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ABSTRACT: A simple, modular, programmable approach to access complex stereopure azetidines through strain-release
functionalization is disclosed. The synthetic methods developed enable parallel synthesis of stereodefined azetidines that
would be otherwise laborious to produce. Given the privileged nature of these structures, a set of stereoprobes for use in
activity-based protein profiling was prepared and evaluated, revealing proteins in human cancer cells with were liganded

with clear stereo- and chemo-selectivity.

The azetidine (azacyclobutane) heterocycle, a four-mem-
bered saturated cyclic amine, is found in various natural
and synthetic compounds with unique biological activities.
The azetidine’s physicochemical properties make it an in-
creasingly popular scaffold in drug discovery despite being
known since the 1950's.1 Azetidines can be used as bioiso-
steric replacements for more common saturated heterocy-
cles such as piperazines, piperidines, pyrrolidines, leading
to improved drug-like properties including lipophilicity,
solubility, and in vitro metabolism.2 Indeed, numerous ap-
proved drugs such as delafloxacin, azelnidipine, tebanicline,
baricitinib, cobimetinib, tebipenem, and siponimod feature
an azetidine. Increasingly complex substituted azetidines,
such as ones containing 2,3-disubstitution, have become
commonplace (Figure 1A).3 Azetidines have also promi-
nently featured in the context of chemical proteomic stud-
ies.* Notwithstanding the relevance of azetidines in drug
discovery and recent innovation in synthetic methodology,
a need remains for new methods of azetidine construction
that allow access to expanded chemical space, ideally in an
expeditious fashion. Indeed, current approaches to synthe-
sizing more complex azetidines in enantiopure form either
employ multistep ring-synthesis strategies (which are not
amenable to library synthesis) or C-H functionalization of a
preformed azetidine, which is inherently limited to aryla-
tion (Figure 1B).5 Disclosed herein is a different approach
for rapid, modular synthesis of enantio- and diastereopure
azetidines that capitalizes on simple strain release function-
alization of pre-formed 1-azabicyclobutanes (ABBs).546 The
developed chemistry can be employed to generate libraries
of diverse optically active azetidines. Chemical proteomic
profiling of stereoisomeric sets of cysteine-reactive acryla-
mides derived from the new azetidine library reveals
ligandable protein sites distinct from those of azetidine
probes synthesized using C-H arylation. These findings il-
lustrate the potential for the method of azetidine synthesis
reported herein to facilitate the discovery of chemical
probes and drug leads.
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Figure 1. (A) Azetidines are features prominently in numer-
ous pharmaceuticals and probes in chemical biology. (B) the
described work overcomes limitations in stereoselective
azetidine synthesis; when elaborated with acrylamide sub-
stitution they prove useful in chemical proteomics studies.
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As the number of substituents increases on the azetidine
ring, simplified and modular access can be challenging. In-
deed, the common route to such scaffolds involves cycliza-
tion from acyclic precursors already bearing terminal sub-
stitution, which in turn require multistep routes for prepa-
ration. An alternative approach to modularly access 2,3-di-
substitution relies on C-H activation approaches (Figure
1B) but so far these are limited to (hetero)arene substitu-
tion at C-3 followed by directing group cleavage.5 ¢ That
approach delivers cis-2,3 substitution and if the trans-ste-
reochemistry is desired an additional epimerization step is
required. The Didier group reported an innovative ap-
proach to access cis-2,3 substitution utilizing azetinyl-car-
boxylic acid followed by asymmetric reduction.’® Previ-
ously, our group reported a general strategy for the direct
functionalization of strained C-C and C-N bonds, including
that of azabicyclo[1.1.0]butanes (ABBs). ¢ Since then, nu-
merous reports have appeared on both the polar and radical
functionalization of ABBs.>d

Based on early literature findings showing that ABBs
could undergo diastereospecific opening, it was hypothe-
sized that enantiopure 2-substituted ABBs may be amena-
ble to stereospecific openings (strain-release) with a vari-
ety of nucleophiles.” These ABBs were thus targeted for syn-
thesis to explore their downstream functionalization with
nucleophiles of varying pKas. For the purposes of this study,
a suitably protected 2-hydroxymethyl substituent was cho-
sen (vide infra). With this goal in mind, a scalable, enantio-
controlled approach to procure all four diastereomers of
3,4-dibromo-1-(tert-butoxy)butan-2-amine (ABB precur-
sor) was developed (Figure 2A). The simple four-step se-
quence commencing from 2-tert-butoxy-ethanol (ca.
$0.25/g) involved: (1) oxidation to form the corresponding
aldehyde (IBX), (2) reaction with either (R) or (S) Ellman's
sulfinamides to afford the enantiopure tert-butanesulfinyl
imines, (3) stereoselective 1,2-addition with vinylmagne-
sium bromide, and (4) addition of Brz followed by column
chromatography to afford all the corresponding chiral ABB
precursors. An alternative approach to access these ABB
precursors using asymmetric n-allyl substitution was also
developed (See SI for details).

Stable chiral building blocks 2a-2d smoothly undergo se-
quential ring-closing reactions upon treatment with MeLi
(Et20, -78 °C) to afford enantiopure ABBs 3a-3d, which can
be isolated in high purity by simple extraction (Figure 2A).
These ABBs have been found to be stable for long term stor-
age under inert and basic conditions (see SI for details).

To set the stage for azetidine library synthesis, a variety of
nucleophiles and conditions were screened and optimized
conditions were developed (Figure 2B). When exposed to
acidic conditions the ABBs were found to be unstable and
dimerization was observed. In the literature, exposure of
ABBs to weak acid leads to incorporation of the nucleophilic
counterion at the C-3 position (e.g. AcOH).8 With this data in
mind, two sets of conditions were employed depending on
the pKa of the nucleophile: (1) acidic nucleophiles e.g. car-
boxylic acids, phenols, thiophenols, and phosphates were
added in directly (THF at rt) or (2) basic nucleophiles such
as anilines, alcohols, and alkyl amines added in smoothly
with the addition of TfOH (0.9-1 equiv, CH3CN or toluene, -

78 to -40 °C followed by stirring at rt). TFOH was chosen due
to its non-nucleophilic conjugate base. In accord with prior
studies, strong nucleophiles (Grignard reagents) could also
be added stereospecifically to generate C-C linkages at C-3.°
Finally, by utilizing both the acidity of C-3 and the basicity
of the amine, a C-3 double functionalization could be
achieved as a result of sequential deprotonative functional-
ization followed by acid-catalyzed strain-release opening.
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Figure 2. (A) Scalable synthesis of ABB precursors and their
smooth conversion to stable enantiopure ABBs. (B) devel-
opment of conditions for their downstream functionaliza-
tion.

With the optimized set of conditions (Methods A and B) in
hand, the scope of this method was investigated as outlined
in Table 1. Numerous nucleophiles were enlisted such as
amines, alcohols, thiols, carboxylic acids, and phosphates.
Acidic and basic nucleophiles as well as Grignard reagents,
amino acid functionalization and double C3 functionaliza-
tion were successfully demonstrated. An electrophilic
quenching agent (Boc anhydride) was utilized to simplify
purification. The products were obtained in 36-87% yields
with excellent diastereoselectivities (>20:1), on scales rang-
ing from 0.1 to 0.8 mmol. The stereochemical outcomes of
these reactions were verified by X-ray crystallography (2b’,
2d, 13-trans, 18-cis, 18-trans, 21-trans, and 28’). Thus,
when the starting material carries an acidic proton, Method
A enabled ring opening using phenols (14 and 26), thiophe-
nol (20) carboxylic acids (19 and 25), and phosphate (10).
Using Method B, basic or neutral e.g. amines (8, 22, and 23),
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anilines (6 and 7) and alcohols (11-12) led to smooth ring
opening. Despite the fact that TfOH is a strong acid, the
chemoselectivity and functional-group tolerance was high,
enabling use of acid-sensitive groups such as tert-butyl
ethers and esters. Additionally, select previously reported
nucleophiles were found to successfully undergo C-3 strain

Stereospecific Strain-Release “Azetidine Functionalization” of Amines

release nucleophilic substitution, for example Grignard rea-
gents (15, 16 and 17)° and azides (9).1° Finally, stereospe-
cific double functionalization at the C3 position was investi-
gated. This was achieved by treating the ABB (3b-c) with
tBuLi to deprotonate the C3 site, resulting in ABB lithium
(ABB-Li).10b,c
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Table 1. Scope of stereospecific strain release opening of enantiopure ABBs. All products were obtained with dr >20:1.
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This species was then quenched with D0 to give a C3 deu-
terium labeled ABB, which was further reacted with 4-
methoxythiophenol (method A) to afford compound 27.
Similar sequential deprotonative functionalization was uti-
lized to form compounds 28 and 29 by using methyl cy-
anoformate as the electrophile (see SI for support for stere-
ochemical outcome).

The products of these ring-opening reactions feature multi-
ple functional handles for further elaboration, including the
2-(hydroxymethyl) and amine substituents. We aimed to
showcase the utility of this elaboration potential by synthe-
sizing a new class of cysteine-reactive, stereopure 2,3-di-
substituted azetidine acrylamides. Such azetidine “stere-
oprobes” can identify ligandable cysteines on proteins in
native cellular environments using the chemical proteomic
method activity-based protein profiling (ABPP).# Such
ligandable cysteines are defined as showing stereoselective
reactivity with the azetidine acrylamide stereoprobes,
which provides evidence of specific interactions between
the small molecules and proteins in cells. Current routes to
azetidine stereoprobes use C-H arylation reactions to func-
tionalize enantioenriched azetidine-2-carboxylic acid deriv-
atives,’ac delivering azetidine acrylamides featuring exclu-
sively 3-aryl substitution (e.g. MY-11/12 and MY-1/3, re-
ferred to hereafter as 3-aryl stereoprobes or the 3-aryl
chemotype).4b<d We hypothesized that ABPP experiments
performed with a structurally distinct set of azetidine
acrylamide stereoprobes generated using the newly devel-
oped synthetic approach may identify additional ligandable
cysteines in the human proteome. Stereoprobe synthesis
commenced with nucleophilic opening of enantio- and dia-
stereopure ABBs with an aniline derivative. The C2-carbinol
was deprotected and functionalized via SnAR chemistry,
and the product of this reaction was subjected to sequential
amide coupling reactions to install a pentynyl or methyl am-
ide and an acrylamide on the anilino and azetidino nitro-
gens, respectively. A total of eight “3-amino stereoprobes”
were generated in this fashion, four of which contain an al-
kyne group (36A-D, termed alkyne probes) and four of
which contain no alkyne (37A-D, termed competitor
probes). Each set of four includes all four unique stereo-
chemical permutations.

We performed initial gel-ABPP experiments to benchmark
the proteome-wide reactivity of the alkynylated 3-amino
stereoprobes 36A-D in comparison to the previously de-
scribed 3-aryl stereoprobes MY-11A/B and MY-12A/B
(Figure 3A).%ac Exposure of the Ramos human B-cell cancer
line to alkynylated stereoprobes (20 or 50 uM, 1 or 3 h), fol-
lowed by lysis and copper-catalyzed azide-alkyne cyclo- ad-
dition (CuAAC)!! conjugation of stereoprobe-labeled pro-
teins to an azide-rhodamine reporter tag and in-gel fluores-
cence scanning, revealed that 36A-D displayed much lower
overall proteomic reactivity compared to MY-
11A/B//12A/B (Figure 3B). Several stereoselective pro-
tein interactions were also observed for the 3-amino stere-
oprobes at both test concentrations and time points of incu-
bation (marked with red asterisks for the 20 uM and 50 pM,
3 h condition in Figure 4B). Based on these initial gel-ABPP
data, we selected concentrations of 10 uM and 20 uM, re-

spectively, to evaluate alkyne and competitor 3-amino ste-
reoprobes by protein-directed mass spectrometry (MS)-
ABPP.12

We performed protein-directed ABPP experiments by treat-
ing Ramos cells with non-alkyne competitor stereoprobes
(20 uM; 37A-D) or dimethyl sulfoxide (DMSO) for 2 h, fol-
lowed by treatment with the corresponding alkyne stere-
oprobes (10 uM; 36A-D) for 1 h. Cells were then lysed and
stereoprobe-reactive proteins conjugated to biotin-azide by
CuAAC, isolated with streptavidin beads, digested with
trypsin, labelled with tandem mass tags (TMT), and identi-
fied (MS1/MS2 analysis) and quantified (MS3 analysis) by
multiplexed (TMT16plex) MS-based proteomics (Figure
4A). Proteins showing greater than threefold enrichment by
one stereoprobe compared to its enantiomer were assigned
as stereoselectively enriched proteins. These proteins were
further designated as being stereoselectively liganded if
pretreatment by the corresponding competitor probe re-
sulted in >50% blockade of stereoselective enrichment as
compared to pretreatment with DMSO.

The protein enrichment profiles of stereoprobe can be vis-
ualized using quadrant plots (Figure 4B), where the posi-
tions of proteins on the x and y axes reflect enantioselective
and diastereoselective enrichment, respectively, and the
size of the dot represents the degree of competitive block-
ade of this enrichment by the corresponding non-alkyne
stereoprobe.!? In total, 118 proteins were quantified as be-
ing stereoselectively enriched by 3-amino stereoprobes,
with 20 of these proteins being stereoselectively liganded
by competitors (Figure 4C). The 3-amino stereoprobes ste-
reoselectively enrich an overlapping but mostly distinct set
of proteins in comparison to 3-aryl stereoprobes (Figure
4D), pointing to the impact of varied functional groups
around the azetidine core in impacting stereoprobe binding
and reactivity with distinct protein pockets. The 3-amino
and 3-aryl stereoprobes also differed in their respective de-
grees of stereoselective liganding by competitors, in that far
fewer proteins were liganded by the 3-amino stereoprobes
(Figure 4D). This outcome is potentially consistent with the
much lower proteomic reactivity of the 3-amino stere-
oprobes observed by gel-ABPP (Figure 3B).

The stereoselectively liganded targets of 3-amino stere-
oprobes span a range of protein classes including nucleo-
tide exchange factors (DENND2D), methyltransferases
(TRMT61A) and other proteins responsible for RNA modi-
fication (MTO1) and transport (CLUH), scaffolding subunits
of metabolic enzymes (UQCRC1), glutathione S-transferases
(GSTO1), and kinases (IKBKB, STK39) (see SI Figure S13 for
full list). In Figure 4E-G, we highlight the stereoselective en-
richment of UQCRC1 by 36B and MTO1 and IKBKB by 36D,
and blockade of enrichment by 37B and 37D, respectively.
None of these proteins showed strong evidence of stereose-
lective enrichment by the 3-aryl stereoprobes. In summary,
in comparison to previously described 3-aryl-azetidine
acrylamides, the 3-amino-azetidine acrylamides displayed
lower overall proteomic reactivity that nonetheless in-
cluded discrete and unique stereoselective liganding
events, highlighting the value of gaining synthetic access to
structurally diverse azetidine stereoprobes.
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Access to and gel-based ABPP of stereoisomeric 3-amino-azetidine acrylamides stereoprobes via strain-release chemistry
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Figure 3. Access to and gel-based ABPP of stereoisomeric 3-amino-azetidine acrylamides stereoprobes via strain-release
chemistry. (A) Structure of 3-amino-azetidine acrylamides 36 and 37 in comparison to 3-aryl-azetidine acrylamides MY-
11/12 and MY-1/3. (B) Gel-ABPP data for Ramos cells treated with alkyne stereoprobes (20 or 50 puM, 1 or 3 h). Stereoprobe-
reactive proteins were visualized by CuAAC conjugation to an azide-rhodamine reporter group, SDS-PAGE, and by in-gel flu-
orescence scanning. Red asterisks mark representative proteins that were stereoselectively engaged by 3-amino-azetidine
acrylamides (shown for 20/50 uM and 3 h conditions). Data are from a single experiment representative of two independent
experiments.
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Protein-directed MS-ABPP of 3-amino-azetidine acrylamides
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Figure 4. Protein-directed MS-ABPP of 3-amino stereoprobes in Ramos cells (20 M competitor probes 37A-D or DMSO for
2 h, 10 puM alkyne probes 36A-D for 1h). (A) Workflow for protein-directed ABPP experiments where the stereoselective
enrichment of proteins by alkyne stereoprobes and blockade of this enrichment by corresponding non-alkyne competitor
stereoprobes are determined by multiplexed (TMT16plex) MS-based proteomics. (B) Quadrant plots highlighting enantio-
and diastereoselectively enriched proteins for each stereoconfiguration of alkyne stereoprobes in Ramos cells. For each pro-
tein, enrichment enantioselectivity and diastereoselectivity (log2) are shown for the probe leading to the highest enrichment.
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Enantioselectivity is defined as the ratio of enrichment for one stereoisomer versus its enantiomer, and diastereoselectivity
as the ratio of enrichment of one stereoisomer versus the average of its two diastereomers. For the quadrant plots, a protein
is shown in color if both the enantioselectivity and diastereoselectivity of enrichment (log2) are greater than 1. (C) Pie chart
showing the total number of proteins stereoselectively liganded by each stereoisomer of 3-amino-azetidine acrylamide ste-
reoprobes. A protein is defined as being stereoselectively enriched if the enantioselectivity is greater than 3-fold; a protein
was designated as being “liganded” if stereoselectively enriched and if pretreatment by the corresponding competitor probe
resulted in >50% blockade of this enantioselective enrichment as compared to pretreatment with DMSO. (D) Bar graph com-
paring the total number of proteins stereoselectively enriched (lighter tan) and liganded (darker tan) by 3-amino stere-
oprobes vs 3-aryl stereoprobes in Ramos cells (treated with 5 uM of alkynylated 3-aryl stereoprobes and 10 uM of alkynylated
3-amino stereoprobes; pretreatment with 20 uM of either 3-aryl- or 3-amino competitor stereoprobes). A stereoselectively
enriched protein was considered “shared” by the 3-amino and 3-aryl stereoprobes if it was enriched with >3-fold enantiose-
lectivity by one stereoprobe chemotype and >2-fold enantioselectivity by the other stereoprobe chemotype. A liganded pro-
tein was considered “shared” if it was stereoselectively enriched and competed by >50% by one stereoprobe chemotype and
>30% by the other stereoprobe chemotype. All other stereoselectively enriched or liganded targets of the 3-amino and 3-aryl
stereoprobes were considered chemotype-selective. (E, F, G) Bar graphs showing protein-directed ABPP data for UQCRC1,

MTO1, and IKBKB each of which was stereoselectively liganded by 3-amino stereoprobes, but not 3-aryl stereoprobes.

In conclusion, a modular approach enabling rapid access to
enantiopure 2,3-disubstituted azetidines with either cis- or
trans-orientation has been disclosed. The protocols out-
lined herein allow for installation of a diverse array of func-
tionalization patterns as well as the creation of products
with fully substituted stereocenters. A wide array of azet-
idines was prepared in addition to a complete set of acryla-
mide stereoprobes for use in chemical proteomic studies
that revealed distinct protein interactions for 3-aryl- vs 3-
amino stereoprobes in human cancer cells. Future studies
can include expanding the complexity of accessible azet-
idines even further (higher order substition), mapping the
liganded cysteines on 3-amino stereoprobe targets by cys-
teine-directed ABPP,12 and understanding the functional
impact of these interactions.

ASSOCIATED CONTENT

The Supporting Information is available free of charge.
Detailed experimental procedures and analytical data (PDF)
X-ray crystallographic data for 2b’

X-ray crystallographic data for 2d

X-ray crystallographic data for 13-Trans

X-ray crystallographic data for 18-Cis

X-ray crystallographic data for 18-Trans

X-ray crystallographic data for 21-Trans

X-ray crystallographic data for 28’

AUTHOR INFORMATION

Corresponding Author

*Phil S. Baran - Department of Chemistry, Scripps Research,
La]Jolla, California, 92037, United States; orcid.org/0000-0001-
9193-9053; Email: pbaran@scripps.edu

*Benjamin F. Cravatt - Department of Chemistry, Scripps Re-
search, La Jolla, California 92037, United States; Vividion
Therapeutics, San Diego, California 92121, United States; or-
cid.org/0000-0001-5330-3492; Email: cravatt@scripps.edu

Authors:

Michael Bielecki - Department of Chemistry, Scripps Re-
search, La Jolla, California, 92037, United States; or-
cid.org/0000-0002-4996-2249

Molhm Nassir - Department of Chemistry, Scripps Research,
La Jolla, California, 92037, United States;

Hayden A. Sharma - Department of Chemistry, Scripps Re-
search, La Jolla, California, 92037, United States; https://or-
cid.org/0000-0003-3894-9118

Nathanyal J. Truax - Department of Chemistry, Scripps Re-
search, La Jolla, California, 92037, United States;

Nicholas Raheja - Department of Chemistry, Scripps Re-
search, La Jolla, California, 92037, United States;

Ty M. Thompson - Department of Chemistry, Scripps Re-
search, La Jolla, California, 92037, United States;

Tamara El-Hayek Ewing - Department of Chemistry, Scripps
Research, La Jolla, California, 92037, United States;

Bruno Melillo - Department of Chemistry, Scripps Research,
La Jolla, California, 92037, United States;

Author Contributions
§M.B, M.N, and H.A.S. contributed equally.

ACKNOWLEDGMENT

Financial support for this work was provided by Bridge Bio-
therapeutics and the NIH (GM-118176 for P. S. B. and
R35CA231991 for B. F. C). M. N. thanks the Council for Higher
Education and Fulbright Israel. We are grateful to Dr. G.]. Kroon
and Dr. L. Pasternack (Scripps Research) for NMR spectro-
scopic assistance; Dr. M. Gembicky for X-ray crystallographic
analysis; ]. Potnick, C. Kim and ]. B. Brenneman. for helpful dis-
cussion. (Bridge Biotherapeutics); A. L. Rerick. And A. S. Pol-
latos for providing reagents and proofreading the manuscript.
(Scripps Research).

REFERENCES

(1) Han, Y.; Han, M,; Shin, D.; Song, C.; Hahn, H.-G. Exploration
of novel 3-substituted azetidine derivatives as triple reuptake
inhibitors. J. Med. Chem. 2012, 55, 8188-8192.

(2) Bauer, M. R; Di Fruscia, P.; Lucas, S. C.; Michaelides, I. N.;
Nelson, J. E.; Storer, R. I; Whitehurst, B. C. Put a ring on it: ap-
plication of small aliphatic rings in medicinal chemistry. RSC
Med. Chem. 2021, 12, 448-471.

(3) Parmar, D. R;; Soni, J. Y.; Gudury, R.; Rayani, R. H.; Kusur-
kar, R.V.; Vala, A. G. Azetidines of pharmacological interest. Ar-
chiv der Pharmazie. 2021, 354, 2100062.

(4) () Liu, Z.; Remsberg, J. R; Li, H.; Njomen, E.; DeMeester, K.
E.; Tao, Y, Xia, G.; Hayward, R. E.; Yoo, M.; Nguyen, T. Proteomic

https://doi.org/10.26434/chemrxiv-2024-cmvd4 ORCID: https://orcid.org/0000-0001-9193-9053 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


mailto:pbaran@scripps.edu
https://orcid.org/0000-0003-3894-9118
https://orcid.org/0000-0003-3894-9118
https://doi.org/10.26434/chemrxiv-2024-cmvd4
https://orcid.org/0000-0001-9193-9053
https://creativecommons.org/licenses/by/4.0/

Ligandability Maps of Spirocycle Acrylamide Stereoprobes
Identify sgCovalent ERCC3 Degraders. J. Am. Chem Soc. 2024,
146, 10393-10406. (b) Tao, Y.; Remillard, D.; Vinogradova, E.
V.; Yokoyama, M.; Banchenko, S.; Schwefel, D.; Melillo, B.;
Schreiber, S. L.; Zhang, X; Cravatt, B. F. Targeted protein degra-
dation by electrophilic PROTACs that stereoselectively and
site-specifically engage DCAF1. J. Am. Chem Soc. 2022, 144,
18688-18699. (c) Lazear, M. R;; Remsberg, J. R.; Jaeger, M. G.;
Rothamel, K.; Her, H.-1; DeMeester, K. E.; Njomen, E.; Hogg, S.].;
Rahman, ].; Whitby, L. R. Proteomic discovery of chemical
probes that perturb protein complexes in human cells. Mol. Cell.
2023, 83,1725-1742. (d) Tao, Y.; Felber, J. G.; Zou, Z.; Njomen,
E.; Remsberg, ]. R;; Ogasawara, D.; Ye, C.; Melillo, B.; Schreiber,
S.L.; He, C;; Remillard, D.; Cravatt, B. F. Chemical Proteomic Dis-
covery of [sotype-Selective Covalent Inhibitors of the RNA Me-
thyltransferase NSUN2. Angew. Chem. Int. Ed. 2023,62,
€202311924.

(5) (a) Maetani, M.; Zoller, ].; Melillo, B.; Verho, O.; Kato, N.; Py,
].; Comer, E.; Schreiber, S. L. Synthesis of a bicyclic azetidine
with in vivo antimalarial activity enabled by stereospecific, di-
rected C (sp3)-H arylation. | Am. Chem Soc. 2017, 139,
11300-11306. (b) Reiners, F.; Joseph, E.; Nif3], B.; Didier, D. Ste-
reoselective access to azetidine-based a-amino acids and appli-
cations to small peptide synthesis. Org. Lett. 2020, 22,
8533-8537. (c) Shang, M,; Feu, K. S.; Vantourout, J. C.; Barton,
L. M,; Osswald, H. L.; Kato, N.; Gagaring, K.; McNamara, C. W.;
Chen, G.; Hu, L. Modular, stereocontrolled CB-H/Ca-C activa-
tion of alkyl carboxylic acids. Proc. Natl. Acad. Sci. U.S.A. 2019,
116, 8721-8727. (d) Lopchuk, ]. M.; Fjelbye, K.; Kawamata, Y.;
Malins, L. R; Pan, C.-M.; Gianatassio, R.; Wang, |.; Prieto, L;
Bradow, |.; Brandt, T. A; Baran, P. S. Strain-release heteroatom
functionalization: development, scope, and stereospecificity. J.
Am. Chem. Soc. 2017, 139, 3209-3226. (e) Hanessian, S.; Bern-
stein, N.; Yang, R.-Y.; Maguire, R. Asymmetric synthesis of L-
azetidine-2-carboxylic acid and 3-substituted congeners—con-
formationally constrained analogs of phenylalanine, naphthyl-
alanine, and leucine. Bioorg. Med. Chem. Lett. 1999, 9,
1437-1442. (f) Couty, F.; Evano, G.; Rabasso, N. Synthesis of en-
antiopure azetidine 2-carboxylic acids and their incorporation
into peptides. Tetrahedron. 2003, 14,2407-2412. (g) Agami, C.;
Couty, F.; Evano, G. A straightforward synthesis of enantiopure
2-cyano azetidines from (3-amino alcohols. Tetrahedron. 2002,
13, 297-302. (h) Sajjadi, Z.; Lubell, W. Amino acid-azetidine
chimeras: synthesis of enantiopure 3-substituted azetidine-2-
carboxylic acids. The Journal of peptide research. 2005, 65,
298-310. (i) Couty, F.; Evano, G. Azetidine-2-carboxylic acid.
From lily of the valley to key pharmaceuticals. A jubilee review.
Organic preparations and procedures international 2006, 38
(5), 427-465. (j) Leng, D.-H.; Wang, D.-X;; Pan, |.; Huang, Z.-T,;
Wang, M.-X. Highly efficient and enantioselective biotransfor-
mations of racemic azetidine-2-carbonitriles and their syn-
thetic applications. J. Org. Chem. 2009, 74, 6077-6082.

(6) (a) Turkowska, ].; Jakub, D.; Dorota, G. Strain release-an
old tool for new transformations. Chem. Commun. 2020, 56,
5718-5734. (b) Gianatassio, R.; Lopchuk, ]. M.; Wang, ].; Chung,
M.; Malins, L. R; Prieto, L.; Brandt, T. A.; Collins, G. M.; Gallego,
G. M,; Sach, N. W,; Spangler, ]. E.; Zhu, ].; Baran, P. S. Strain-re-
lease amination. Science. 2016. 351(6270), 241-246.

(7) (a) Hortmann, A. G.; Robertson, D. A. 1-Azabicyclobutanes.
Synthesis and reactions. J. Am. Chem. Soc. 1972, 94,2758-2765.
(b) Alvernhe, G.; Laurent, A.; Touhami, K.; Bartnik, R.; Mloston,
G. Synthese de fluoro-3 azacyclanes: action de l'acide fluorhy-
drigiue sur les aza-1 bicyclo [n. 1.0] alcanes. J. Fluor. Chem.
1985, 29, 363-384.

(8) (a) Hayashi, K;; Sato, C.; Hiki, S.; Kumagai, T.; Tamai, S.;
Abe, T.; Nagao, Y. Novel efficient synthesis of 1-azabicyclo [1.1.
0] butane and its application to the synthesis of 1-(1, 3-thia-
zolin-2-yl) azetidine-3-thiol useful for the pendant moiety of an
oral 13-methylcarbapenem antibiotic L-084. Tetrahedron. Lett.
1999, 40, 3761-3764. (b) Nagao, Y.; Hayashi, K,; Hiki, S;
Kumagai, T. Synthesis of azetidine derivatives using 1-azabicy-
clo [1.1. 0] butane. Heterocycles. 2002, 56, 433.

(9) Trauner, F.; Reiners, F.; Apaloo-Messan, K.-E.; Nif2], B;
Shahbaz, M,; Jiang, D.; Aicher, |.; Didier, D. Strain-release aryla-
tions for the bis-functionalization of azetidines. Chem. Commun.
2022, 58, 2564-2567.

(10) (a) Mloston, G.; Celeda, M.; Linden, A.; Heimgartner, H. Re-
action of 1-Azabicyclo (1.1. 0) butanes with 2, 3-Dicy-
anofumarates; Interception of the Intermediate Zwitterions
with Methanol. Heterocycles. 2009, 77, 389. (b) Fawcett, A;
Murtaza, A; Gregson, C. H; Aggarwal, V. K. Strain-release-driven
homologation of boronic esters: application to the modular
synthesis of azetidines. J. Am. Chem. Soc. 2019, 141, 4573-4578.
(c) Gregson, C.H; Noble, A.; Aggarwal, V. K. Divergent, Strain-
Release Reactions of Azabicyclo [1.1. 0] butyl Carbinols:
Semipinacol or Spiroepoxy Azetidine Formation. Angew.
Chem, 2021, 133, 7436-7441.

(11) (a) Rostovtsev, V. V.; Green, L. G; Fokin, V. V,; Sharpless,
K. B. A stepwise huisgen cycloaddition process: copper(I)-cata-
lyzed regioselective ‘ligation’ of azides and terminal alkynes.
Angew. Chem. Int. Ed. 2002, 41, 2596-2599. (b) Tornoe, C. W.,
Christensen, C. & Meldal, M. Peptidotriazoles on solid phase:
[1,2,3]-triazoles by regiospecific copper(I)-catalyzed 1,3-dipo-
lar cycloadditions of terminal alkynes to azides. J. Org. Chem.
2002, 67,3057-3064.

(12) Njomen, E.; Hayward, R.E.; DeMeester, K.E.; Ogasawara,
D.; Dix, M. M.; Nguyen, T.; Ashby, P.; Simon, G. M.; Schreiber, S.
L.; Melillo, B.; Cravatt, B. F. Multi-tiered chemical proteomic
maps of tryptoline acrylamide-protein interactions in cancer
cells. Nat. Chem. 2024, https://doi.org/10.1038/s41557-024-
01601-1.

https://doi.org/10.26434/chemrxiv-2024-cmvd4 ORCID: https://orcid.org/0000-0001-9193-9053 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.1038/s41557-024-01601-1
https://doi.org/10.1038/s41557-024-01601-1
https://doi.org/10.26434/chemrxiv-2024-cmvd4
https://orcid.org/0000-0001-9193-9053
https://creativecommons.org/licenses/by/4.0/

