' Editorial Society

doi.org/10.1002/ajoc.202300347

W) Check for updates

JOURNAL
OF CHEMISTRY

www.asianjoc.org

Dual Photosensitizer Cycles Working Synergistically in a

C(sp)-C(sp?) Cross-Coupling Reaction**

[b, ¢

Megan Amy Bryden,” Marco Villa,
Eli Zysman-Colman*®

To assess the value and reactivity of new photocatalysts (PCs),
their performance should be evaluated in one or more
established reactions and benchmarked against the perform-
ance using known PCs. Here, we evaluated our recently
developed PC, pDTCz-DPmS, in a C(sp)-C(sp®) cross-coupling
reaction that had been documented in the literature. Previous
findings indicated this reaction could not proceed in the
absence of PC; however, under our conditions this was not the
case. Without PC, a moderate product yield was obtained, while
this yield increased significantly upon addition of pDTCz-DPmS.

Introduction

Progress in photocatalysis over the last two decades has been
extensive, allowing it to emerge as a commonly employed tool
in organic synthesis."™® A plethora of reactions have been
developed that proceed photocatalytically, from the photo-
catalytic splitting of water” to the C(sp®)-functionalization of
substrates.””! Despite the wide array of transformations that can
be conducted using photocatalysis, due to the heterogeneity of
photoreactor setups coupled with the paucity of direct
experimental evidence to support the putative photocatalytic
mechanism advanced in many reports, it can become difficult
to replicate the reported outcomes of photoreactions.
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UV-Vis absorption studies indicated that the Hantzsch ester (HE)
additive was acting as a competitive absorber of the light from
the excitation source, and quenching studies confirmed that
the HE was quenched by the radical precursor, N-
(acyloxy)phthalimide. Mechanistic investigations established
that two parallel photosensitization pathways were in oper-
ation; a reductive quenching photocatalytic pathway (using
pDTCz-DPmS) and a sacrificial photoreductant pathway (em-
ploying HE). These pathways work synergistically to enhance
the yield of target product.

The challenges facing further development of photocatal-
ysis, including reaction setup, reaction scale-up, optoelectronic
characterisation of the photocatalyst (PC), mechanistic inves-
tigation and caveats concerning reaction yields, have been
recently discussed.®'? In the context of replicating a literature
photocatalytic reaction and understanding the resultant yields
obtained, the reaction setup and mechanistic evidence for said
reaction become points of critical importance. Differences in
yield when repeating literature photoreactions are to be
expected since factors such as temperature, light source, and
stirring rate can influence the reaction outcome."™* Moreover,
limited evidence is often provided to corroborate the putative
mechanism, leaving doubt as to whether the reaction proceeds
via the proposed photocatalytic cycle or whether other path-
ways may be plausible, as already discussed in recent
reports."*'®

The importance of these factors came into stark relief during
our assessment of the reactivity of the PC, 99-
(sulfonylbis(pyrimidine-5,2-diyl))bis(3,6-di-tert-butyl-9H-
carbazole), pDTCz-DPmS (Figure 1)." We previously demon-
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Figure 1. Structure of pDTCz-DPmS, first reported in Ref. [20].
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strated that pDTCz-DPmS was a capable PC across a range of
reactions covering disparate photocatalytic mechanisms: oxida-
tive quenching, reductive quenching, energy transfer photo-
catalysis and dual metallaphotoredox catalysis with a Ni(ll) co-
catalyst, generally replicating or outcompeting the literature PC
in terms of yield under similar reaction conditions.

One of the reactions that was probed was the C(sp)-C(sp’)
cross-coupling of bromoalkynes with N-(acyloxy)phthalimides
(Figure 2). First reported by Yang et al. using [Ru(bpy);](PF¢), as
the PC (Figure 2a), the authors found that the activation of
bromoalkynes was challenging, instead focusing on sulfonyl
alkynes (28 vs 76 % for coupling of N-(acyloxy)phthalimides with
bromoalkynes and sulfonyl alkynes, respectively).?” The reac-
tion was conducted over 30 minutes in dichloromethane under
4W 468 nm (blue) LED irradiation, placed 10 cm from the
reaction vial.

The putative mechanism (see Scheme 1) implicated that
either diisopropylethylamine (DIPEA) or the Hantzsch ester (HE)
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would reductively quench the PC given that such sacrificial
reductants are so easy to oxidize[(E(DIPEA®*/DIPEA)=0.81V vs
SCE™ and E(HE**/HE)=1.00 V vs SCE®]. This was supported by
Stern-Volmer quenching, which identified both could quench
the excited PC. The absence of either DIPEA or HE resulted in a
decrease in the yield for sulfonyl alkynes, from 76 to 37% (for
no DIPEA) and 28% (for no HE), with no product forming when
both DIPEA and HE were removed. As such, it was concluded
that both sacrificial reductants were necessary for the reaction.
Closure of the photocatalytic cycle was proposed to occur
through single electron transfer (SET) from the reduced PC to
the N-(acyloxy)phthalimide, which typically have reduction
potentials ranging from E,.q=—1.26 V to —1.37 V vs SCE.**
Minozzi et al. subsequently studied the suitability of a large
family of heteroleptic Cu(l) PCs®” in this reaction and found
that only four out of the 40 copper complexes tested could
yield greater than 50% of the desired alkyne when using
bromoalkynes as the coupling partner (Figure 2b), and only one
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Figure 2. Literature reaction schemes for the C(sp)-C(sp®) cross-coupling reaction between bromo- or sulfonyl-alkynes and N-(acyloxy)phthalimides.

)
MR

-0
D

) > PC"\K

SET SET

4o

D~—

Scheme 1. Putative reaction mechanism for the C(sp)-C
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(sp?) cross-coupling reaction, first proposed in Ref. [24].
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Figure 3. Reaction scheme for the photocatalytic C(sp)-C(sp® cross-coupling reaction of (bromoethynyl)benzene (PhCCBr) with the N-(acyloxy)phthalimides

(NHPI) 1.3-dioxoisoindolin-2-yl cyclohexanecarboxylate.

of these complexes, [Cu(dq)(BINAP)IBF, [dq=2,2"-biquinoline
and BINAP=(+£)-2,2’- bis(diphenylphosphino)-1,1"-binaphtha-
lene], could provide a yield greater than 70%. The reaction was
conducted in THF over 24 hours using 394 or 450 nm LED
flexible strips of 72 W per 5 m spool. No mechanistic studies
were conducted, and the authors could find no correlation of
the yield with the photophysical/electrochemical properties of
the Cu(l) complexes.

From a thermodynamic analysis, we expected pDTCz-DPmS
to perform well in this reaction, particularly in the reduction of
the N-(acyloxy)phthalimide (since E,.4=—1.65V vs SCE in THF
for pDTCz-DPmS)."® Herein, we report how divergent mecha-
nisms for the same reaction are accessible and how this
complicates the comparison of performance of different PCs.

Results and Discussion
Photocatalysis investigations

Since Yang et al® employed [Ru(bpy);l(PFs), as the PC, an
excitation at 468 nm was used throughout their study. By
contrast, the higher energy absorption onset of the Cu(l)
complexes studied by Minozzi et al.”® meant that excitation at
394 nm was more suitable for most of their PCs. Since the
absorption profile of pDTCz-DPmS is more similar to those of
the Cu(l) complexes, the conditions of Minozzi etal. were
replicated in the present study. As such, Kessil lamps of 390 nm
wavelength were chosen for photoexcitation in our photo-
reactor and the substrates investigated were
(bromoethynyl)benzene and 1,3-dioxoisoindolin-2-yl cyclohexa-
necarboxylate (Figure 3), which have been abbreviated to
PhCCBr and NHPI, respectively, in the subsequent discussion.

A significantly different yield was obtained in our set-up
compared to that of Minozzi etal when using [Cu-
(dmp)(xantphos)PF;  [dmp =2,9-dimethyl-1,10-phenanthroline
and xantphos =4,5bis(diphenylphosphino)-9,9-dimeth-
ylxanthene] as the PC (62% vs. 11 % reported by Minozzi et al.,
Table 1), likely a result in part of the different reaction setups.
Primarily, the photon flux of the light sources used (390 nm
Kessil PR160 L vs purple LED flexible strips, for the two setups,
respectively)® vary considerably and are probably the main
culprit for the discrepancy in yield. Generally, higher intensity
light sources give greater product yields, as shown in the study
of Konig and co-workers using a series of commercial
photoreactors." From the description of the literature reaction
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Table 1. 'H NMR yields obtained in the C(sp)-C(sp?) cross-coupling reaction
with various photocatalysts and relevant redox potentials.”’

Photocatalyst E.eq V] E* g [V] 'H NMR yield [%]
pDTCz-DPmS -177%  1.32@ 7341
[Cu(dmp)(xantphos)IPF, —1.729 6243 (11)¢

None N/A N/A 4743 (no reaction)”

[a] Redox potentials are reported vs SCE and were obtained in THF unless
otherwise noted. Reactions conditions followed as shown in Figure 3, for
more details consult the SI. Values in parentheses indicate the isolated
yield obtained in the literature and are referenced accordingly. [b] Value
taken from Ref. [19]. [c] Value taken from Ref. [25] using flexible purple
LED strips in THF. [d] Value taken from Ref. [27] in MeCN.

setup, it is not possible to ascertain accurately what is the
incident photon flux on the reaction vessel, a key parameter in
photocatalysis.”?® As such, it becomes difficult to compare the
yields obtained in our set-up with those obtained by others,
signifying the importance of replicating literature reactions in
ones own set-up to enable a meaningful cross-comparison of
the yields with different PCs.

Replacement of [Cu(dmp)(xantphos)]PF, with pDTCz-DPmS
as the PC allowed for a higher yield of 73% to be obtained in
our setup, a result ostensibly of its suitable redox potentials
(Table 1). However, there is a significant background reaction
where in the absence of PC, a moderate yield of 47% was
achieved using our photoreactor, while no formation of product
was reported using the literature conditions for this control
reaction.

We next conducted a series of control reactions with
pDTCz-DPmS as documented in Table 2. The first interrogated
the role of the two additives, DIPEA and HE. Both DIPEA and HE
are required in addition to pDTCz-DPmS to obtain the optimal
yield (entries2 and 3 versus 1); the presence of DIPEA
contributes more significantly to the yield than the HE. The
absence of both additives results only in trace product (entry 4)
and the removal of light causes no product to be formed
(entry 11). These findings are consistent with those of Yang
et al.”" These same control experiments were conducted in the
absence of pDTCz-DPmS (entries 5-8). Expectedly, in the
absence of DIPEA, HE and PC the reaction does not work
(entry 8); however, as noted above, a moderate yield of 47%
was obtained in the absence of pDTCz-DPmS (entry 5). Removal
of either HE or DIPEA resulted in a reduction of the yield of the

© 2023 The Authors. Asian Journal of Organic Chemistry published by Wiley-VCH GmbH

85UB01 7 SUOWILWIOD 3ATER.D) 8|ealjdde ay3 Aq peusenob afe sspoie YO 8Sn JO S8|nl 10} ArIqIT8UIUQ AB[IA UO (SUORIPUOD-PUR-SWLIY/WOD A8 1M Ae.q Ul |uoy/SdL) SUOIPUOD pue swie | 8y} 89S *[€202/80/T€] Uo ArigiTauliuo AW ‘S8 Aq L7£00£202 20 e/200T 0T/I0p/wioo Ao |im AReiq1jputuo//sdny wo.j papeoumod ‘0 ‘ST8SEETE



Editorial Society

Table 2. 'H NMR yields obtained in the C(sp)-C(sp®) cross-coupling reaction

under a various reaction conditions.”

Entry pDTCz- HE DIPEA Wavelength 'H NMR
DPmS (y/n) (y/n) (y/n) [nm] yield [%]

1 Y Y Y 390 7341

2 Y N Y 390 641

3 Y Y N 390 3441

4 Y N N 390 Trace

5 N Y Y 390 4743

6 N \ N 390 3341

7 N N Y 390 2740

8 N N N 390 Trace

9 Y Y Y 427 5341

10 N Y Y 427 4841

11" Y Y Y - 0

[a] Reaction conditions conducted as shown in Figure 3 unless otherwise

noted. For further details consult the SI. '"H NMR yields obtained from at

least two independent runs with the standard deviation given using 1,3,5-

trimethoxybenzene as an internal standard. [b] No light.

background reaction to 27% and 33 %, respectively (entries 6
and 7).

Informed by the absorption profile of the reagents and
additives (Figure 4), the excitation wavelength was changed
from 390 nm to 427 nm, since the former is capable of
photoexciting both pDTCz-DPmS and HE, while the latter

JOURNAL
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allows selective photoexcitation of HE only. Not surprisingly,
both in the presence and absence of pDTCz-DPmS at 427 nm
excitation, comparable yields were obtained of 53% and 48%,
respectively (entries 9 and 10), that are akin to that of the
background reaction (entry 5).

Photophysical investigations

The absorption spectra of each component of the reaction in
THF were measured (Figure 4). No significant absorption could
be observed for DIPEA and NHPI at the irradiation wavelength
of 390 nm while PhCCBr shows a very weak absorption tail at
390 nm. By contrast, HE displays an intense absorption band
that completely overlaps with the main absorption band of
pDTCz-DPmS. It is worth noting that under the reaction
conditions, the percentage of 390 nm light absorbed by HE is
estimated to be 15-times higher in comparison to that of
pDTCz-DPmS, based on their concentrations and molar
extinction coefficients (€) at this wavelength. As previously
mentioned, 427 nm light selectively excites the HE.

To interrogate the mechanism of the reaction, we focused
our attention on identifying which species was responsible for
the quenching of the excited state of pDTCz-DPmS. As such,
the steady-state and time-resolved emission of pDTCz-DPmS in
THF were recorded in the presence of each reaction compo-
nent. It is worth noting that in the case of HE, a lower
concentration was used (Table 3), otherwise the HE
fluorescence band would dominate the emission spectrum
(Figure S7). In THF, pDTCz-DPmS displays a prompt emission

decay with a lifetime, 1, of 43 ns and a delayed emission
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Figure 4. Normalized absorption spectra in THF solution of HE (red), NHPI (black), PhCCBr (green) and pDTCz-DPmS (blue).
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Table 3. Emission lifetimes for the prompt and delayed fluorescence of
pDTCz-DPmS in the presence of quenchers.”

Quencher Quencher concentra- pDTCz-DPmS pDTCz-DPmS
tion [mM] T, [ns] Ty [us]

None 0 43 3.30

NHPI 4.1 4.0 0.51

DIPEA 35 35 0.046

PhCCBr 3.7 4.0 0.24

HE 0.052 4.0 1.65

[a] Prompt and delayed lifetimes (t, and 1, respectively) were recorded at
room temperature in deaerated THF using 4., =340 nm.

(TADF) decay with lifetime, T4 of 3.30 ps in the absence of
oxygen. Significant quenching was observed upon addition of
each of the reaction components, although this quenching was
focused almost exclusively on the delayed emission of pDTCz-
DPmS (Table 3). The T, remained within 3.5-4.0 ns, reflective of
the 4.3 ns lifetime of pDTCz-DPmS in the absence of quencher.
Instead, T4 was shown to dramatically decrease from 3.30 ps to
between 0.046-1.65 s, depending on the quencher.

The quenching rate constants, k, as estimated from the
Stern-Volmer equation, are reported in Table 4. For all
quenchers, k, was very high; on the order of 10°-10'°M~"s™" for
the prompt emission quenching and 10%-10° M 's™" for the
delayed emission quenching (Table 4). The weight of the
prompt (XOM"T) and TADF emission (X" ) quenching was
evaluated by comparison of the corresponding k, for a specific
quencher, the lifetimes, and the distribution of the excited state
between prompt (®"*°""T) and TADF emission (®™"") (see SI for
more details). The quenching of the delayed emission is more
relevant in all cases (Table 4): X is more than 93% for
PhCCBr, NHPI and DIPEA, while is 63% in the case of HE. The
TADF emission is mainly quenched by DIPEA (>99.9% under
the reaction conditions), implying that in the C(sp)-C(sp®) cross-
coupling reaction, pDTCz-DPmS is reductively quenched by
DIPEA.

To rationalize the experimental evidence that the reaction
proceeds also in the absence of pDTCz-DPmS, where HE is the
predominant species absorbing the excitation light, we studied
the quenching of the HE fluorescence in the presence of the
other reactants in THF solution. Since the fluorescence of HE
shows a very short lifetime (~0.2 ns), significant changes in its
decay are hardly detectable with our experimental setup.

Table 5. Photophysical parameters of the quenching processes for HE in
THF solution.

HE
Quencher ky IM7's™] Quenching contribution [%]
NHPI 1.9%10' 35
DIPEA 12x10° 04

Therefore, for an estimation of the quenching constants, we
monitored the decrease of the emission quantum yields in the
steady-state photoluminescence spectra. The concentration of
HE employed was 2.55x107> M and the concentrations of the
other reagents were the same as in the reaction conditions
(0.2-0.4 M). In the case of PhCCBr, we were unable to estimate
the quenching constant because its absorption spectrum over-
laps with the fluorescence of HE, causing strong reabsorption
effects. The quenching rate constants for NHPI and DIPEA are
reported in Table 5. The efficiency of quenching of the HE
fluorescence was calculated as 35% for NHPI and 0.40% for
DIPEA, indicating that NHPI is the predominant quencher of the
emission of HE.

To further probe the possible mechanistic pathways of the
reaction, the UV-Vis absorption spectrum and 'H NMR spectrum
of pDTCz-DPmS were each monitored upon addition of
increasing equivalents of HE (Figure S5 and S10, respectively). In
the former, the absorption spectrum of HE was simply super-
imposed onto that of pDTCz-DPmS while in the 'H NMR
spectrum, no discernible changes could be determined. These
experiments imply that in the ground state, no species is
formed between pDTCz-DPmS and HE, ruling out the possibility
of an EDA complex. We also evaluated whether an EDA
complex forms between NHPI and HE. After mixing the two
compounds no significant changes are observed in the UV-Vis
absorption spectra (Figure S7) and no new bands related to the
EDA complex were observed.

Discussion

Based on these photophysical investigations, a possible catalytic
mechanism in operation for the C(sp)-C(sp®) cross coupling
reaction under our reaction conditions is presented in
Scheme 2. After photoexcitation, pDTCz-DPmS is proposed to
be reductively quenched by DIPEA, with closure of the photo-

Table 4. Photophysical parameters of the quenching processes for pDTCz-DPmS in degassed THF solution.
pDTCz-DPmS (prompt fl.) pDTCz-DPmS (TADF)
ky M7 Quenching contribution Relative quenching XPmpt kq M7 Quenching contribution Relative quenching X™*
s [%] [%] s [%] [%]

NHPI 4.2x10° 0.6 7 4.0x10° 533 93

DIPEA 1.6x10" 4.2 2 6.1x10° 1.7 98

PhCCBr  5.6x10° 1.1 4 1.0x10° 6.8 96

HE >5x10" 94 37 5.9x10° 38.2 63
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Scheme 2. Proposed reaction mechanism for the C(sp)-C
pDTCz-DPmS cycle, and in red, the HE route.

catalytic cycle occurring by SET from the radical anion of
pDTCz-DPmS to the NHPI, forming NHPI*". This is consistent
with the mechanism proposed in Scheme 1, using [Ru-
(bpy);l(PFg), as the PC. Simultaneously, under the 390 nm
irradiation, HE is also photoexcited, and is oxidatively quenched
by the NHPI, also producing NHPI*". Subsequent decarboxyla-
tive fragmentation releases the alkyl radical, which adds to the
alkynyl bromide, generating the target product.

The significant difference between pDTCz-DPmS and HE is
that the former acts photocatalytically, namely it operates in
such a way as to be regenerated during the course of the
reaction. By contrast, HE effectively acts as a stoichiometric
photoreductant. To further confirm this, we monitored the
reaction in the absence of PC by 'H NMR spectroscopy
(Figure S11). During the reaction, a quartet at 4.39 ppm is seen
to increase in magnitude. This quartet is indicative of the
aromatized HE (diethyl 2,6-dimethylpyridine-3,5-dicarboxylate,
Figure S12);% further, observed singlets at 8.67 and 2.85 ppm
are also associated with the oxidised HE generated during the
reaction.

The combination of two synergistic mechanisms leading to
enhanced product yields is unusual in photoredox catalysis.
Although much research has been devoted to dual catalysis,
this involves the combination of a PC with an additional
catalyst, such as a transition metal catalyst or hydrogen atom
transfer catalyst.>*” In this form of dual catalysis, both catalysts
are typically required in order for the target product to be
formed, while in our study we demonstrate that both pDTCz-
DPmS and HE work independently of one another, contributing
synergistically to the product yield.

HEs are a common and versatile additive in the photo-
catalysis literature.®” Predominately, HEs are used as an
electron donor and/or proton source in photoredox catalysis. If,
however, they have an alkyl group in the 4-position, they can
also be useful as radical precursors, and through an oxidative
fragmentation mechanism, have been employed as alkylating
agents, generated through both photocatalysis and direct
irradiation.” There are also examples of HEs being used as
stoichiometric photoreductants® but as far as we are aware,
there are no reports of HEs being used as photoreductants in
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(sp?) crossing coupling reaction using pDTCz-DPmS as the PC under 390 nm irradiation. In blue, the

combination with an external PC. Therefore, the mechanism
proposed in this C(sp)-C(sp’) reaction is distinct to those
reported in the literature in that product forms as a result of
photoexcitation of both pDTCz-DPmS and HE, independently,
with the greatest product yields obtained when both species
are present.

The elucidation of the mechanism in operation is further
exacerbated by the observation that the reaction proceeds in
the absence of both pDTCz-DPmS and HE (entry 7; Table 2),
although at a low yield of 27 %. Based on the UV-Vis absorption
spectra (Figure 4) of the remaining reactants, only PhCCBr has
an absorption band at the excitation wavelength and given
that the reaction does not operate in the absence of light
(entry 11, Table 2), we therefore conclude that photoinduced
homolytic cleavage of the C—Br bond must occur to initiate the
C(sp)-C(sp’) reaction. Since the reaction also does not proceed
in the absence of PC, HE and DIPEA (entry 8; Table 2), the
addition of DIPEA must be necessary to act as a proton shuttle
to form the target product.

Conclusions

Replicating literature studied photocatalysis reactions is not
without issues. The variation in photoreactor set-up means that
a yield reported using one photoreactor may not be representa-
tive of the yield achieved using an alternative set-up. As such, it
is imperative that benchmarking of literature reactions using a
consistent photoreactor setup be conducted to permit an
accurate comparison of performance. In our case, we observed
a background reaction in the absence of PC, despite the report
of none existing. This C(sp)-C(sp®) cross-coupling reaction can
be promoted either photocatalytically (pDTCz-DPmS) or using a
sacrificial photoreductant (HE), substantiated by Stern-Volmer
quenching studies. Moreover, the greatest product yield occurs
when these mechanistic pathways work in tandem, something
that is rarely identified in the photocatalysis literature. This
study provides important lessons to the photocatalysis com-
munity to always consider testing for background reactions,
even when the literature reports none, to carefully assess the

© 2023 The Authors. Asian Journal of Organic Chemistry published by Wiley-VCH GmbH
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potential of each reagent to quench the excited state of the PC
and to corroborate reaction yields with relative quenching
kinetics.

Supporting Information

Electronic supplementary information available: synthetic pro-
cedures, NMR spectra, UV-Vis absorption spectra, luminescence
studies, and photocatalysis set-up.
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mechanism for the formation of the and a separate photoreductant
C(sp)-C(sp3) cross-coupled product pathway, employing a Hantzsch ester
from bromoalkynes and N- as a sacrificial photoreductant.
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