Phthalazines and
Cyclooctynes. Synlett 2024, 35 (09), 1019—1022.

(36) Strauss, M. A.; Kohrs, D.; Ruhl, J.; Wegner, H. A. Mechanistic
Study of Domino Processes Involving the Bidentate Lewis Acid
Catalyzed Inverse Electron-Demand Diels—Alder Reaction. Eur. J.
Org. Chem. 2021, 2021 (28), 3866—3873.

(37) Paquette, L. A.; Kakihana, T.; Kelly, J. F. Unsaturated
heterocyclic systems. LXXVII. 1-Aza-2,4,6-cyclooctatriene-7-
azabicyclo[4,2,] octadiene valence tautomeric equilibrium. Substitu-
ent effects and an attempted synthesis of azetes (azacyclobutadienes).
J. Org. Chem. 1971, 36 (3), 435—442.

(38) Kessler, S. N.; Wegner, H. A. One-pot synthesis of phthalazines
and pyridazino-aromatics: a novel strategy for substituted naph-
thalenes. Org. Lett. 2012, 14 (13), 3268—3271.

4897

https://doi.org/10.1021/acs.orglett.5c01150
Org. Lett. 2025, 27, 4893—-4897


https://doi.org/10.1021/acs.orglett.3c01714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c01714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed1003806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed1003806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed1003806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/1099-0690(200009)2000:18<3117::AID-EJOC3117>3.0.CO;2-5
https://doi.org/10.1002/1099-0690(200009)2000:18<3117::AID-EJOC3117>3.0.CO;2-5
https://doi.org/10.1021/ar00064a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00064a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.201100335
https://doi.org/10.1002/ejoc.201100335
https://doi.org/10.1021/ja308858y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja308858y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja308858y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0031-1291127
https://doi.org/10.1055/s-0031-1291127
https://doi.org/10.1055/s-0031-1291127
https://doi.org/10.1021/acs.orglett.6b00276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.6b00276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.6b00276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b02967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b02967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202104085
https://doi.org/10.1002/chem.202104085
https://doi.org/10.1002/chem.202104085
https://doi.org/10.1055/a-2204-9522
https://doi.org/10.1055/a-2204-9522
https://doi.org/10.1055/a-2204-9522
https://doi.org/10.1002/ejoc.202100486
https://doi.org/10.1002/ejoc.202100486
https://doi.org/10.1002/ejoc.202100486
https://doi.org/10.1021/jo00802a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00802a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00802a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00802a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol301167q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol301167q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol301167q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.5c01150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

