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1. Abstract:

The attainment of transition-metal catalysis and photoredox catalysis has represented a
great challenge over the last years. Herein, we have been able to merge both catalytic
processes into what we have called ‘the light-triggered CUAAC reaction’. Particularly,
the CuAAC reaction reveals opposite outcomes depending on the nature of the
photocatalyst (Eosin Y disodium salt and Riboflavin tetraacetate) and additives

(DABCO, Et3N, and NaN3) employed. To get a better insight into the operating
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processes, steady-state, time-resolved emission, and laser flash photolysis experiments
have been performed to determine reactivity and kinetic data. These results, in
agreement with thermodynamic estimations based on reported data, support the
proposed mechanisms. While for Eosin Y (EY), Cu(ll) was reduced by its triplet excited
state; for Riboflavin tetraacetate (RFTA), mainly triplet excited RFTA state photo-
reduction by electron donors as additives are mandatory, affording RFTA™ (from
DABCO and NaNs3) or RFTAH" (from EtsN). Subsequently, these species are
responsible for the reduction of Cu(ll). For both photocatalysts, photo-generated Cu(l)
finally renders 1,2,3-triazole as the final product. The determined kinetic rate constants
allowed postulating plausible mechanisms in both cases, bringing to light the
importance of Kkinetic studies to achieve a strong understanding of photoredox

processes.
2. Introduction

Since the beginning of the 21% century, organic chemistry has witnessed a relevant
increase in research in the field of visible-light photocatalysis. Certainly, the use of
visible light as a green “activator” combined with catalysts is attractive to develop
effective and greener chemical transformations.! Thus, the photochemical approach
represents an environmentally benign protocol that leads to a great diversity of

molecules, unreachable through other synthetic methods.?

For instance, the development of new routes to synthesize 1,2,3-triazoles is an area of
research of renewed interest not only due to their exceptional biological and binding
properties, but also for their potential in medicinal and material chemistry applications.®
Currently, the copper-catalyzed azide-alkyne cycloaddition (CuAAC) is the most
commonly used method to synthesize 1,2,3-triazoles.* This reaction was developed by

Sharpless and Meldal, and between the two possible produced isomers, only the
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presence of Cu(l) afforded exclusively the 1,4-disubstituted regioisomer.®> Although
several copper sources can be used in the CUAAC, the formation in situ of Cu(l) at the
expense of Cu (I1) appears as the simplest method. Since then, the use of Cu-catalyzed
methodologies is increasingly growing mainly because Cu is abundant on the earth-
crust, and therefore inexpensive when compared with other transition metals like Pd, Pt,

Rh, Ru, Ir, or Au.

More interestingly, there are widely developed methodologies where Cu(l) is generated
in situ by the photoinduced reduction of Cu(ll).6 Hence, the use of light to eventually
generate Cu(l) from Cu(ll) expands the potential of CUAAC to the synthesis of
materials in which spatial and temporal control is needed.” More specifically, several
examples use light to reduce Cu(ll) directly from complexes,® while others involve the
use of expensive photocatalysts based on transition metals,® or cheaper visible-light
absorbing organic photocatalysts.’® In fact, organic photocatalysts have already
demonstrated their potential in organic synthesis in a variety of photoredox processes,
due to their strong visible light absorption capacity, suitable redox potentials, long-

enough excited states and reasonable photostability.!

In photocatalyzed processes, evaluating the kinetics of excited states is crucial to
postulate a plausible mechanism.*"12 However, little attention has been paid to the
exploration of the mechanism behind the light-triggered CUAAC. Only in few cases the
fundamental aspects and molecular bases of such mechanism have been investigated
through kinetics and spectroscopic methods, namely: laser flash photolysis (LFP),*3
Fourier-transform infrared spectroscopy (FTIR),!* electron paramagnetic resonance

(EPR),**% or single molecule spectroscopy.'®

Herein, we report on a systematic evaluation of the role of all the species potentially

involved in a light-triggered CUAAC by Eosin Y disodium salt (EY) and Riboflavin
3



tetraacetate (RFTA). EY is a widespread employed organic photocatalyst able to
participate in oxidative and reductive cycles,’01?01% while RFTA is more likely
involved in a reductive cycle.!” The well-known cycloaddition between benzyl azide
and phenyl acetylene in the presence of copper(ll) chloride acts as a model reaction
(Scheme 1).199178 An in-depth kinetic analysis based on steady-state and time-resolved
emission, together with laser flash photolysis experiments, have provided key data to

support the postulated mechanisms.
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Scheme 1. Light-triggered CUAAC reaction system.

3. Results

3.1. Photochemical CUAAC reaction

The photocatalyzed reaction between benzyl azide (1) and phenyl acetylene (2) in the
presence of copper (1) chloride under blue LED irradiation (3 W) for 2 h to produce
1,4-diphenyl-1,2,3-triazole 3 is shown in Scheme 1. The effect of different additives

was evaluated, and the most relevant results collected in Table 1.

Table 1: Effect of the additives on the yield of CUAAC light-triggered by EY or RFTA.2



Entry  Photocatalyst Additive Yield of 3 (%)

(0.4 mol%) (mol%)
1 EY - 93%
2 EY DABCO (1.2) 9%
3 EY EtsN (1.2) 23%
4 EY NaNs (1.2) 86%
5 EY NaN; (20) 35%
6° EY - NR°®
7 RFTA - 20%
8 RFTA DABCO (1.2) 92%
9 RFTA DABCO (1.2) 35% (air)
10 RFTA DABCO (1.2) 20% (O2)
11 RFTA Et:N (1.2) 55%
12 RFTA NaNs (1.2) 84%
13 RFTA NaNs3 (20) 75%
14P RFTA - NR°®

aReaction conditions: benzyl azide (1, 0.25 mmol) and phenyl acetylene (2, 0.25 mmol) in 2 mL of water
under nitrogen atmosphere, irradiation with a 3 W blue LED for 2 h. CuCl, was used as a source of
copper (0.4 mol%). Yields were obtained by GC using the internal standard method. PDark reaction. °NR:

no reaction.

When Cu(ll) and EY at 0.4 mol% were used and the mixture was irradiated with a 3 W
blue LED (Aexc centered at 467 nm) for 2 h under inert atmosphere, 3 was obtained in a
93% vyield (Table 1, entry 1). Afterwards, the effect of different sacrificial donors and
sodium azide was investigated. The addition of DABCO or EtsN (1.2 mol%) produced a
dramatic decrease in the product formation, with the yield of 3 decreasing to 9% and
23%, respectively (Table 1, entries 2 and 3). Moreover, the addition of NaNsz as an
additive showed a small but definite quenching effect on the product formation, which
was dependent on its concentration. In fact, the lower overall effect on the yield of 3 in
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the presence of NaNs, compared to the effect caused by EtsN, could be due to a
potential positive effect preventing the back electron transfer between EY*" and Cu(l),
associated to the anionic nature of the azide anion. Actually, the yield of product 3
decreased from 93% (no additive) to 86% (NaNsz 1.2 mol%), and even to 35 % (NaNs
20 mol%) (Table 1, entries 1, 4 and 5). The photo-triggered CUAAC reaction using
riboflavin tetraacetate (RFTA) as a redox-active chromophore was first reported by
Konig et al.1”® In our experiments, Cu(ll) and RFTA were used at 0.4 mol%, affording a
20% vyield of 3 under blue-LED light irradiation for 2 h under inert atmosphere (Table
1, entry 7). The significant difference in the performance of the two photocatalysts in
the absence of additives (entries 1 and 7) deserves an explanation. In principle, the
performance of two photocatalysts is not directly comparable since it depends on their
respective absorbance at the given irradiation wavelength.'® Therefore, the efficiency
of/in light absorption of EY and RFTA could explain their different photocatalytic
activity. Nevertheless, absorption spectra of EY and RFTA recorded at the
concentrations used for the CUAAC reaction (see figure S1) showed that absorbance at
467 nm is in both cases higher than 4. Thus, all the photons emitted by the blue LED
employed were efficiently absorbed, pointing to a different behavior of the excited

states of EY and RFTA to explain the different reactivity (vide infra).

As in the case of EY, the effect of different additives was investigated when CUAAC
was light-triggered by RFTA. Only for the latter, the addition of DABCO, Et:N, and
sodium azide favored the product formation. Interestingly, the addition of 1.2 mol% of
DABCO improved the reaction yield up to 92% (Table 1, entry 8); EtsN also acted as a
positive additive, even though its efficiency was significantly lower compared to
DABCO, yielding 55% of 3 under the same reaction conditions (Table 1, entry 11). The

performance of RFTA was sensitive to oxygen concentrations. In fact, when DABCO



was used as the additive in the presence of air or oxygen atmosphere, the triazole 3
production vyield dropped to 35% and 20% vyield, respectively, pointing to the
participation of the triplet excited state of RFTA, more sensitive to O than the singlet
excited state (Table 1, entries 9 and 10). To our surprise, the azide anion, which is
considered a typical quencher in photochemical reactions such as type |l
photooxidation, resulted to be a positive additive. Under the essayed concentrations, 1.2
and 20 mol%, triazole 3 was produced in 84% and 75 % vyields, respectively (Table 1,
entries 12 and 13). These results indicate that, although the presence of the NaN3z as an
additive is positive, its benefit is dropped at higher concentration of the sacrificial agent.
Finally, there is no reaction under dark conditions for either photoredox catalysts (Table
1, entries 6 and 14). From optimized conditions (Table 1, entries 1 and 8), similar TON
and TOF values were obtained for both photocatalyst: 23250 and 11625 h, for EY; and
23000 and 11500 h for RFTA. These results indicate that the CUAAC reaction

efficiency is independent from the employed photocatalyst.

Preparative photolysis results indicated that the effect of additives commonly used in
photoredox catalysis show opposite outcomes depending on the nature of the
photocatalyst; while DABCO, EtzN, and NaN3z act as quenchers for EY, these additives
boosted the reaction when it was light-triggered by RFTA. These contrasting
observations indicate that the fundamental aspects and molecular basis of the

mechanisms involved still remain poorly understood and deserve a deeper insight.
3.2. Photophysical measurements of EY

For experimental reasons, the kinetic measurements tried to mimic as much as possible
the ‘standard’ reaction conditions (see Table 1). Despite the great value of carrying out
organic synthesis reactions in water, CH3CN/H20O solvent mixture was used in Kinetic

determinations for technical and solubility reasons. Previous electrochemical study on
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the Couple Cu(Il)/Cu(l) did not show any change in both, redox potential and
reversibility by the presence of a phenylacetylene-benzyl azide mixture!®, for this reason
and the lack of reactivity in the dark, we have not considered these reagents in the
photochemical study. Then, first we evaluated the potential reduction of Cu(ll) to Cu(l)
from the singlet and from the triplet excited states of EY. Steady-state fluorescence
experiments revealed a slight interaction between the singlet excited state and Cu(ll).
Nevertheless, time-resolved emission experiments showed that !EY* is not quenched by
Cu(Il) (see Figure S2). Next, the potential of the triplet excited state to act as a reducing
species was evaluated by means of laser flash photolysis (LFP) experiments. Initially,
the transient absorption spectra of a deaerated solution of EY (1x10®° M) in
CH3CN:H20 (99:1) was recorded both in the absence and in the presence of Cu(ll), as

shown in Figure 1.
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Figure 1: Transient absorption spectra of a solution of EY (1x10®° M in CHsCN:H.0
(99:1)) recorded at different times: 2 us (black), 10 ps (red), 22 us (blue), 42 us (green)
and 78 ps (pink), after the laser pulse (Aexc = 532 nm) in the absence (A), and in the

presence (B) of Cu(Il) (1x102 M).



Figure 1A displays the characteristic transient absorption spectrum of the triplet excited
state of the EY ((EY”) with a broad band range between 550-700 nm; by contrast,
Figure 1B showed the spectrum characteristic of the radical cation (EY*"), with a
distinctive maximum at 460 nm, obtained in the presence of Cu(ll).!° The formation of
EY" upon addition of Cu(ll) acted as an ambiguous evidence of the photoredox
process. Moreover, the next step was the evaluation of the kinetic rate constant for the
quenching of 3EY” by Cu(ll). For this purpose; the decay traces corresponding to the
triplet excited state, obtained upon LFP excitation, were evaluated at 580 nm at different
concentrations of Cu(ll) (Figure 2A). In parallel, traces were also recorded at 460 nm to
account for the simultaneous formation of EY"" (Figure 2B). Figure 2A shows an
efficient decrease in the lifetime of *EY”™ upon addition of increasing concentrations of
Cu(Il). Then, the reciprocal of the triplet lifetime was plotted versus [Cu(ll)] according
to the Stern-Volmer analysis (see experimental section 3.3). A quenching constant value
of 2.9x10° Ms?, close to the diffusion control limit,?° was determined from the slope
of the Stern-Volmer plot (Table 2). Figure 2B shows the concomitant growth of the

corresponding EY*"", in agreement with the observed triplet quenching.
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Figure 2: Kinetic traces recorded at 580 nm (A) and 460 nm (B), obtained upon LFP
excitation (532 nm) of EY (1x10° M in CH3CN:H.O (99:1)) in the absence of Cu
(black), and upon addition of Cu(ll): 1x10* M (red) and 5x10* M (blue). Inset:

corresponding Stern-Volmer plot.

The efficient quenching of the triplet excited state of EY, together with the concomitant
formation of EY** upon addition of Cu(ll), supported the triplet excited state of EY as

the reducing agent of Cu(ll).

Furthermore, CI” derived from HCI has been reported as a reducing agent for a different
photocatalyst: 9-mesityl,10-methylacridinium.?* Since we used CuCl, as a source of
Cu(Il), control experiments were performed to discard any photoredox reaction between
the ground state or the excited states of EY and CI" (see Figure S3). For this purpose,
NaCl was employed as CI source. Nevertheless, UV-visible spectra, steady-state and
time-resolved fluorescence revealed no interaction between CI" and EY nor with the
ground state or with the singlet excited state of the dye. Furthermore, interaction
between CI™ and the triplet excited state of EY was also evaluated by LFP. Transient
absorption spectrum revealed only a physical deactivation of *EY* without electron
transfer, since the corresponding EY* band, located at 400-430 nm, was not evidenced
(see Figure S3).1% Therefore, electron transfer between CI- and 2EY* can be safely

discarded.

Next, we evaluated the reactivity of the additives DABCO, EtzN, and NaN3z towards the
excited states of EY. Initially, the interaction between the singlet excited state of EY
and the electron donors (DABCO, EtsN and NaNs) was evaluated upon steady-state and
time-resolved fluorescence experiments. Results showed a decrease in the steady-state
emission and in the lifetime of 'EY* when DABCO was used as the electron donor, as

shown in Figure 3. Then, the reciprocal of the fluorescence lifetime was plotted versus
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[DABCO] (see experimental section). The slope of the Stern-Volmer fitting gave as
result the kinetic constant value of 3.8x10° Ms, Table 2. Yet, results were different
when EtzN and NaN3z were employed (see Figure S4). *EY* remained unchanged in the

presence of concentrations as high as 2x10 M of either of the two additives.

A) B)
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Figure 3: Steady-state (A) and time-resolved (B) fluorescence (Aexc = 460 nm) of EY
(1x10®° M) in CH3CN:H.O (99:1) upon addition of DABCO 0-2x102 M. Inset:

corresponding Stern-Volmer plot.

Conversely, when LFP experiments were carried out to evaluate the reactivity of the
additives towards the *EY*, the results obtained showed that *EY* lifetime decreased in
the presence of increasing concentrations of the three electron donors (Figure 4). The
corresponding quenching rate constant values, determined from the slopes of the linear
fittings of the Stern-Volmer relationships, were 1.0x10° Ms? 7.6x10® Ms? and
3.1x10” Ms for DABCO, EtsN, and NaNs, respectively (see Figures 4A, 4C and 4E
and Table 2). As further support of the redox processes, the transient absorption
spectrum of a deaerated solution of EY was recorded in the presence of DABCO (2x1072
M), as shown in Figure 4B. The formation of the radical anion of EY (EY*), which is

expected to give a band range between 400-430 nm, was observed as a clear indication
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of the ability of excited EY to act also as an oxidant as well.1® Furthermore, traces
recorded at 410 nm from deaerated solutions of EY in the absence and presence of EtsN
or NaNs, also revealed the formation of EY* in these cases, as shown in Figures 4D and

4F, respectively.
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Figure 4: Kinetic traces obtained upon LFP excitation (Aexc = 532 nm) of deaerated

solutions of EY (1x10° M) in CH3CN:H20 (99:1), recorded at 580 nm upon addition of

DABCO (up to 2x102 M, A), EtsN (up to 2x102 M, C) and NaNs3 (up to 2.2x10° M, E).

Insets: Stern-Volmer fittings corresponding to the quenching experiments. B) Transient

absorption spectra obtained from a deaerated solution of EY in the presence of DABCO

(2x102 M) recorded at different times after the laser pulse: 6 us (black), 14 us (red), 30

us (blue) and 78 ps (green). D and F) Kinetic traces recorded at 410 nm upon addition

of EtsN (up to 1.1x10° M) or NaNs (up to 1.1x10 M), respectively.

Table 2: Quenching rate constants determined for the reaction between the excited

states of EY and the additives, together with the observed intermediates from the LFP

measurements.
Kgs (M1 s1) | kqr (M2 s1) | Observed Intermediate
Quenche
cu(l - 2.9x10° EY™
CI - - -
DABCO 3.8x10° 1.0x10’ EY™
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EtsN - 7.6x10° EY™

NaNs - 3.1x107 EY™

Finally, in order to assess the catalytic role of the copper salts used, we examined the
reaction between the reduced Cu(l) and EY"" to recover Cu(ll) and EY. Thus, the
kinetics of EY"" (obtained from a solution containing EY and a large excess of
Cu(OAC)2) was examined upon addition of Cu(l); unfortunately, the experiment was not

conclusive due to the low solubility of the Cu(l) salts.

3.3. Photophysical measurements with RFTA

The CuAAC photoinitiated by RFTA without additives only produced a 20% yield
(Table 1), in contrast to the results obtained when EY was employed.’® In agreement
with the experimental results, kinetic evaluation based on steady-state, time resolved
fluorescence measurements and LFP experiments showed no interaction between the
excited states of RFTA and Cu(ll) (see Figure S5). Consequently, the reduction of

Cu(Il) to Cu(l) called for a more powerful reducing agent.

Quenching of the singlet excited state of riboflavin and amines, such as DABCO or
EtsN had been previously studied by our laboratory.?? The quenching rate constants
obtained were 4.5x10° Ms? and 2.9x10° M1s? for DABCO and EtsN, respectively.
Similarly, Figure 5 shows an efficient static and dynamic quenching of 'RFTA* by
NaNs. Kinetic analysis based on the Stern-Volmer relationship resulted in a rate

constant of 5.9x10° M-1s (see inset in Figure 5B and Table 3).
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Figure 5: Quenching of steady-state (A) and time-resolved (B) fluorescence (Aexc = 460
nm) of RFTA (Abs;=s60 nm = 0.15 in CHsCN), upon addition of NaNs (up to 1.4x102 M).

Inset: Stern-Volmer fitting of the quenching experiment.

Next, the transient absorption spectra of a deaerated solution of RFTA showed a
maximum centered at 380 nm and a wide band range between 500 and 700 nm,

corresponding to the 3RFTA”, in good agreement with the literature, see Figure 6.22

34 l11-39 us
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Figure 6: Transient absorption spectra of a deaerated CH3sCN solution of RFTA (4x10°
M) recorded at different times: 11 ps (black), 19 us (red) and 39 us (blue) after the laser

pulse (Aexc = 355 nm).

Subsequently, the lifetime of *RFTA" was monitored at 620 nm upon increasing

concentrations of DABCO, EtsN, and NaNs3 (see Figures 7A, 7B and 7C, respectively).
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The results revealed an efficient quenching of 3RFTA” in all cases. The lifetime
decrease was plotted versus additive concentration according to the Stern-Volmer
relationship (see insets in Figure 7). The slopes of the corresponding linear fittings
provided the quenching constant values which were: 1.2x10%°, 8.7x10% and 7.3x10° M-
st for DABCO, EtsN, and NaNs, respectively (Table 3). The resulting spectra were
recorded as further support of the electron transfer processes (Figure S6). As expected,
in the case of EtsN the resulting spectrum (Figure S6A) exhibited a strong absorption
band located at 380 nm and a weak band between 500 and 650 nm, in agreement with
the well-known RFTAH®, formed upon electron transfer followed by proton transfer
from EtsN to excited RFTA.2® On the other hand, in the case of NaNs the spectrum
corresponding to RFTA™ was obtained as shown in Figure S6B. As expected, the latter
is coincident with the already described spectrum of RFTA™ obtained with DABCO.?
Finally, traces recorded at 380 nm in the absence of and upon increasing concentrations
of EtsN (Figure 8A) or NaNs (Figure 8B) revealed the formation of the reduced species

of RFTA (RFTAH" or RFTA™, respectively).

A) B)

©
o
1
x
-~
S
£
g
2

w

o o
o
(1) x 10° (s™)
[l N
O \
w

l[EtBN]

0.6 .
< 0,00 0,05 0,10
< 0.4+ [DABCO] (mM)
0.2
0.0 fu
0 10 20
t (us)

C)

16



15
1.0 ©12
0.8 99
x 6 "
0.6 I
ha)
:E 0.4 00.00 0.05 0.10 0.15
N.] (mM
0.2 [N.] (mM)

0 10 20

Figure 7: Kinetic traces obtained after LFP excitation (Aexc = 355 nm) of RFTA (4x107°
M in deaerated CH;CN), recorded at 620 nm upon addition of DABCO (up to 1.1x10*
M, A), EtsN (up to 2.5x10° M, B) or NaN3 (up to 1.2x10* M, C). Inset: Stern-Volmer

fittings of the corresponding quenching experiments.
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Figure 8: Kinetic traces obtained after LFP excitation (Aexc = 355 nm) of RFTA (4x10°
M in deaerated CHsCN), recorded at 380 nm upon addition of EtsN (up to 2.5x1073 M,

A) or NaNs (up to 3x107, B).

Finally, we investigated the reduction of Cu(ll) to Cu(l) by RFTA™ or RFTAH". Hence,
a solution containing RFTA and DABCO or EtsN was subjected to LFP excitation and

the kinetic decay traces at 380 nm where RFTA™ and RFTAH" have strong absorptions
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were recorded upon increasing concentrations of Cu(ll) (see Figures 9A and 9B for the
quenching of RFTA™ and RFTAH’, respectively). The corresponding linear fittings

based on the Stern-Volmer relationships were plotted in 9C and 9D, respectively.

Figures 9A and 9C revealed an efficient quenching of RFTA™ by Cu(ll), with a Kinetic
rate constant of 7.9x108 M-s™. Analogously, as shown in Figures 9B and 9D, RFTAH"
was also quenched by Cu(ll), the slope of the linear fitting gave a quenching rate
constant of 1.4x10® Ms®. The quenching rate constant values obtained are in
agreement with the experimental results (see Table 1) that showed higher reaction yields
in the presence of DABCO or NaN3 (entries 8 and 12) compared to the yield obtained in

the case of employing EtsN as additive (entry 11).
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Figure 9: Decay traces obtained after LFP excitation (Aexc = 355 nm) of a solution of
RFTA (4x10° M) and DABCO (1x103 M, A) or EtsN (5x10° M, B) in deaerated
CH3CN, recorded at 380 nm upon addition of Cu(ll) at a concentration up to 5x10™* M.
Corresponding Stern-Volmer plots for the reaction of Cu(ll) towards (C) RFTA™ or (D)

RFTAH".

Table 3: Quenching rate constants determined for the reaction between the excited
states of RFTA or the derived reduced species and the additives, together with the

observed intermediates from the LFP measurements.

Kqs Kqr Observed | kyRFTA®* | kyRFTAH*
(M1s?) (M1s1) |intermediate | (Mts?) (M1s?)
Quencher
cu(ll - - - 7.9x108 1.4x108
DABCO 4.5x10%2 1.2x10%° RFTA™ - -
EtsN 2.9x10%2 8.7x108 RFTAH’ - -
NaNs 5.9x10° 7.3x10° RFTA™ - -

aData obtained from reference %2,

4. Discussion

Once the photocatalyst reached an excited state, the next step in a photoredox process is
the electron transfer to form the corresponding radicals. The thermodynamic feasibility
of that step was estimated by means of the Gibbs energy of photoinduced electron

transfer equation:
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AGet (eV) =— [ E(A/A.-) - E(D.Jr/D)] - ES or T* (D or A) + AEcoulombic eq. 1

where E(A/A™) is the reduction potential of the acceptor species (A), E(D*'/D) is the
oxidation potential of the donor species (D), Esor v (D or A) is the energy of the singlet
or triplet excited state of the photocatalyst, either acting as D or as A.*?® In polar
solvents, AEcoulombic is negligible (ca. 0.06 eV in CH3CN)*® and is usually omitted in

photophysical estimations, except when specific solvent effects are addressed.*

In our case, thermodynamic calculations were made to estimate the free energy changes
of the expected steps involved in the CUAAC reaction photoinitiated by EY, using

redox and photophysical reported data.

Reported redox potentials for EY are: E(EY""/EY) = +0.78 V vs SCE and E(EY/EY") =
-1.06 V vs SCE, in CH3CN:H,0 (1:1) and the excitation energy of !EY* and 3EY” are
2.31 eV and 1.91 eV, respectively.1%?* It is widely accepted that upon excitation, EY
can participate in oxidative and reductive quenching cycles. In our case, the
exergonicity of the two alternatives was investigated by estimating the Gibbs free
energies of the initial photoinduced electron transfer steps using the simplified version
of the formerly known Rehm-Weller equation, that can be safely employed when

reactions are performed in polar solvents.'?°
Furthermore, the Gibbs free energy was also estimated for the subsequent thermal steps.

For the oxidative quenching cycle, the corresponding processes involved are shown in
equations 2 and 3, and for the reductive cycle the equations that apply are 4 and 5. In
both cycles A accounts for Cu(ll) and D accounts for DABCO, EtsN, NaNs, CI" or

cu(l).

Oxidative cycle:
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AGet (eV) = — [ E(AJA™) — E(EYY/EY)] - EY* eq. 2

AG (eV) = - [E(EY™/EY) — E(D"*/D)] eq. 3
Reductive cycle:

AGet (eV) = — [ E(EY/EY™) — E(D**/D)] - EY* eq. 4

AG (eV) = — [E(A/A™) — E(EY/EY™)] eq. 5

Redox potential of Cu(ll)/Cu(l) is 0.15 V vs SCE, thus reduction of Cu(ll) from the
LEY* or 3EY” (eq. 2) gives free energy values of AGet = -1.68 eV or AGet = -1.28 eV,
respectively. Subsequent oxidation of Cu(l) to Cu(ll) by formed EY*, according to
equation 3, is also thermodynamically favored (AG = -0.63 eV), without the need of

additives.

For the evaluation of the reductive cycle involvement, we estimated the free energy
associated to the oxidation of DABCO, EtsN, NaNs and CI" with redox potential values
of +0.56 V, +0.96 V, +1.08 V and +1.15 V (all vs SCE),?*% respectively, from EY*
and ®EY” (eq. 4). The estimated AGe from the 'EY* are: AGet = -0.69 eV, AGet = -0.29
eV, AGet = -0.17 eV and AGe: = -0.1 eV for DABCO, EtsN, NaNs and CI, respectively.
The thermodynamic calculations for the oxidation of the electron donors involving the
SEY” indicated that the electron transfer is thermodynamically allowed only in the case
of DABCO (AGet = -0.29 eV), while such processes resulted endergonic for the rest of
the additives (AGet = +0.11 eV, AGet = +0.23 eV and AGet = +0.30 eV, for EtsN, NaN3
and CI', respectively). Eventually, the reduction of Cu(ll) from the EY* according to the

thermal step depicted in equation 5, will be exergonic with AG =-1.21 eV.

An overall analysis of the thermodynamic estimations indicated that the *EY* could not
only be responsible for the reduction of Cu(ll) but also for the oxidation of DABCO,
EtsN, NaNs and CI". Yet, kinetic experiments based on time-resolved fluorescence
showed that !EY* lifetime remained constant upon addition of increasing

concentrations of all of these reactants, except in the case of DABCO; therefore, the
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participation of !EY* in the photoreduction of Cu(ll) was discarded. Nevertheless, LFP
experiments showed that 3EY” lifetime was efficiently decreased upon addition of Cu(ll)
giving rise to the formation of EY"", which acted as a piece of evidence of the
participation of this excited state in the photoredox process. A control experiment
showed that the EY” remained unchanged upon addition of CI- as a further support for
the photoreduction of Cu(ll), although CuCl> was used in the CuAAC. Yet, LFP
experiments showed that the *EY” was also quenched by DABCO, EtsN or NaNs,
giving rise to the formation of EY*, as demonstrated from the LFP experiments, even
though thermodynamic estimations indicated that the oxidation of EtsN and NaNs are

slightly endergonic.

Albeit the quenching constant of the 3EY™ by Cu(ll) is at least two orders of magnitude
higher than that measured for the additives (see Table 2), these results are in agreement
with the decrease ef in the yield of the CUAAC reaction in the presence of said
additives. Special mention deserves the case of DABCO that also quenched the EY*
with a high quenching rate constant, preventing partially the formation of the *EY* and
therefore decreasing significantly the vyield of the CuAAC reaction. From the
combination of the thermodynamic calculations and the kinetic experimental results, a
plausible mechanism for this reaction is shown in Scheme 2, where a tiny amount of
photo generated Cu(l) is able to catalyze the cycloaddition reaction (TON =2350) in

competition to back electron transfer to regenerate EY.
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SD SD = DABCO, Et;N, N3
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Scheme 2: Mechanistic proposal for the light-triggered CUAAC reaction by EY.

Analogously, thermodynamic estimations were made in the case of the CuAAC light-
triggered by RFTA and were combined with the kinetic results to postulate a plausible
reaction mechanism. Redox potentials for RFTA were safely taken as the redox
potentials reported for RF, since the chromophore remained unchanged. These are:
E(RF/RF) = +2.03 V vs SCE!® and E(RF/RF") = -0.8 V vs SCE.X™ In addition, the
energies of the excited states of RFTA were assumed to be the same as the energies

reported for the 'RF* and *RF* (2.48 eV and 2.17 eV, respectively).?’

From the thermodynamic point of view, reduction of Cu(ll) was achieved from ‘RFTA*
and also from 3RFTA* (-0.6 eV and -0.29 eV, respectively, equation not shown).
However, kinetic experiments showed that neither of the two excited states were able to
reduce Cu(ll). Nonetheless, oxidation of additives such as DABCO, EtsN and NaNs
were exergonic from the *RFTA* (-1.12 eV, -0.72 eV and -0.6 eV, respectively), and
also from the *RFTA* (-0.81 eV, -0.41 eV and -0.29 eV, respectively), according to
equation 6, where D accounts for DABCO, EtsN or NaNs. For these processes, kinetic
experiments gave quenching rate constants close to the diffusion control from the

'RFTA* and from the SRFTA*, in agreement with the thermodynamic calculations.
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Reductive cycle:
AGet (V) =— [ E(RFTA/RFTA™) — E(D'/D)] - RFTA* eq. 6

AG (eV) = — [E(AJA™) — E(RFTA/RFTA")] eq. 7

Once the RFTA was reduced, subsequent reduction of Cu(ll) into Cu(l) according to the
thermal redox process depicted in equation 7 (where A accounts for Cu(ll)) is exergonic
(-0.95 eV), which correlates well with the determined rate constant value in the order of
108 M1sL, The catalytic cycle could be closed by reoxidation of Cu(l) after participating
in the CuAAC, by oxidized additives, which is also exergonic (-0.41 eV for DABCO as

an example).

Albeit 'RFTA* and RFTA* demonstrated to play a role in the CUAAC reaction, the
relative contribution of the two excited states can be stated applying equations S1-S5
(see SI) under real experimental conditions. Thus, concentrations of the additives
(1.5x10° M), the experimentally determined lifetimes values for 'RFTA* and RFTA*
(ts = 8.3 ns and 17 = 3.3 ps) the determined values for the quenching rate constants
shown in Table 2, and the reported quantum yield values for RF ®f = 0.26 and ®isc =
0.70% were applied. Accordingly, quenching of the 'RFTA* by DABCO, EtsN and
NaNs represented percentages of only 5.5%, 3.6% and 7.1%, respectively, while up to
68%, 57% and 66% of the SRFTA* was quenched by the electron donors at the
concentrations employed. Furthermore, the yield of CUAAC light-triggered by RFTA
was significantly affected by molecular oxygen (Table 1, entries 8-10), which is also in

agreement with a higher participation of the SRFTA* over RFTA*,

Overall, a plausible mechanism to explain the CUAAC reaction light-triggered by RFTA

in the presence of electron donors is illustrated in Scheme 3.
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Scheme 3: Mechanistic proposal for the light-triggered CUAAC reaction by RFTA in the

presence of DABCO, Et;N and N3 as additives.
5. Conclusions

Experimental results obtained for the CUAAC model reaction photo-catalyzed by EY or
RFTA in the presence of a series of additives were correlated with time-resolved
photophysical experiments, which allowed determining the Kkinetic rate constants of the
key steps. These results were combined with thermodynamic calculations to postulate
plausible mechanisms for the CUAAC light-triggered by EY and RFTA. In the case of
EY, Cu(ll) was reduced by the EY*, which was supported by the appearance of the
transient spectrum of the resulting EY"" recorded upon LFP excitation of EY in the

presence of Cu(ll); whereas in the case of RFTA, the initial photoreduction of the
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photocatalyst by the electron donors used as additives afforded the reduced
photocatalyst, RFTA™ or RFTAH'. These reduced species were responsible for the
reduction of Cu(lIl) in the next step. Time-resolved measurements supported the need or
not of additives in the CUAAC reaction mediated by two different metal-free organic
photocatalysts. The experimentally obtained Kkinetic data correlate well with
thermodynamic estimations on the free energy changes associated to the key electron

transfer steps.

We have demonstrated that time-resolved photophysical techniques provide key data to
evaluate the behavior of the short-lived excited states of the photocatalysts. This
approach constitutes a strong scientific pillar in the pathway to the optimization of
photoredox processes rather than a random exploration of reaction conditions. We
believe that it will help future researchers to save time in the design of new photoredox

processes.
6. Experimental section

6.1 General procedures

Synthetic procedures and characterization data

General experimental procedure for the synthesis of 1-benzyl-4-phenyl-1H-1,2,3-
triazole via visible-light promoted CuAAC reaction. The reactions were carried out
in a 10 mL glass vial, equipped with a rubber septum and a magnetic stirrer. Benzyl
azide (1, 0.25 mmol), phenyl acetylene (2, 0.25 mmol), and 1.6 mL of water were
added. Next, 200 uL EY (5 mM) or RFTA (5 mM), 200 uL CuCl2 (5 mM) and an
additive such as DABCO (1.2 mol%), EtsN (1.2 mol%), or NaNsz (1.2 mol% and 20
mol%) were added and the mixture was purged with nitrogen for 15 min and then
irradiated with a 3 W blue-LED (467 nm) for 2 h. Ethyl acetate (10 mL) and a saturated
solution of NaHCO3 (10 mL) were added and the mixture was stirred. The organic layer
was separated, and the aqueous layer was extracted with ethyl acetate (2 x 10 mL). The
combined organic extract was dried over anhydrous Na;SO4 and the yields of 3 were
obtained by GC using internal standard method. Characterization was performed from
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the pure triazole 3 isolated from the crude reaction mixture by flash column
chromatography (silica gel, eluting with 1:1 pentane/dichloromethane (50 mL) and 1:1
dichloromethane/ethyl acetate (50 mL)).

1-benzyl-4-phenyl-1H-1,2,3-triazole (3): *H NMR (400 MHz, CDCls): & = 5.58 (s,
2H), 7.31 — 7.33 (m, 3H), 7.37 — 7.42 (m, 5H), 7.66 (s, 1H), 7.80 (d, J = 7.2 Hz, 2H).
13C{*H} NMR (100 MHz, CDCls): § = 54.4, 119.6, 125.9, 128.2, 128.3, 128.9, 129.3,
130.7, 134.9, 148.4.

Materials and Methods:
NaNs, 1,4-diazabicyclo[2.2.2]octane (DABCO), N,N,N-triethylamine (EtsN), eosin Y

disodium salt (EY), CuCl, CuClz, Cu(OAc)., phenyl acetylene and benzyl azide are all
high-purity commercial samples used without further purification. CHsCN was HPLC
grade from Scharlau and water was Milli-Q grade. Light-promoted reactions were
performed in a borosilicate glass vial and employing a 3 W blue LED (LED High
Power, Lambertian model, wavelength of peak intensity in 467 nm, luminous flux 22
Im, spectral distribution from 400 nm to 550 nm). The distance from the light source to
the irradiation vessel was 1.0 cm and no filters were used. *H and *C{*H} NMR spectra
were recorded at 400.16 and 100.62 MHz respectively on a Bruker 400 spectrometer
with CDCl3 as a solvent. All spectra were reported in & (ppm) relative to the residual
solvent signal (6 (CHCI3) = 7.26 ppm). Gas chromatographic analyses were performed
on Agilent 5890 with a flame-ionization detector, on a 30 m capillary column of a 0.32
mm x 0.25 um film thickness, with a 5% phenylpolysiloxane phase. GC-MS analyses
were conducted on Agilent 7890 employing a 30 m x 0.25 mm x 0.25 um with a 5%
phenylpolysiloxane phase column. Riboflavin tetraacetate (RFTA) was prepared
according to a well-established procedure.?® The CUAAC reaction product, 1-benzyl-4-
phenyl-1H-1,2,3-triazole, was isolated by flash column chromatography (silica gel,

eluting with 1:1 pentane/dichloromethane (50 mL) and 1:1 dichloromethane/ethyl
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acetate (50 mL)) from the reaction mixture and characterized by *H and **C NMR, and
mass spectrometry. The isolated triazole spectroscopic data were in good agreement
with those reported in literature.'%

6.2. Photophysical instrumentation

A Shimadzu UV-2101PC spectrophotometer was employed to obtain the UV/Vis

absorption spectra.

Steady-state and time-resolved fluorescence experiments were performed on a Photon
Technology International (PTI) LPS-220B spectrofluorometer and on an EasyLife V
spectrofluorometer from OBB, respectively. In the case of time-resolved fluorescence,
the excitation source was equipped with a pulsed LED (Aexc=460 nm); the residual
excitation signal was filtered in emission using a cut-off filter (50% transmission at 475
nm). Monoexponential decay functions that use a deconvolution procedure to separate

from the lamp pulse profile provided the fitted Kinetic traces.

A pulsed Nd: YAG SL404G-10 Spectron Laser Systems at the excitation wavelengths
of 355 and 532 nm for RFTA and EY, respectively, was employed to carry out the laser
flash photolysis (LFP) experiments. The energy of the single pulses (~10 ns duration)
was lower than 15 mJ pulse. The laser flash photolysis system was formed by the
above-mentioned pulsed laser, a pulsed L0255 Oriel Xenon lamp, a 77,200 Oriel
monochromator, an Oriel photomultiplier tube (PMT) housing, a 70,705 PMT power

supply and a TDS-640A Tektronix oscilloscope.
6.3. Photophysical experiments

Photophysical measurements were run at room temperature in quartz cells of 1 cm
optical path length, using H.O or CH3CN:H20 (99:1) as solvents for EY or CH3CN for

RFTA. For the steady-state and time-resolved fluorescence experiments, aerated
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solutions of the photocatalyst (absorbance lower than 0.15 at Aexc) Were treated with
increasing concentrations of the indicated quencher. Transient absorption measurements
were recorded from deaerated solutions of the photocatalysts (1x10™° and 4x10° M for

EY and RFTA, respectively) in the presence of the indicated quencher concentration.

The participation of the singlet excited states of the photocatalysts was evaluated from
time-resolved fluorescence experiments carried out as a function of quencher
concentrations. Analogously, the decay of the triplet excited state of EY and RFTA was
monitored through laser flash photolysis measurements as a function of quencher
concentration to determine the triplet quenching rate constants.
The same mathematical treatment was applied to the singlet and triplet excited states
behavior as a function of quencher concentration. Thus, the lifetime of emission (for the
singlet) or transient absorption (for the triplet) decays were fitted in all cases to the
following monoexponential function:

y=A1-*exp(-x/7) + y0
where y represents the emission (or amplitude), x is the time, y0 is the offset and Al
represents the population of excited states of the photocatalyst with a specific lifetime
(7). (See Section S3 of the SI).
Next, quenching rate constants were determined according to the Stern-Volmer
equation:

t=1/t% + ky/Q]

where 7, is the singlet (or triplet) lifetime of the photocatalyst in the absence of the
quencher, zis the lifetime of the photocatalyst in the presence of a given quencher
concentration, and [Q] is the quencher concentration. The quenching rate constants for

the singlet (kqs) and for the triplet excited states (kqr) of EY or RFTA were the
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corresponding slopes of the linear fittings of the Stern-Volmer plots. Besides, the R-

square value of each Stern-VVolmer plot is summarized in Table S1.
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