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ABSTRACT: We report the synthesis of 1,4-diaryl-S-cyano-1,2,3-triazoles from azides and alkynes via two copper-mediated steps.
Aryl-substituted cyanotriazoles are emissive in nonpolar solvents. When the N'-aryl group is electron-donating, the photoconversion
of a cyanotriazole to a cyanoindole is efficient. Each of the seven pairs of 4- and S-cyanotriazole isomers is photoconverted to either
distinctive cyanoindoles without rearrangement or a major cyanoindole product via the presumed common intermediate azirine. The
resulting cyanoindoles appear to be stronger emitters in polar solvents than the parent cyanotriazoles.

Bl INTRODUCTION Scheme 1. Formation of 4-Cyanotriazole (a)® and Two

A main objective of organic chemistry is developing methods Strategies for Producing 5-Cyanotriazole (b,c)

to create an ever-increasing number of molecular structures R=N; Cp*RuCI(PPh3), (2 mol%) Ry Noy
from a limited collection of building blocks from which @ + 1 4dioxane. rtor 60 °C )=<
interesting and perhaps useful properties arise. An example to R—==—CN ' ' R CN
illustrate this point is the suite of reactions starting from azides
and alkynes to prepare substituted 1,2,3-triazoles with R—N, [ R N 1 R N,
regiospecificity, as represented by the works from several b) . . \N_\N Nac", \N_\N
landmark papers.”” Our group has contributed to this R — cu CuHR' [o] NCHR
effort,’™” from which a method of preparing 1,5-disubsti- o - .
tuted-4-cyano-1,2,3-triazole (4-cyanotriazole from here on)
was developed (Scheme 1a).° The selective synthesis of the RN r N T
complementary regioisomer S-cyano-1,2,3-triazole (S-cyano- © . N [Cu] R-N"SN CucN R-N"SN
triazole from here on) from an azide and an alkyne has not o )=< >=<
R'—==—HII I R' NnO R
been reported. L _

Two strategies were devised to access 5-cyanotriazoles from
azides and alkynes. First, the coupling reaction between an
azide and a copper(I) acetylide could be intercepted by a
cyanide ion (Scheme 1b), which, after a redox maneuver, could
afford the desired S-cyanotriazole. This route mirrors a known

cross-coupling with copper(I) acetylide to produce 1-
cyanoalkyne, which is unable to engage in the copper-catalyzed

synthesis of S-alkynyltriazoles’: a cyanide ion (N=C~), which Received: June 18, 2024
is similar in structure to an acetylide (R—C=C"), might Revised:  August 14, 2024
undergo oxidative cross-coupling with copper(l) triazolide to Accepted:  August 16, 2024

result in S-cyanotriazole. This strategy, however, is plagued by Published: August 28, 2024

several side reactions that suppress the production of the target
structure. For example, CuCN might instead undergo oxidative

© 2024 American Chemical Society https://doi.org/10.1021/acs.joc.4c01533
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Scheme 2. Synthesis of 1,4-Diaryl-5-cyano-1,2,3-triazole from Azide and Iodoalkyne”
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“a. TBTA: tris(benzyltriazolylmethyl)amine."

The first and second letters in a name are derived from its azide and iodoalkyne precursors (see

structures in Charts S1 and S2), respectively; b. The yield was of a two-step sequence with the S-iodotriazole intermediate isolated.

cycloaddition with an azide.® More concerning is the
competitive protonation of the copper(I) triazolide inter-
mediate to S-protiotriazole, which was observed to have
become the major product during attempts to implement the
strategy illustrated in Scheme 1b. The lack of success in
turning this idea into a practical method of synthesizing 5-

cyanotriazole prompted us to explore the next option (Scheme provided.

12611

1c), which was to reach a S-iodotriazole intermediate first,*
followed by an in situ Rosenmund-von Braun reaction with
CuCN?® to arrive at the target regioisomer. 1-Aryl-S- (and 4-)
cyanotriazoles have the potential to undergo photochemical
conversion to 2- (or 3-) cyanoindoles.”
preliminary account of the latter transformation is also

In this article, a
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B RESULTS AND DISCUSSION

Cyanation of an aryl group can be achieved via the
Rosenmund-von Braun-type copper-catalyzed substitution of
an aryl halide by sodium or potassium cyanide.”'’ The
regiospecific synthesis of a S-iodotriazole (from either a
terminal alkyne or an iodoalkyne as shown in Scheme S1),*
followed by cyanation shall deliver 5-cyanotriazole in a tandem
(ie., one-pot) operation. We elected to start the tandem
sequence from the coupling reaction between an azide and an
iodoalkyne (Scheme 2a). The latter could be prepared from its
terminal alkyne precursor through several methods."" Starting
this sequence from an iodoalkyne rather than a terminal alkyne
alleviates safety concerns of heating reactive reagents involved
in iodination, such as perchlorates that have been practiced by
our group in S-iodotriazole synthesis.”'* In addition, this
method avoids the undesired S-protiotriazole that might form
in reactions starting from the corresponding terminal alkyne.
Regarding the substrate scope, we focused on demonstrating
the utility of this method in producing 1,4-diaryl-S-
cyanotriazoles (Scheme 2) because of their potential to be
fluorescent in both solution and solid phases. Though not
extensively demonstrated, the reported procedure is expected
to be effective for nonaryl azides. Two S-cyanotriazoles
prepared from benzyl azide are shown at the bottom of
Scheme 2. It is helpful at this point to describe how the
compounds are numbered in this article: compounds 1 and 2
are aryl azides (Chart S1) and iodoalkynes (Chart S2),
respectively. Each individual compound also carries a letter
from the alphabet for identification. Compounds 3 are $-
cyanotriazoles, compounds 4 are 4-cyanotriazoles, while
compounds $ and 6 are 2- and 3-cyanoindoles, respectively.
The first and second letters in each name of compounds 3—6
are derived from their azide and iodoalkyne precursors,
respectively.

The tandem sequence from an aryl azide and an iodoalkyne
to a S-cyanotriazole was tolerated by a number of functional
groups included in the products shown in Scheme 2. The
robustness of this method was derived from the efficiency of 5-
iodotriazole formation from an azide and an iodoalkyne,” and
the reliability of the Rosenmund-von Braun procedure in spite
of high temperatures (120 °C or more).® The reaction was
compatible with aryl halides (other than iodides, see
compounds 3fi, 3gc, 3gi, 3le, and 3mg), a testament to the
selectivity of the Rosenmund-von Braun reaction for triazolyl
iodides. The only compounds not prepared using the tandem
sequence were those requiring the iodoalkyne with an N,N-
dimethylanilinyl component (2a in Chart S2). This iodoalkyne
was shown to be unstable. In such a case, S-iodotriazole was
first prepared using the procedure that started from the
terminal alkyne,” followed by the Rosenmund-von Braun
cyanation, to afford compounds 3aa and 3ia (Scheme 2b). The
X-ray single crystal structures of S-cyanotriazole 3ah and its
regioisomer 4-cyanotriazole 4ah (for the purpose of demon-
strating the contrasting regiochemistry), the latter obtained
from a ruthenium(II)-catalyzed coupling reaction (Scheme
la),S are shown in Figure 1.

Photoconversion of N'-aryl-1,2,3-triazoles to indoles
is one of the several 1,2,3-triazole ring-opening reactions'® that
have thus far been reported. Others include the thermal
denitrogenation of N'-sulfonyltriazoles to metal-bound imino-
carbenes,'” pyrolysis of N'-vinyltriazoles,”” Dimroth rearrange-
ment of S-aminotriazoles,” and denitrogenative transforma-
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Figure 1. ORTEP views (50% probability ellipsoids) of the X-ray
single crystal structures for confirming the regiochemistry of S-
cyanotriazole 3ah (CCDC# 2252535), 4-cyanotriazole 4ah (CCDC#
2309514), 2-cyanoindole Saa (CCDC# 2309515), and 3-cyanoindole
6bf (CCDC# 2308319). Carbon and hydrogen are black; nitrogen is
blue; oxygen is red.

tions of closely related benzotriazoles™ and pyridotriazoles.”
However, the photoreaction has not been studied in depth in
terms of either applicability or mechanism. This lack of
development could be attributed, in part, to the scarcity of
methods of triazole synthesis until the advent of metal-
catalyzed approaches.

In this work, some of the synthesized 5-cyanotriazoles were
photoconverted to 2- or 3-cyanoindoles (Scheme 3). The
reactivity of S-cyanotriazole depends principally on three
factors: (1) the absorptivity at the wavelength coverage of the
irradiation source, (2) at least one of two ortho positions on
N'-aryl (the reaction site) is available for bond formation, and
(3) the electronic property of the N'-aryl substituent. Triazoles
carrying electron-donating aryl groups at the N' position are
particularly reactive.'” An N'-aryl-5-cyanotriazole (e.g, 3ah)
that has a relatively high absorptivity under a given irradiation
source (e.g, 390 nm LED) and also carries an electron-
donating N'-aryl group (e.g., N,N-dimethylanilinyl) undergoes
photoconversion to a cyanoindole with high efficiency. Besides
these intrinsic properties of a S-cyanotriazole substrate, the
selection of solvent is crucial: dichloromethane (as opposed to
acetonitrile,”'>'® and in fewer cases, benzene'* and
isopropanol,® in which triazole photodenitrogenation has
been reported) afforded the best outcome in terms of time and
yield. The photooxidation of the N,N-dimethylamino group
could be a significant side reaction.”* Therefore, the relevant
reaction mixture was deoxygenated via three freeze—pump—
thaw cycles to ensure clean photoconversion to indole.

The regiochemical distinction between 2- and 3-cyanoin-
doles was characterized based on the diagnostic '*C chemical
shift value of C3 (80—90 ppm) in 3-cyanoindole. The
reliability of this diagnostic tool is supported by both
calculations and precedents™ (see a detailed description in
the Supporting Information). Furthermore, the regiochemical
assignment is corroborated with the available single-crystal X-
ray structures (Saa and 6bf in Figure 1). Some S-cyanotriazoles
(e.g., 3aa, 3af, 3ah, and 3ia) afforded 2-cyanoindoles upon
photodenitrogenation, while others (e.g, 3bf, 3bh, and 3ch)
produced 3-cyanoindoles, necessarily via a rearrangement
process (see cyanoindole structures in frames (a) and (b) of
Scheme 3).

The postulated mechanism of photoconversion of 5-
cyanotriazole to 2- or 3-cyanoindole is shown in Scheme 4.
The excitation of S-cyanotriazole (lower left) triggers the N1—

https://doi.org/10.1021/acsjoc.4c01533
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Scheme 3. Photodenitrogenation of N'-Aryl-4/5-cyano-
1,2,3-triazole to 2- or 3-Cyanoindole”

5-cyanotriazole (3) NC R' hv, 390, 300, O 254 Nm H 2-cyanoindole (5)
_ =

R DCM, rt, time N
N R
L N—g
) ( N

4-cyanotriazole (4) R CN H 3-cyanoindole (6)

(a) Cyanoindoles from 5.cyanotriazoles

COzMe

7N
N WL W

5aa, 95%, 3 h 5af, 88%, 3 h 5ah, 90%, 30 mins 5ak, 60%, 3 h
at 390 nm at 390 nm at 390 nm at 390 nm

N CN CN
MeO. MeO.
(O IO (O
N N N
H H H
OMe

6bf, 74%, 8 h 6bh, 78%, 8 h 6¢ch, 77%, 8 h
at 300 nm at 300 nm at 300 nm

O
NC NC.
\ O \ CN 6kh, 62%, 3 h
CN at 390 nm

5ia, > 95%, 3 h 5ij, 66%, 3 h
at 390 nm at 390 nm

(b) Cyanoindoles from 4-cyanotriazolesb

| CN | CN
N N
7~ -
N N
H

Saf >95% 3h 6ah, 87%, 3 h

at 390 nm

MeO. MeO
CO,Me CN CN

6bf, > 95%, 6 h 6bh, > 95%, 6 h Gch >95%, 6 h
at 254 nm at 254 nm at 254 nm

cN OMe oy cN
Cz
CO-Oro (X e
N N
MeO' H N H

6dh, 59%, 6 h 6dh’, 32%, 6 h 6kh, >95%, 3 h
at 254 nm at 254 nm at 390 nm
“Cz = N-carbazolyl; b. See the structures of 4-cyanotriazole
precursors in Chart S3. Structures in gray (4 compounds) were also
prepared from their S-cyanotriazole precursors; see frame (a) above.

N2 bond cleavage to result in a diazo intermediate (Step 1),
which may move irreversibly forward by ejecting molecular
nitrogen to form an iminocarbene (Step 2). The chemistry
following the N, ejection has onl been discussed in relevant
works in the ground states.”'®***” Iminocarbene is expected
to undergo cyclization to afford 2-cyano preindole (Step 3),
which tautomerizes to afford the isolable 2-cyanoindole (Step
6). The cyano-substituted iminocarbene may cyclize in a
different way to form azirine (Step 4). Step 4 is depicted as
irreversible based on the conclusion by Mitchell and Rees that
in an azirine, the C—N bond carrying an electron-withdrawing
group, e.g., cyano, breaks 1n preference to the other one to
revert back to iminocarbene.” The bond that breaks in azirine
is colored red in Scheme 4. We note that azirine was postulated
to be the intermediate in the pyroly51s and photolysis of
triazoles in the early works on this topic>®*” but has not since

been directly observed during these reactions. The C—N bond
marked in red in the postulated azirine structure would break
to afford the isomeric iminocarbene (Step 4°), thus leading to
rearrangement.

The observed regiochemistry of cyanoindole formation, to a
large extent, depends on the likelihood of azirine involvement.
We realized that if an azirine is a necessary intermediate in this
transformation, the reaction starting from either S-cyanotria-
zole or the isomeric 4-cyanotriazole would result in the same
cyanoindole product(s). The counterfactual of this scenario
arrives at the following: if two distinct cyanoindoles were
produced from two isomeric triazoles without rearrangement,
then azirine could not be a shared intermediate. For this
reason, we prepared seven 4-cyanotriazoles (structures are
shown in Chart S3) that were regioisomers of seven of the S-
cyanotriazoles in Scheme 2 using the ruthenium(II)-catalyzed
method (Scheme 1a),° and subjected them to photoirradiation.
Only 3-cyanoindoles were afforded without rearrangement
(Scheme 3, frame (b)). The contrasting regioselectivity of
cyanoindole formation starting from different pairs of
regioisomeric cyanotriazoles is represented in the reactions
shown in Scheme S.

The formation of cyanoindoles Sah and 6ah from their
respective triazole precursors (3ah and 4ah in Scheme Sa)
suggests one of the two scenarios — either there is no azirine
formation in the photodenitrogenation of both cyanotriazoles
(i.e., Steps 4 or 4’ are absent in Scheme 4, or Steps S and 5’ are
operative to skip iminocarbene and azirine entirely), or only
one cyanotriazole of the pair is converted to azirine after
denitrogenation but does not continue further to form the
isomeric iminocarbene. In order to explain the conversion of
the cyanotriazole pair of 3bh and 4bh to a single cyanoindole
6bh (Scheme Sb), the only condition is that one of the
triazoles (S-cyanotriazole 3bh, to be specific) needs to be
converted to azirine, in which the original C—N bond is then
broken to arrive at the isomeric iminocarbene. The biased ring-
opening of the presumed cyano-substituted azirine (illustrated
in Scheme 4 by an irreversible Step 4 and a reversible Step 4°)
is consistent with the conclusion by Mitchell and Rees, in
which the C—N bond of an azirine is favored to break if the
bond carries an electron-withdrawing substituent (e.g,, a cyano
Relating substrate structures to the likelihood of
these scenarios is an ongoing research topic in our laboratory,
the results of which will be reported in due course.

From this initial set of observations, we found that (1) 2-
cyanoindoles 5 were obtained as the sole or major
regioisomers from S-cyanotriazoles 3 that carried N,N-
dimethylanilinyl at either the N'- or the C*-position. 3-
Cyanoindoles 6 were the major regioisomers from photo-
converting the rest of the S-cyanotriazoles 3. (2) Photo-
denitrogenation of 4-cyanotriazoles 4 delivered 3-cyanoindoles
6 as the sole products. (3) The denitrogenative photo-
conversion of triazole to indole does not have to go through
the azirine intermediate that may trigger a rearrangement, as
evidenced by the two pairs of reactions shown in Scheme S.
The continuation on the topic of triazole photochemistry by
our group after this report will include (1) the expansion of the
scope of 4-cyanotriazole photoconversion as a method for
preparing 3-cyanoindoles, which are attractive synthetic
targets,”>** and (2) the quest for a mechanistic model with
predictive power of the regioselectivity of triazole photo-
conversion to indole.
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Scheme 4. A Mechanistic Sketch of Photodenitrogenation of Cyanotriazole to Cyanoindole”
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cyanoindole (upper right) results from a rearrangement through azirine. The engagement of the 4-cyanotriazole isomer (upper left) in this scheme
is depicted in gray. The red-highlighted carbon in 3-cyanoindole has a characteristic '*C chemical shift in the range of 80—90 ppm.

Scheme 5. Photoconversion of N'-Aryltriazole to Indole (a)
without and (b) with Rearrangement”
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“In (b), the C—N bond of the azirine that carries the electron-
withdrawing cyano group (marked in red) breaks, which is consistent
with the conclusion by Mitchell and Rees,” and determines the
regiochemistry of the observed 3-cyanoindole product.

The cyano group at the S-position of a triazole shifts the
lowest energy absorption band of the unsubstituted analogue
(S-protiotriazole) to a longer wavelength that may breach the
visible region (e.g, see the spectrum of 3ah in Figure S4). As
such, the utility of the triazole core structure as a photo-
chemical precursor is elevated because glass-based optics and
(near) visible excitation sources are now compatible. The
installation of the cyano group did not appear to negatively
impact the emission properties of its protiotriazole analog. As
an example, the solvent-sensitive emission of 3ah was similar to
that of its reported protiotriazole analogue,17 and the emission

quantum yield in each solvent was respectable (Figure 2a).
After photodenitrogenation of 3ah, the resulting 2-cyanoindole

(a) 5-cyanotriazole 3ah (b) 2-cyanoindole 5ah

(c) 4-cyanotriazole 4ah

Figure 2. Emission colors of (a) S-cyanotriazole 3ah, (b) 2-
cyanoindole Sah, (c) 4-cyanotriazole 4ah, and (d) 3-cyanoindole
6ah in, from left to right in each frame, toluene, dichloromethane, and
acetonitrile. Emission quantum yields are given in the figure.
Concentrations were 25 uM (for acquiring emission images) and §
UM (for acquiring emission quantum yields).

Sah was arguably a stronger emitter (Figure 2b). Unlike its
cyanotriazole precursor, the emission quantum yield of Sah did
not diminish in acetonitrile, a polar solvent, making it a
promising candidate for labeling and imaging purposes in polar
environments. We also obtained emission quantum yields of 4-
cyanotriazole 4ah and the photoconverted product 3-
cyanoindole 6ah (Figure 2¢,d). It is notable that the emission
of 4-cyanotriazole 4ah was almost quenched in acetonitrile,
while its 3-cyanoindole photoproduct 6ah retained a high
emission quantum yield. More thorough photophysical
characterizations of 2- and 3-cyanoindoles that were derived
from diaryl-substituted cyanotriazoles will be reported in an
upcoming account.
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B CONCLUSION

In summary, a method of the regiospecific synthesis of S-
cyanotriazoles is described. The tandem S-iodotriazole
formation followed by the Rosenmund-von Braun cyanation
tolerates a wide range of functional groups to deliver $-
cyanotriazoles in yields of 50—95% (except 3jk with 34%).
This method complements our previously reported synthesis
of 4-cyanotriazoles.” Both regioisomers, when substituted with
aryl groups at the two remaining positions, may undergo
photodenitrogenation to form 2- or 3-cyanoindoles. The
photodenitrogenation proceeds rapidly with minimal by-
products in dichloromethane, which is an improvement over
the previously reported examples of photoconverting triazoles
to indoles. The reigning mechanistic model” invokes azirine as
an intermediate by which rearrangement occurs to produce
two isomeric indoles. We found that the regioselectivity of this
photoconversion varies depending on the substrate structure.
In certain cases, no rearrangement occurs in the sense that the
regiochemistry of the cyanoindole product is determined by
that of the starting cyanotriazole. While in other cases, both 4-
and S-cyanotriazole regioisomers yield the same major 3-
cyanoindole product. Clearly, the mechanism of this photo-
reaction is more nuanced than that portrayed in the literature.
The photoconversions of 4-cyanotriazoles exclusively result in
3-cyanoindoles. Both cyanotriazoles and cyanoindoles can be
highly emissive fluorophores. The expansion of the synthetic
utility of cyanotriazole photoconversion to cyanoindole and
the applications of cyanotriazoles and cyanoindoles as
fluorescent labels will be reported in due course.

B EXPERIMENTAL SECTION

1. Materials and General Methods. Reagents and solvents were
used as received from various commercial sources. Dichloromethane
(DCM) used in the photochemical reaction was dried and then
distilled from calcium hydride. Thin-layer chromatography (TLC)
was performed on silica gel 60 F254 plates. Flash column
chromatography was performed using 40—63 pm (230—400 mesh)
silica gel. '"H and "*C{'H} NMR spectra were acquired at 500/600
and 125/150 MHz, respectively. Chemical shifts are reported in &
(ppm) values relative to the residual internal CHCly (6y 7.26, 8¢
77.2) or DMSO-d; (8y 2.50, 8¢ 39.5). High-resolution mass spectra
of the reported organic compounds were obtained at the Mass
Spectrometry Laboratory at Florida State University. Absorption
spectra were recorded on a Cary 100 spectrophotometer. Absolute
emission quantum yields were measured on a Hamamatsu
Quantaurus-QY instrument. X-ray single crystal structures were
collected using a Rigaku XtaLAB Synergy-S diffractometer equipped
with a HyPix-6000HE Hybrid Photon Counting (HPC) detector and
dual Mo and Cu microfocus sealed X-ray sources as well as a low-
temperature Oxford Cryosystem 800 at 150 K. All aryl azides
(compounds 1 in Chart S1) used in this work have been reported,*
while all but one (2j) iodoalkynes (compounds 2 in Chart S2) used in
this work have been reported.’® Ligand TBTA was prepared based on
our previously reported procedure.” CAUTION! Low molecular
weight organic and inorganic azides are potentially explosive.
Appropriate protective measures should always be applied when
handling these chemicals.

2. General Procedure for 5-Cyanotriazoles (Compounds 3
Except 3aa and 3ia). To an oven-dried 15 mL pressure tube
equipped with a magnetic stir bar, an iodoalkyne (0.2 mmol), an azide
(0.2 mmol), TBTA (11 mg, 0.02 mmol), CuCl (50 mg, 0.5 mmol),
and DMF (1.0 mL) were added in this order. The pressure tube was
capped, and the reaction mixture was stirred at rt for 8 h. NaCN (25
mg, 0.5 mmol) was then added, and the reaction mixture was
maintained at 120 °C in an oil bath overnight. The reaction mixture
was allowed to cool to rt, quenched with ammonium hydroxide (28—

30 w/w%, 10 mL), diluted with ethyl acetate (30 mL), and separated.
The organic phase was washed first with saturated ammonium
chloride (2 X 30 mL) and then with a saturated sodium chloride
solution (1 X 30 mL), followed by drying over anhydrous sodium
sulfate. TLC analysis was carried out during the drying stage using an
eluent of hexanes/ethyl acetate (3:1, v/v). After the solvent was
removed in vacuo, the concentrate was typically chromatographed on
a silica column using an increasing gradient of ethyl acetate (up to
50%) in hexanes. The eluting solvent used in both TLC and the
column may vary depending on the structure of the product.

3. The Two-Step Procedure to Prepare 5-Cyanotriazoles
(Compounds 3aa, 3ak, and 3ia). Step (i) — the preparation of $-
iodotriazole. To a 50 mL round-bottom flask equipped with a
magnetic stir bar, an azide (1 mmol), THF (5 mL), Lil (536 mg, 4
mmol), copper(I) perchlorate hexahydrate (740 mg, 2 mmol),
triethylamine (TEA, 280 xL, 2 mmol), TBTA (53 mg, 10 mol %), and
a terminal alkyne (1 mmol) were added in this order. The reaction
mixture was stirred for 3 h at rt. The mixture was quenched with
ammonium hydroxide (30 mL, 28—30 w/w%) and filtered. The
filtrate was first washed with water (3 X 15 mL) and then with chilled
(in an ice water bath) ethyl acetate. The recovered material was
verified to be the intended S-iodotriazole, and it was used directly in
the next step.

Step (ii) — the preparation of S-cyanotriazole. To an oven-dried 15
mL pressure tube equipped with a magnetic stir bar, S-iodotriazole
(0.2 mmol from Step (i), CuCl (S0 mg, 0.5 mmol), NaCN (25 mg,
0.5 mmol), and DMF (1.0 mL) were added, respectively. The
pressure tube was capped, and the reaction mixture was maintained at
120 °C in an oil bath overnight. The reaction mixture was allowed to
cool to rt, quenched with ammonium hydroxide (30 mL, 28—30 w/w
%), diluted with ethyl acetate (30 mL), washed first with saturated
ammonium chloride (2 X 30 mL) and then with a saturated sodium
chloride solution (1 X 30 mL), and dried over anhydrous sodium
sulfate. TLC analysis was carried out during the drying stage using an
eluent of hexanes and ethyl acetate in a 3:1 ratio. After the solvent was
removed in vacuo, the concentrate was typically chromatographed on
a silica column using an increasing gradient of ethyl acetate (up to
50%) in hexanes. The eluting solvent used in both TLC and the
column may vary depending on the structure of the product.

4. Photochemistry (Compounds 5 and 6). (i) General
procedure. The absorption spectrum of a given cyanotriazole was
first collected to determine which light source (390 nm LEDs, or 300-
or 254 nm in a Rayonet photoreactor) was appropriate for the
photochemical reaction (see spectra in Figure SS). To a S0 mL
Schlenk tube (Pyrex or quartz, depending on the chosen light source)
equipped with a magnetic stir bar, cyanotriazole (0.1 mmol) was
added. The reaction vessel was evacuated for 5 min and refilled with
argon, and calcium hydride-dried DCM (30 mL) was added via an
oven-dried syringe. The reaction mixture was irradiated. The lamp,
irradiation time, or need for a quartz container are noted in the entries
of characterization of each indole product in the Supporting
Information. If 390 nm LEDs (Kessil, 52 W maximum power) were
applied, the reaction was placed 2 in. from the source between two
LEDs. The reaction was then washed with deionized water (1X 20
mL) and dried over anhydrous sodium sulfate. TLC analysis was
carried out during the drying stage. After the solvent was removed in
vacuo, the crude product was typically purified on a silica column
using an increasing gradient of ethyl acetate in hexanes as the eluent.
The eluting solvent used in both TLC and the column may vary
depending on the structure of the product.

(i) Photochemistry of cyanotriazoles with the N'-(N,N-dimethyl)-
anilinyl group. (N,N-Dimethyl)aniline-derived compounds tend to
undergo photochemical oxidation of the N-substituted methyl
groups.24 Therefore, a more stringent deoxygenation procedure was
carried out before the photochemical reactions of these compounds.
To a 50 mL Schlenk tube equipped with a magnetic stir bar,
cyanotriazole (0.1 mmol) and DCM (30 mL) were added. The
solution was freeze—pump—thawed three times for 15 min per cycle.
The vessel was backfilled with argon. The reaction mixture was
irradiated (light source and reaction time are specified in the

https://doi.org/10.1021/acsjoc.4c01533
J. Org. Chem. 2024, 89, 12610—12618


https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c01533/suppl_file/jo4c01533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c01533/suppl_file/jo4c01533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c01533/suppl_file/jo4c01533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c01533/suppl_file/jo4c01533_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.4c01533/suppl_file/jo4c01533_si_001.pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.4c01533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Organic Chemistry

pubs.acs.org/joc

characterization entries). The reaction mixture was then washed with
deionized water (20 mL) and dried over anhydrous sodium sulfate.
TLC analysis was carried out during the drying stage. The crude
product was typically purified on a silica column with an increasing
gradient of ethyl acetate in hexanes as the eluent. The eluting solvent
used in both TLC and the column may vary depending on the
structure of the product.
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