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ABSTRACT: A general synthesis of N-protected primary a-amino 1,3,4-oxadiazoles from N-carbamoyl imines, N-isocyaniminotri-
phenylphosphorane (NIITP), and carboxylic acids, is described. Featuring an isocyanide addition reaction with N-carbamoyl imines,
this efficient three-component Ugi-type reaction was found to be broad in scope with respect to imine, and carboxylic acid coupling
partners. Furthermore, the versatility of this method was demonstrated by a-amino 1,2,4-triazole synthesis, the late-stage functional-
ization of 7 drug molecules, and five divergent derivatizations of a primary a-amino 1,3,4-oxadiazole.

1,3,4-Oxadiazoles, and 1,2,4-triazoles, are privileged hetero-
cyclic motifs in the pharmaceutical industry. They feature in the
best-selling drugs Raltegravir, and Sitagliptin whose combined
revenue exceeded $4.1 billion in 2020 (Scheme 1). The biolog-
ical activities of these heterocycles are broad ranging and inves-
tigations of their function as antiviral, anti-inflammatory, and
antiparasitic agents demonstrate their prominence within me-
dicinal chemistry.? Furthermore, a-amino 1,3,4-oxadiazoles
have been shown to be excellent structural bioisosteres for pep-
tide (and ester) bonds, providing increased hydrolytic stability,
and have been utilized as a conformation stabilizing pep-
tidomimetic within peptide macrocycles.®

Scheme 1. 1,3,4-Oxadiazoles and 1,2,4-triazoles in pharma-
ceuticals, and peptide macrocycles.
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Classical syntheses of a-amino 1,3,4-oxadiazoles have relied
on the dehydration of 1,2-diacylhydrazines, or oxidative cy-
clisation of N-acyl hydrazones, often requiring harsh dehydra-
tive (or oxidative) conditions that limit the range of tolerated
functional groups.* Additionally, these approaches necessitate
multistep synthesis of the reaction precursors before construc-
tion of the oxadiazole ring. In recent years, however, the func-
tionalized isocyanide N-isocyaniminotriphenylphosphorane
(NIITP) has significantly improved the synthetic access of a-
amino 1,3,4-oxadiazoles by facilitating their direct synthesis
from in situ generated iminium ions, NIITP, and a carboxylic
acid partner via an Ugi-type reaction.® These reactive iminium
ions (typically E = -9.4, on Mayr’s electrophilicity scale)® allow
for efficient engagement with NIITP, however analogous cou-
plings employing usefully protected neutral imine electrophiles
are underexplored.

Building upon our recent work using NIITP for the late-stage
functionalization (LSF) of tertiary amides and lactams,® we
were eager to expand the range of accessible a-amino 1,3,4-
oxadiazoles. As our previous strategy was limited to tertiary
amines, preventing direct synthesis of secondary and primary
a-amino 1,3,4-oxadiazoles, we posited that a new method ena-
bling access to usefully N-protected primary a-amino 1,3,4-
oxadiazoles would be synthetically valuable (Scheme 2). To
this end, N-carbamoyl imines presented an attractive class of
electrophiles for N-protected a-amino 1,3,4-oxadiazole synthe-
sis, having been shown to be readily amenable, and broadly ex-
ploited, for the formation of protected amines in numerous C-C
bond forming methodologies.” Surprisingly, however, N-car-
bamoyl imines have to date not been productively engaged by
isocyanide nucleophiles in an Ugi-type reaction, possibly due
to their low electrophilicity (E = -14.2).%° As such, and looking



to the build upon the broad scope of reactivity of this important
class of electrophiles, the synthesis of N-Boc a-amino 1,3,4-
oxadiazoles from readily accessible N-Boc aldimines was tar-
geted, due to their potential ability to yield high-value primary
a-amino 1,3,4-oxadiazoles after facile N-Boc deprotection.
Herein we wish to report our findings.

Scheme 2. Previous approaches to a-amino 1,3,4-oxadia-
zoles using NIITP and this work.
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Our investigation began by exploring the reactivity of benzal-
dehyde-derived N-Boc imine 1 with NIITP and 4-fluorobenzoic
acid (allowing for ready reaction monitoring by **F NMR) as a
model system. Imine 1 was initially chosen as the limiting rea-
gent and gratifyingly, using 3 equivalents of carboxylic acid and
NIITP, formation of the desired product 2 from 1 occurred in
45% yield (Scheme 3, entry 1).2 A solvent screen (entries 2-5)
revealed toluene as an effective reaction solvent giving an 86%
yield of 2. Nevertheless, a significant amount of the undesired
side product 3 — formed from the reaction of excess carboxylic
acid and NIITP® — was also produced and complicated purifi-
cation attempts. Therefore, inverting the stoichiometry so that
the carboxylic acid was the limiting reagent, was investigated,
and we were pleased to find a significantly cleaner reaction pro-
file (entry 6) with a concomitant improvement in reaction yield.
Subsequently, it was found that increasing the equivalents of
NIITP (entry 7) or reducing the equivalents of imine to 1.2 (en-
try 8) lowered the reaction yield. Finally, optimal conditions
were achieved using 1.5 equivalents of imine 1 in conjunction
with 2 equivalents of NIITP and 1 equivalent of the carboxylic
acid; the desired 1,3,4-oxadiazole 2 was afforded in an excellent
79% isolated yield (entry 9), with only limited formation of by-
product 3. Notably, attempts to form N-Boc imine 1 in situ,
from benzaldehyde and tert-butyl carbamate, under the reaction
conditions proved unsuccessful affording only an alcohol prod-
uct derived from NIITP addition into benzaldehyde.

With optimal conditions established, the scope of the reaction
with respect to the carboxylic acid component was explored

(Scheme 4). A range of halogen-containing benzoic acids (2 —
5), including 2-chlorobenzoic acid (5) gave good yields of the
a-amino 1,3,4-oxadiazoles. Electron-rich benzoic acids (6 & 7)
both gave 67% yield of their respective 1,3,4-oxadiazole prod-
ucts. Heterocyclic acids, 1H-indazole-7-carboxylic acid (8) and
5-chloro-2-(methylthio)pyrimidine-4-carboxylic acid (9) re-
acted productively demonstrating the reaction’s tolerance to po-
tentially-disruptive Lewis-basic functionalities. An expansion
of the scope to include simple alkynyl (10), alkenyl (11), and
alkyl carboxylic acids (12) proved fruitful. N-Cbz glycine (13)
was successfully incorporated to provide a bis-a-amino 1,3,4-
oxadiazole bearing two orthogonally protected amines. Pursu-
ing a divergent synthesis of valuable peptidomimetic com-
pounds, a range of functionally, and structurally, diverse amino
acids (14 — 19) were subjected to our optimal conditions, and
pleasingly gave products in yields ranging from 58% - 76%.3*°
Importantly, chiral HPLC analysis showed that no epimeriza-
tion of the amino acid stereocenter was occurring during the
synthesis of 14 (and by analogy 15 — 19),'* and that the diastere-
omeric ratios observed arose solely from the newly-formed ste-
reocenter in the products. The application of the reaction to the
late-stage functionalization (LSF) of four carboxylic acid-con-
taining drug compounds (20 — 23) demonstrated the applicabil-
ity of this method for the synthesis of structurally-complex a-
amino 1,3,4-oxadiazoles.

Scheme 3. Reaction discovery and optimization.
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Next, the scope of the N-carbamoyl imine component was ex-
plored. Varying the protecting group on the imine, we found
that, in addition to the N-Boc protected imine model substrate,
Cbz (24) and ethyl carbamate (25) groups were well tolerated
thus giving access to differentially protected a-amino 1,3,4-
oxadiazoles. Electron-rich para-methyl (26) and para-methoxy
(27) N-Boc imines gave products in excellent yields of 88% and
89%, respectively. Ortho-substituted (28 & 29) and meta- sub-
stituted (30) imines could be successfully employed giving



Scheme 4. Reaction scope.
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products with distinctive substitution patterns. Pleasingly, het-
eroaromatic imines bearing 3-pyridyl (31), or 2-furyl (32)
groups afforded the desired products. Furthermore, the reaction
was tolerant of cyclohexyl N-Boc imine (33), permitting access
to an B-branched a-amino 1,3,4-oxadiazole in 96% yield.

Heterodiazoles are also an important heterocyclic motif with
properties ranging from in-vitro antitumor activity, to electron
transport; thus the reaction scope was expanded to include the
synthesis of a-amino 1,2,4-triazoles.!? This was achieved by ex-
changing the carboxylic acid coupling partner for N-centered
Bransted acids, having previously found them to be suitably
acidic replacements.®® This adjustment enabled the synthesis of
four distinct triazoles (34 — 37), synthesized using N-acyl-
sulfonamides as the Bragnsted acidic partner. Compounds 35 —

37 demonstrated 1,2,4-triazole synthesis via LSF of three drug
molecules, a carboxylic acid-containing drug (Probenecid, 35),
an N-Acyl sulfonamide drug (Tasisulam, 36), and a sulfona-
mide-containing drug (Celecoxib, 37).%* Notably, attempted use
of S-H Brgnsted acids, such as thioacids, did not afford the de-
sired 1,3,4-thiadiazole presumably due to competitive and del-
eterious reactivity with the imine electrophile

The potential for industrial applicability of the method was
demonstrated by gram-scale synthesis of 4 in 85% yield. Fur-
thermore, the subsequent facile and quantitative N-Boc depro-
tection was achieved using 4 M HCI in dioxane, and afforded
primary a-amino 1,3,4-oxadiazole 38 as the hydrochloride salt
on gram-scale. A Sonogashira coupling was used to install fur-
ther functionality from the aryl-iodide giving 39 in quantitative
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yield, thus showcasing the utility of the reaction products as
complex building blocks, with functional handles being readily
incorporated using either coupling partner.

Primary amines provide plentiful opportunity for functional
group transformations, and downstream synthetic opportuni-
ties. To exemplify this versatility and synthetic utility, the pri-
mary amine group of 38 was exploited for the synthesis of five
distinct compounds (Scheme 5). Firstly, acylation afforded the
N-acyl a-amino 1,3,4-oxadiazole 40 in quantitative yield. A di-
peptide (41) was readily synthesized by an amide coupling with
N-Boc proline. Phosphorous(V) compounds, such as phospho-
ramidates, are of increasing importance in medicinal chemistry
and feature in antiviral drugs such as remdesivir and Tenofovir
alafenamide.* As phosphorylation of primary amines is a com-
mon method for the synthesis of phosphoramidates 38 was re-
acted with diethyl phosphorochloridate to successfully afford
42 in 80% vyield. Moreover, nitrogen heterocycles are ubiqui-
tous within pharmaceuticals,’® and primary amines provide an
effective handle for their synthesis, as exemplified by the pro-
duction of pyrrole 43 from 38 in excellent yield via a Paal-Knorr
reaction.'® Finally, 38 was converted into the a-azido 1,3,4-
oxadiazole 44 in 61% yield, using imidazole-1-sulfonyl azide
as an diazo-transfer reagent, thus providing a synthetically pow-
erful functional group for click-chemistry and further N-con-
taining compound synthesis.*’

Scheme 5. Divergent derivatization of 38, see Sl for experi-

mental details.
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In conclusion, a robust method for the synthesis of primary a-
amino 1,3,4-oxadiazoles taking advantage of an efficient isocy-
anide addition reaction with N-carbamoy! imines, and utilizing
carboxylic acids as feedstock coupling partners, has been devel-
oped. The reaction was tolerant of (hetero)aryl-, alkynyl-,
alkenyl-, and alkyl-carboxylic acids, and use of amino acids af-
forded enantiopure peptidomimetic products. The scope with
respect to N-carbamoyl imines was found to be broad, tolerating
(hetero)aryl and alkyl groups as well as useful N-Boc and N-
Cbz protecting groups. The potential for LSF was demonstrated
with 7 drug compounds, including three N-acyl sulfonamides
which were converted into the corresponding a-amino 1,2,4-tri-
azoles without changing the optimized reaction conditions.

Gram-scale synthesis, and subsequent deprotection of a N-Boc
a-amino 1,3,4-oxadiazole was exemplified and allowed five di-
vergent derivatizations to be carried out. Further work to un-
cover new broad scope access to 1,3,4-oxadiazole motifs is on-
going in our laboratory and the results will be disclosed in due
course.
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