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Abstract. When irradiated by UVA, a Ni(ll) precatalyst
integrating a benzophenone chromophore in its structure
catalyzes the regioselective cycloaddition of alkynes and
azides to produce 1,5-disubsituted 1,2,3-triazoles with
1,5:1,4 regioisomer ratios ranging from 1.7:1 to > 20:1.
Speciation and reactivity studies revealed that the reaction
most likely proceeds through a Ni(1)/Ni(l11) catalytic cycle.

Keywords: Benzophenone; Click chemistry; Nickel;
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These last 15 years, light-triggered click reactions
have emerged as powerful tools to achieve ligation
processes under mild conditions and with spatio-
temporal control, a key feature for application in
photopatterning processes.™! In this field, the
development of light-triggered strain-promoted azide-
alkyne cycloaddition (SPAAC)™ and Cu(l)-catalyzed
azide-alkyne cycloaddition (CUAAC)™ has received
particular interest. Light-induced SPAAC induced by
light relies on the unmasking of the click-active
dibenzocyclooctynes by irradiation at 350 nm of
cyclopropenone precursors (Scheme 1). Such metal-
free process is of ]particular interest for cellular or
RNA labelling,”®"! but also to derivatize/pattern
materials.”*¥ Since the first report of Kénig and
coworkers in 2006, numerous light-triggered CUAAC
have been developed (Scheme 1).! They all rely on a
photoinduced electron transfer (PET) process to a
Cu(ll) precatalyst to generate the catalytically active
Cu(l) species. The PET is achieved using mainly
three strategies, namely direct irradiation in the
charge transfer band of a Cu(ll)-X bond,
photogeneration of reducing radicals from sacrificial
photocleavable compounds or from triplet excited
states of photosensitizers such as aromatic ketones.
Although Ru(11)-based catalysts,
Cp*RuClI(PPh3),, Cp*RuCI(COD) or [Cp*RuCl],, to
name a few, have proven to be potent in preparing

1,5-disubstituted triazoles regioselectively,”™ a light-
triggered process has not yet been reported for such
key transformation. In the research area of nickel
catalysis, seminal works by the groups of Louie and
Ogoshi have established Ni(0)-catalyzed
cycloaddition ~ implying alkynes to  afford
heterocycles. In 2017, Hong and coll. reported that
the combination of Cp,Ni (10 mol%) and the
Xantphos ligand catalyzed the NiIAAC with 1,5:1,4
regioselectivities ranging from 3.2:1 to 99:11"
Mechanistic studies supported a Ni(0)/Ni(ll) catalytic
cycle, with the in situ generation of the reactive Ni(0)
species being explained by the dissociation of Cpe
radical-driven by the Xantphos coordination.
Interestingly, in their optimization study the authors
noted that employing bathocuproine (BCP) as ligand
led to a significant reactivity, with the reaction
between benzyl azide and phenylacetylene leading to
the 1,5-disubstituted triazole 3a in 33% vyield and a
satisfactory 1,5:1,4 regioisomer ratio of 11:1,
compared to 94% and 15.7:1 with the Xantphos
ligand.
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Scheme 1. Light-triggered azide-alkynes cycloaddtions.



Inspired by these results and in continuation of our
interest in the development of photolatent click
catalysts,®*! we report herein a light-triggered Ni-

catalyzed process for the synthesis of 1,5-
disubstituted 1,2,3-triazoles.

The photoreducible Ni(1l) precatalyst
[(BCP)Ni(IN(BPCO,),] 1 (BPCO, = 3-

benzoylbenzoate), which integrates a benzophenone
(BP) photosensitizer necessary to trigger a highly
effective PET to the metal ion (Fig. 1), was prepared
by reacting BPCO,Na (2 equiv.) with NiSO, (1
equiv.) and BCP (1 equiv.) in refluxing ethanol. The
X-ray structure of 1 revealed that the coordination
sphere has a distorted octahedral geometry around the
Ni(ll) ion coordinated by one BCP and two bidentate
BPCO, ligands.!®! The same procedure was employed
to prepare the complex [(BCP)Ni(PhCO,)] 2, a close
structural analog of 1 which does not possess the

benzophenone chromophore. Complex 2 was
prepared to evaluate the impact of the BP
photosensitizer on the Ni(ll) photoreduction

efficiency and catalytic activity.

X-ray N

Figure 1. Schematic representation and crystal structure of
1 (Hydrogen atoms and disorder have been omitted for
clarity.

As shown in Table 1, under the optimized
conditions the benchmark reaction between 1 (5
mol%), phenylacetylene, benzyl azide and Cs,COj;
leads, after 4 h of irradiation at 365 nm, to the 1,5-
disubstituted triazole 3a in 88% yield and a
regioselectivity > 20:1, 3b being not detectable by *H
NMR on the crude reaction mixture. Irradiation at
450 nm leads to 3a in a low 20% vyield (entry 2). In
the absence of light, no reaction occurs, even when
heating the reaction mixture at 50 °C, i.e. slightly
above the temperature measured under irradiation
(entry 3). Without the base, only 30% of 3a is
obtained (entry 4). Reactions conducted under air or
O, atmospheres are strongly inhibited, as expected for
a process involving low-valent Ni(0) or Ni(l) as
catalytic species (entries 5-6). A vyield of 24% was
obtained by reducing the precatalyst loading to 2
mol% (entry 7). Finally, THF was found to be the
optimal solvent (entries 8-12).

The scope of the reaction was then evaluated
(Scheme 2). The reaction of benzyl azides with
aromatic alkynes leads to the 1,5 triazoles 3a-9a in
34-88% yields and 1,5:1:4 regioisomer ratios > 20:1.
The presence of electron-donating/-withdrawing
groups on the phenyl rings leads to a significant
decrease in the yields. Interestingly, the involvement

of the chromophoric 1-ethynyl pyrene did not hamper
the photoactivation of the precatalyst, the triazole 10a
being obtained in 57% vyield and > 20:1
regioselectivity. The reaction of benzyl azide with
benzyl propargyl ether leads to 11a in 34% yield and

Table 1. Reaction optimization.

1 (5 mol%) N

i N="% =N
Ph Cs,COj3 (1 equiv.) — N="\
// " Ns/Bn |§<N Bn + )Q/N—Bn
Ph

_—
THF,45°C, Ar,4 h

12equiv. 0.1 mmol 389 M (LED) 3a, Zg% 3b, not detected
entry  Change from above conditions  yield 3a (%)™
1 nonel® 88
2 450 nm instead of 365 nm, 7 h 20
3 no light, 7 h 0
4 no Cs,CO3, 7 h 30
5 under air (1 atm), 7 h 26
6 under O, (1 atm),[ 7 h 6
7 2mol% of 1, 7 h 24
8 H,0 instead of THF, 7 h 6
9 MeOH instead of THF, 7 h 26
10 DMF instead of THF, 7 h 32
11 DCM instead of THF, 7 h traces
12 toluene instead of THF, 7 h 61

[l Reaction conditions: Alkyne (0.12 mmol), azide (0.1
mmol), 1 (7.5 mol%), Cs,CO3 (0.1 mmol), THF (3 mL), Ar
(bubbling 10 min), stirring, irradiation at 365 nm (LED)
for 4 h (the temperature of the solution reaches 45 °C); The
88% vyield is the average of three reactions. ! Isolated
yields. ! Tube embedded in aluminum foil and heated at
50 °C. [ Bubbling of O, for 10 min then O, balloon.

4:1 regioselectivity. The reaction of phenyl azide and
phenyl acetylene afforded the triazole 12a in 66%
yield and > 20:1 regioselectivity. Surprisingly, no
triazole is formed from phenyl azides bearing a nitro,
methyl, cyano or methoxy group in the para position.
Degradation was observed for the first two azides,
while the last two remained intact. Reaction of 1-
azidoadamantane with aromatic azides afforded the
1,5-disubstituted triazoles 13a-17a in 69-92% yields
and > 20:1 regioselectivities. The X-ray structure of
16a was solved confirming the 1,5-disubstitution.®
The triazole 14a could be isolated in 79% yield on a
0.5 mmol scale. The reaction between benzyl
propargyl ether and 1-azidoamantane afforded 18a in
60% vyield and > 20:1 selectivity. Using phenyl
propargyl ether and propargyl alcohol, the triazoles
19a and 20a were obtained in 61% yield with 2:1
selectivity and 47% vyield with 1.7:1 selectivity,
respectively. Finally, N,N-dimethylpropargylamine
and 3-phenyl-1-acetylene lead to the triazoles 2la
and 22a in 25% vyield with 3:1 selectivity and 26%
with 4.3:1 selectivity, respectively. Note that 11a and
22a were obtained as mixtures with 11b and 22b as
they could not be separated from the 1,4 regioisomers
by silica gel column chromatography.

Preliminary mechanistic studies have been
conducted, especially to determine whether the
catalytic cycle occurs through Ni(O)/Ni(ll) or
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Ni(I)/Ni(ll1) species. Recently, Hong and coll.
reported a combined experimental/theoretical
mechanistic study for the NIAAC mvolvmg the
Cp,Ni(I)/Xantphos precatalytic system.["! According
to their study, the first step of the reaction proceeds
by oxidative addition of the alkyne onto the

1(7.5 mol%)

) N
R R Cs,CO;3 (1 equiv.) N= ‘N—R N,,N\
& * Ny T + N-R
Z ® THF, 45 °C, Ar, 323 h \§< RA/
i 365 nm (LED) R
1.2 equiv. 0.1 mmol Xa Xb

QQQ e 6

11a, 34%! (4:1)

4
N=N =
N
=~
7\
3a, R", R? = H, 88% (> 20:1)
4a,R' = p-OMe, R? = H, 56% (> 20:1)

5a, R! = 0-OMe, R? = H, 50% (> 20:1)
6a, R' = p-NMe,, R? = H, 55% (> 20:1)

7a,R' = p-CO,Me, R? = H, 69% (> 20:1) - N ~ 0 N
8a, R' = H, R? = m-Me, 55% (> 20:1) N7
~
9a, R" = H, R? = m-F, 34% (> 20:1) \\&
A X-ray

10a, 57% (> 20:1) 12a, 66% (> 20:1)

of 16al®! R
18a, R = OBn, 60% (20:1)
19a, R = OH, 61% (2:1)
20a, R = OPh, 47% (1.7:1)
21a, R = NMe;, 25% (3:1)
22a, R = Ph, 26%") (4.3:1)

14a, R = H, 92% (> 20:1)

R =H, 79% (> 20:1)!
15a, R = p-OMe, 89% (> 20:1)
16a, R = p-NMe,, 69% (> 20:1)

17a, R = p-CO,Me, 90% (> 20:1)
13a, 92% (> 20:1)

Scheme 2. Scope of the light-triggered NiAAC. In
parenthesis the 1,5:1,4 regioisomer ratios determined on
the crude by *H NMR. © 1 at 5 mol%. ™ Isolated as a 4:1
mixture of the 1,5 and 1,4 regioisomers. I/ 0.5 mmol scale.

(Xantphos)Ni(0) catalyst to form a (Xantphos)Ni(ll)-
cyclopropene intermediate. Recent mechanistic
studies in the field of dual photoredox/Ni-catalyzed
aryl-heteroatom cross-couplings have revealed that
the reactions most often proceed through “dark”
Ni(1)/Ni(111) catalytic cycles.”! We thus wondered
whether the BCP ligand, which exhibits similar
electronic/structural properties to the 2,2’-bipyridine
ligands commonly employed in cross-couplings,
could not favour a Ni(l)/Ni(lll) cycle. To test this
hypothesis, we first investigated by UV-vis
spectroscopy the speciation of the reduced species
which formed upon photolysis of 1 in THF vs
CH;CN/THF (Figure 2). In a previous work Nocera
and coworkers demonstrated that photolysis of
[(BCP)NI(INCI,] in THF (> 305 nm) in the presence
of 2 equiv. of 2,6-lutidine and 2 equiv. of exogenous
BCP leads to [(BCP);Ni(0)], while photolysis |n
CH.CN leads to [(BCP),Ni(1)CI] exclusively.™

These two species exhibited characteristic intense
electronic absorption bands centered at around 560
nm, 920 nm, and 1100 nm for [(BCP),Ni(0)], and at
480 nm and 680 nm for [(BCP),Ni(I)CI]. It was
shown that in THF the disproportionation of
[(BCP),Ni(D)CI] into [(BCP),Ni(0)] is promoted by
chloride anions, while in CH;CN [(BCP),Ni(I)CI] is
stable. It was also shown that the reduction of Ni(ll)
to Ni(l) is mediated by the singlet excited state of the
exogenous BCP ligand, which transfers a H atom
(HAT) from the THF to afford the BCP-H radical as

the reducing species. As observed by Nocera and co-
workers, the photolysis of 1 in THF (Figure 2a) leads
to the fast formation of [(BCP),Ni(0)], while in
CH;CN/THF (6/1 ratio; a small amount of THF is
necessary to solubilize 1) the exclusive formation of
[(BCP)Ni(l)]* is observed (Figure 2a).***¥ The
formation of a S=1/2 Ni(l) species was confirmed by
EPR spectroscopy (see SI).
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Figure 2. a) UV-vis follow-up of the photolysis of 1
revealing the formation of [(BCP),Ni(0)] in THF (left
spectra) while [(BCP),Ni(D]* forms in CH;CN/THF (6/1
ratio, right spectra). Photolysis were conducted using a 365
nm Luzchem LEDI-7UV lamp (set at 25% intensity, 2 cm
from the cuvette) on solutions of 1 (0.5 mM, 3 mL)
degassed by Ar bubbling (15 min). Spectra recorded at t =
0 (lower spectrum), 10, 15, 20, 30 min of irradiation for
THF, and t = 0 (lower spectrum), 20, 30, 40, 50 min of
irradiation for CH3CN/THF (6/1 vol. ratio). b) Speciation
of 1 when photolyzed in THF and CH3CN/THF. c) NiIAAC
in THF vs CH3CN/THF.

When the photolysis is conducted from complex 2, in
which the 3-benzoylbenzoate ion is replaced by a
benzoate ion, no change in the UV-vis spectrum was
noticed, showing that the Ni(ll) to Ni(l) reduction is
mainly driven by the BP triplet excited state (Figure 2,
eq 1). Once formed, [(BCP)Ni(I)(BPCO,)] either
disproportionates in THF to generate [(BCP),Ni(0)]
and [Ni(IN(BPCO,),] (eq 2), or undergoes ligand
exchange in CHsCN/THF to afford
[(BCP)Ni(1)(BPCO,)] and [Ni(I)(BPCO,)] (eq 3).
We then compared the catalytic activity of 1 in the
reaction Dbetween phenyl acetylene and 1-
azidoadamantane in THF vs CH;CN/THF, which was
found to be significantly higher in CH;CN/THF
(Figure 2c). Combining this result with the fact that
only Ni(l) but not Ni(0) is observed upon photolysis
of 1 in CHsCN/THF, strongly suggests that



[(BCP)NI(I)(BPCO,)], the primary reduced species
expected to form both in THF and CH;CN/THF, is
the catalytic species. Interestingly, complex 2 with
the benzoate counterion is unreactive in CH;CN/THF,
while a significant reactivity was observed in THF
suggesting that a Ni(ll) to Ni(l) reduction process
mediated by the BCP excited state might be operant
in this solvent in conjunction with the BP-driven
process. %

RZ (BCP)Ni'X Rl—=—
- 1
X
RE OA

Scheme 3. a) Proposed Ni catalytic cycle according to our
results and mechanistic studies of references 5c and 7 (OA
= Oxidative Addition, AC = Azide Coordination, NA =
Nucleophilic Addition, RE = Reductive Elimination.

The mechanism shown in Scheme 3 is proposed
based on the present speciation study and extensive
mechanistic reports conducted on RuAACPY and
NiAAC.[ Oxidative addition of
[(BCP)Ni(I)(BPCOz)] I to the alkyne forms the
(BCP)Ni(I1I)-cyclopropene intermediate 1.
Coordination of the azide by the internal N atom
gives intermediate 111 stabilized by the interaction
between the most nucleophilic carbon of the
nickellacycle and the most electrophilic N atom of
the azide. Nucleophilic attack of the nickellacycle on
the terminal N atom affords the 6-membered ring
nickellacycle 1V which undergoes reductive
elimination to afford the 1,5 triazole and regenerate
the [(BCP)NI(I)] catalyst.

To conclude, we succeeded in developing a light-
triggered azide-alkyne cycloaddition for the synthesis
of 1,5-disubstituted 1,2,3-triazoles. The process
exploits the ability of the Ni(ll) precatalyst 1 bearing
the BCP ligand and benzoyl benzoate counterions to
be effectively photoreduced under UV A irradiation in
H atom donating solvents. Remarkably, in many
cases the 1,4 isomers were not detected in the crude
mixtures which is key for application, the two
regioisomers being often very difficult to separate.
Some limitations were nevertheless noticed, in
particular when employing non-bulky aliphatic
alkynes as substrates. Preliminary mechanistic studies

that focused on the precatalyst activation step suggest
[(BCP)NI(I)X] as the catalytic species, contrasting
with the Cp,Ni(ll)/Xantphos precatalytic system for
which a Ni(0)/Ni(ll) catalytic cycle has been
proposed.

Experimental Section

General procedure for the light-triggered NiAAC. In a
test tube protected from light by aluminum foil, equipped
with a magnetic stirrer, complex 1 (0.0075 mmol, 6.5 mg),
Cs,CO; (1 eq, 32.7 mg), the azide (1 eq, 0.1 mmol) and the
alkyne (1.2 eq, 0.12 mmol) were dissolved in freshly
distilled THF (3 mL) and sonicated for 1 minute. The tube
was then capped with a rubber septum, and the reaction
medium was deaerated by gentle argon bubbling for 10
minutes. The reaction was initiated by irradiating the tube
at 365 nm with the Luzchem® illuminator setup. After
stirring under irradiation at room temperature for 3-23 h,
THF was removed under reduced pressure, and the crude
mll_xturelwas purified by column chromatography over
silica gel.
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