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ABSTRACT: Despite the recent advances in the synthesis of fluorinated heterocycles, there are no reports of fluorinated-1,5-disub-
stituted-1,2,3-triazoles. The precursor for the [3+2] cycloaddition chemistry, in this case, a-fluoroalkynes are elusive molecules due
to their instability and inaccessibility. Herein we show that a-fluoronitroalkenes can serve as synthetic surrogates of a-fluoroalkynes
in [3+2] cycloaddition reactions with organic azides catalyzed by trifluoroacetic acid (TFA). This method provides a regioselective
way to access 4-fluoro-1,5-disubstituted-1,2,3-triazoles that serve as useful building blocks for pharmaceutical, biomedical,
agrichemical, and materials applications.




Building blocks containing fluorine are gaining considerable
interest with the increasing demands of fluorinated small mole-
cules in all areas of chemistry across academia and industry.'*
Heterocyclic motifs with an appended fluorine atom have
grown in prevalence in pharmaceuticals® and agrochemicals,**
materials,” and molecular imaging with positron emission to-
mography (PET).® Yet, despite the recent advances, preparation
of fluorinated heterocycles is still considered challenging due to
the lack of practical, general, and regioselective methods.’
Given the relevance of 1,2 3-triazoles in biomedical research®”
and medicinal chemistry as an amide bioisostere' and a preva-
lent scaffold," surprisingly only handful syntheses of fluori-
nated triazoles are reported in the literature. Pioneering work by
Fokin'? and Chu'® have significantly advanced the field, ena-
bling the synthesis of fluorinated-1,4-disubstituted-1,2,3-tria-
zoles. However, the corresponding 1,5-regioisomer is unre-
ported. Herein we describe the very first synthesis of fluori-
nated-1,5-disubstituted-1,2,3-triazoles with complete regiocon-
trol.

Classical and practical syntheses of 1,2,3-triazole involve
1,3-dipolar cycloaddition between alkynes and azides. Alkynes
serve as rich building blocks for various chemical transfor-
mations, particularly, 1,3-dipolar cycloaddition reactions for
the synthesis of a great variety of heterocyclic systems (Figure
1A)."*15 Synthesis and diversifications of iodo-, bromo-, and
chloro-alkynes have been thoroughly investigated.'¢'#1% 17
However, fluoro-alkynes remain elusive due to their instability
and undergo spontaneous cyclotrimerization under thermal or
metal-catalyzed conditions to produce polysubstituted benzene
derivatives (Figure 1B).'®?* Synthetic surrogates of fluoroal-
kynes would be useful for 1,3-dipolar cycloaddition reactions
to assemble fluorinated heterocycles. Fokin and Chu methods
enable the synthesis of fluorinated-1,4-disubstituted-1,2,3-tria-
zoles (Figure 1C).'*!3 Herein we establish that o-fluoronitroal-
kenes could be effectively used as surrogates of o-fluoroal-
kynes in cycloaddition reactions with organic azides to generate
fluorinated-1,5-disubstituted-1,2,3-triazoles with trifluoroace-
tic acid (TFA) as a catalyst (Figure 1D).

1,4- And 1,5-disubstituted-1,2,3-triazoles, both, possess a
wide-ranging biological activity such as antiretroviral, anti-
cancer, antimalarial, antifungal, antitubulin, antibacterial, and
antimicrobial properties® (some of the representative examples
are listed in Figure 2).!%2¢2° Hence regioselective synthesis of
the 1,4- and 1,5-disubstituted-1,2,3-triazoles are always sought
out. This report provides a highly regioselective and versatile
method encompassing aryl, alkyl, and heteroaromatic contain-
ing fluorinated-1,5-disubstituted triazoles. Additionally, we
carried out cheminformatics analyses including principle com-
ponent analysis (PCA) to study the overlap in chemical space
with medicinally relevant triazoles and commercially available
drugs.

We hypothesized that alkenes with leaving groups such as
NO; and CN and with a fluorine atom at the 1-position could be
used as synthetic equivalents of a-fluoroalkynes in [3+2] cy-
cloaddition reaction with organic azides.*® Nitroalkenes, due to
their high reactivity, have been widely used in 1,3-dipolar cy-
cloaddition chemistry, especially with sodium azides for the
generation of NH-1,2,3-triazoles.3*3’ Initially, We selected a.-
fluoronitroalkenes to investigate the intermolecular [3+2] cy-
cloaddition reaction with azides to afford fluoro-1,2,3-triazoles.
o-Fluoronitroalkenes were synthesized in two steps starting
from corresponding aldehydes, tribromofluoromethane, and

triphenyl phosphine in refluxing THF followed by radical-
based nitration-debromination using ferric nitrate nonahydrate
following reported procedure (for detail experimental details
see the supporting information).*®
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Figure 1. Haloalkynes in 1,3-dipolar cycloaddition reactions.
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Table 1. Optimization of Reaction Conditions'!

entry  catalyst (equiv.) LG temp time yield(%)®

€0 () 3a  4a
1 - NOz 100 48 10 3
2 Cu(OTH: (02) NO: 100 24 19 no.
3 Zn(OTDH, (0.2) NO» 100 24 16 no.
4 Sc(OTH: (0.2) NO: 100 24 25 no
5 YbOThs (0.2) NO» 100 24 11 no.
6  Fe(OTD: (0.2) NO» 100 24 8 no.
7 Ce(OThH: (0.2) NO: 100 24 22 no
8 BFse(OEt) (0.3) NO> 100 24 28 8
9 AcOH (0.3) NOz 100 48 42 10
10 PTSA  (0.5) NO» 100 48 31 <5
11 10-CSA  (0.5) NOz 100 48 36 <5
12 TFA 0.3) NOz 100 48 60 n.o.
13 TFA 0.5) NO» 110 48 74 no.
14 TFA (0.8) NOz 100 48 69 n.o.
15  H:PO:  (0.5) NO» 110 48 45 7
16 MeSOsH (0.5) NO» 110 48 68  no.
17 NILSO; (0.5 NO» 10 48 20 <5
18 TFA (0.5) CN 110 72 n.o. n.o.

[a] Standard reaction conditions: 1 equiv. of fluoronitroalkene
1a (0.15 mmol), 2 equiv. of phenyl azide 2a 0.30 mmol), and 0.5
equiv. of TFA were mixed in 2 M toluene and heated at 110 °C. [b]
Isolated yield. PTSA = p-toluenesulfonic acid, TFA = trifluoroace-
tic acid 10-CSA = 10-camphorsulfonic acid

We found 1 equiv. of a-fluoronitroalkene 1a and 2 equiv. of
phenyl azide 2a when heated at 100 °C in toluene resulted in
the formation of a mixture of regioisomers, 1,5-disubstituted-
and 1,4-disubstituted-fluoro-1,2,3-triazoles, in 5:2 (3a:4a) ratio
along with unreacted starting materials (entry 1, Table 1). The
ratio of the regioisomeric products 3a:4a was determined by '°F
NMR (The '°F NMR value for 3a and 4a are 8 -145.1 and -150.4
ppm respectively). We observed that the reaction was extremely
sluggish at room temperature. At elevated temperature (100 °C)
an excess of phenyl azide (2 equiv.) was required due to the
decomposition of organic azides at higher temperatures.* Tak-
ing a clue from previous reports of nitroalkenes in [3+2] cy-
cloaddition addition reactions, we decided to screen different
Lewis acids.>* 37442 With Lewis acids Cu(OTf),, Zn(OTf),,
Sc(OTf)s, Yb(OTH)s, Fe(OTf)s, Ce(OTHf); (entries 2—7) we ob-
served regioselective formation of the 1,5-product 3a, however
in 19-22% yields. Use of BF3¢(OEt), led to a slight increase in
the yield of 3a to 28% but also formed 4a in 8% (entry 8). A
decent increase in yield of 3a up to 42% along with 10% of 4a
was observed when 30 mol% of AcOH was used as a catalyst.
This result led us to screen other Brensted acids such as
MeSO;H, H3POs, p-TSA<H,O, and CF;CO,H (TFA) (entries
10—17) with our standard substrates. Among the Bronsted acids,

TFA gave the best results with regioselective formation of 1,5-
regioisomer 3a (entries 12—14). A gradual increase in yield was
observed when the amount of TFA was increased from 30
mol% to 50 mol% (entry 13). Increasing the amount of TFA to
80% led to a slight decrease in yield (entry 14, see supporting
information for more conditions). Further increase in yield was
observed by raising temperature from 100 to 110 °C (entry 10).
However, changing the solvents to DMF, DMSO, DCE, 1,4-di-
oxane, ACN, and THF resulted in lower yields (see supporting
information). Our optimized condition comprises o.-fluoroni-
troalkene 1a (0.15 mmol) and phenyl azide 2a (0.3 mmol) in a
respective molar ratio of 1:2 with 50 mol% of TFA (0.075
mmol) in 2M toluene when heated to 110 °C for 48 h regi-
oselctively produced 1,5-diaryl 4-fluoro 1,2,3-triazole 3a in
74% yield. Unfortunately, treatment of phenyl azide with (Z)-
2-fluoro-3-phenylacrylonitrile under the same conditions did
not result in any product formation and unreacted starting ma-
terials were recovered (entry 18). For a complete optimization
table with all the conditions that were screened, see supporting
information.

With the optimized condition in hand, we first explored the
substrate scope around aryl azides (Figure 3). The 'F NMR
chemical shifts of the synthesized 4-fluoro-1,5-disubstituted-
1,2,3-triazoles the ranges from -143.66 to -146.73 ppm. As
shown in Figure 3, para-substituted phenyl azides with elec-
tron-donating groups such as methyl (3b), #-butyl (3¢), and
methoxy (3d) furnished the desired products in 51-58% yields.
However, the yields dropped with electron withdrawing groups
such as fluoro (3e), and cyano (3f) at the para position and cy-
ano (3h) and methoxy (3i) at the meta position. In these cases,
unreacted starting materials were observed in '°F NMR spectra
and TLCs. The combretastatin triazole analogue 3k was pre-
pared in 55% yield using this method. The lower yields suggest
that the a-fluoronitroalkenes are less reactive compared to the
corresoding nitroalkenes in [3+2] cycloaddition chemistry with
azides.

Next, the scope of the reaction for benzyl and aliphatic azides
were examined (Figure 3). To our delight, an array of para- and
meta-substituted benzyl azides were found to be amenable to
the optimized reaction conditions. Both, electron-donating
group such as methyl (3m), #-butyl (3n), methoxy (30) and elec-
tron withdrawing group such as cyano (3p), bromo (3q) at the
para-position of benzyl azides were well tolerated and afforded
the corresponding regioselective products in 51-63%. The ex-
tension of this reaction to aliphatic azides (3t-3y) resulted in
the formation of corresponding 4-fluoro-1,2,3-triazoles in 25—
53% yields.
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[a] Reaction conditions: 1 (1 equiv.), 2 (2 equiv.), toluene (2M), 110 °C, 48—72 h. Isolated yields are provided.

[b] 42-65% of unreacted o-fluoroalkynes were observed in '°F NMR.

[c] The starting material (SM) was fairly unreactive requiring 120 h of heating at 110 °C. The ratio of the azide 2x and product 3x was
found to be 1:1.2 and co-eluted together. Other side-products were observed.

[d] Other side-products were observed.

Figure 3. Substrate Scope.

The scope of the reaction was further examined with the sub-
stitution patterns on o-fluoronitrostyrenes (Figure 3). Overall,
both electron donating and withdrawing groups at para-position
in o-fluoronitrostyrenes exhibited good to moderate reactivity.
The substrates with electron donating groups methyl (4a) and
methoxy (4b) afforded better yields (54—73%) compared to the
substrates containing electron withdrawing groups such as cy-
ano (4¢) and trifluoromethyl (4d) (44-46%). The substituents at
the meta position afforded low yields (45-55%) irrespective of
the electron donating and withdrawing group (4e—4h).
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Figure 4. A plausible mechanism.

A plausible mechanism for this reaction is proposed in Figure
4. Initially, regioselective [3+2] cycloaddition takes place be-
tween a-fluoronitroalkene 1 and organic azide 2 to form tria-
zoline intermediate 3-int. Regioselectivity is imparted by the

strongly electron-withdrawing nitro group on the dipolarophile
1 that is further activated by TFA; thereby lowering the lowest
unoccupied molecular orbital (LUMO) and making the p-car-
bon most electrophilic.33-¢ Without TFA, a mixture of 1,5- and
1,4-regioisomers are obtained in 5:2 ratio, as determined by '°F
NMR. The 1,3-dipolar organic azide attacks the partially posi-
tively charged B-carbon of the a-fluoronitroalkene in a con-
certed manner to form the triazoline intermediate 3-int. Elimi-
nation of HNO, results in regioselective formation of the de-
sired 4-fluoro-1,5-disubstituted-1,2,3-triazoles 3. An attempt to
probe the triazoline intermediate 3-int via '°F NMR in deuter-
ated-TFA at 90 °C was unsuccessful. This suggests that the
transient intermediate rapidly eliminates HNO, to form the
triazole product.

In connection with our ongoing drug discovery efforts, we
wanted to assess the chemical space and physicochemical prop-
erties of our library of 4-fluoro-1,5-disubstituted-1,2,3-triazoles
relative to commercial drugs and triazole-containing pharma-
ceutical agents. To this end, we performed principal component
analysis (PCA) on the library of synthesized triazoles adopting
a modified protocol reported by Tan and Aubé.*** The refer-
ence set included best-selling drugs, fluoroquinolones, triazole-

3s, 51%



containing kinase inhibitors, triazole antifungals, natural prod-
uct-based drugs, and colchicine triazole derivatives and was
chosen based on therapeutic value, similarities in the core tria-
zole nucleus, and overall hybridization of the molecules. We
used Swiss ADME*#¢ to calculate the 12 physicochemical
properties of the synthesized triazoles and the reference set. The
loadings, which are an estimation of the correlation between
components and variables, demonstrate the influence of the 12
physicochemical properties and placement of the compounds in
the PCA plots.
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Figure 5. PCA plots of 30 triazole library members, 8 antifungal
compounds, 7 triazole kinase inhibitors, 7 triazole colchicine deri-
vatives, 51 best-selling drugs, 12 natural products, and 15 fluoro-
quinolones. (A) Orthoganal plot of PC1 versus PC2 generated from
12 structural and physicochemical parameters. (B) Orthogonal plot
for PC2 vs PC3 generated from 12 structural and physicochemical
parameters. Note: the shaded regions in each plot show the t-distri-
bution for commerically avaliable drugs (green) and the triazole
synthesized in this work (pink) with a confidence interval of 80%.

Examination of the eigenvector plots (see supporting infor-
mation) show that topological polar surface area (tPSA), num-
ber of oxygen atoms (O), and number of hydrogen bond do-
nor/acceptor (HBD/HBA) have a strong positive impact on the
PC1 axes. Whereas, calculated skin permeation rate (LogK) and
calculated octanol/water partition coefficient (CLogP) have a
strong negative impact on the PC1 axes. For PC2, molecular
weight (MW), CLogP, and the number of rotatable bonds
(RotB) have the largest impact and shift compounds in the pos-
itive direction. However, calculated aqueous solubility
(AlogpS) has a significant negative effect on PC2 and shift

compounds to the left along the PC2 axes. In PC3, the fraction
of sp® hybridized carbons (Csp3), RotB, and O have a large pos-
itive influence along the PC3 axes, while the number of fluorine
atoms (F) and the number of nitrogen atoms (N) have a large
negative influence along the PC3 axes.

The orthogonal plots for the first 3 principal components
(PC1—3, Figure 5), show a slight overlap between PC1 and
PC2 and a near complete overlap between PC2 and PC3. To-
gether, the first 3 principal components account for over 75%
of the total variation in the original dataset while the first 5 prin-
cipal components account for over 90% of the variation. These
analyses show, the fluorinated triazoles occupy a slight to near-
complete overlapping chemical space as the reference set of
commercial drugs and pharmaceutical agents and have a dis-
tinct set of physicochemical properties. The lower MW for most
of the synthesized triazoles (<300) along with the insights
gleaned from PCA suggest the potential use of these com-
pounds in fragment-based drug discovery activities.

In conclusion, we have shown that the a-fluoronitroalkenes
could be effectively used as synthetic surrogates of o-fluoroal-
kynes in a regioselective [3 + 2] Huisgen cycloaddition chem-
istry with organic azides. A relatively broad-range of 4-fluoro-
1,5-substituted-1,2,3-triazoles were synthesized in decent
yields and high regioselectivity. This work demonstrates that
o-fluoronitroalkenes can serve as versatile fluorinated building
blocks to directly access a slew of fluorinated molecules via di-
verse chemical transformations. Further studies to explore the
cycloaddition reactions with other diploes is ongoing in our la-
boratory. Screening of the fluorinated-triazoles against a variety
of targets related to human health and agrisciences are currently
being pursued.
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