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Addition Reaction Induced by Bi,O; with Amines:

0

Experiment and Computation

Paola Riente,*™® Mauro Fianchini,’®? Miquel A. Pericas,“® and Timothy No&[*® "

Metal oxide semiconductors are widely used in photocatalysis
for the sustainable synthesis of fine chemicals and fuels.
However, the mechanisms and the actual catalytically active
species involved in these photocatalytic processes are not yet
fully understood. Herein, we reveal that the addition of certain
amines can effectively accelerate the photocatalytic atom
transfer radical addition (ATRA) reaction by stabilizing a soluble

Introduction

Solar light is abundantly available, free, and environmentally
friendly and can be productively exploited to drive numerous
synthetically relevant transformations."! The growth in the field
is in part owing to the development of LED technology and
specialized reactor setups able to harvest solar energy
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Bi-species formed through a reaction between Bi,O; and diethyl
bromomalonate using either N, N-dimethylformamide (DMF) or
dimethyl sulfoxide (DMSO) as a solvent. Moreover, thermody-
namic calculations revealed that N, N, N, N-tetrameth-
ylethylenediamine (TMEDA), and DMF yield the most stable
complexes [(k>-TMEDA),BiBr;], ultimately accelerating the for-
mation of the targeted ATRA product.

>3l Despite the direct light activation of organic

molecules has led to a diverse set of powerful
transformations,”*® such strategy often requires the use of
expensive high-energy light sources (i.e., UV-B and UV-C light)
and the presence of suitable chromophores in the substrate,
restricting its widespread application. Alternatively, the addition
of visible light-sensitive organic dyes, transition metal com-
plexes, or semiconductor materials as photocatalysts has
allowed engaging a diverse set of organic substrates in various
photon-mediated transformations,”’ including single electron
transfer,® hydrogen atom transfer” and energy transfer
processes.'”

In the early 70s, Fujishima and Honda reported the electro-
chemical photolysis of water at a semiconductor electrode,”
serving as an inspiration for the use of metal oxide semi-
conductors (MOS) in photocatalysis."? To date, TiO, is the most
used MOS photocatalyst owing to its unique features including
chemical stability, photoreactivity, low cost, and low toxicity."
However, the wide bandgap of pure TiO, has hindered its
application in visible light-based photocatalysis. As an alter-
native, narrower bandgap MOS, such as WO; and bismuth
based-semiconductors, have been successfully applied as

efficiently.
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Pericas et al. disclosed that commercially available Bi,O; can
efficiently replace the use of homogeneous transition metal-
based photocatalysts, such as the ruthenium bipyridine com-
plex (Ru(bpy),)."® More specifically, the combination of the
commercially available Bi,O; (or even Bi,S; nanoparticles),
visible light, and a chiral amine triggered the asymmetric a-
alkylation of aldehydes with alkyl bromides." In addition, they
also demonstrated that Bi,O; could successfully promote the
photocatalytic atom transfer radical addition (ATRA)
reaction,””'® under very mild reaction conditions."” Bi,0, was
also effective as a photocatalyst in other visible light photo-
catalytic processes, such as MADIX-polymerization® arylation
of heteroarenes,”" and thiol-ene reaction.”?

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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However, in both the alkylation of aldehydes'® and the
ATRA reaction,'” it was observed that Bi,0,, which is insoluble
in most organic solvents, solubilizes throughout the reaction
(Scheme 1). Intrigued by this peculiar phenomenon, we recently
discovered that the actual catalytically active species in these
reactions were homogeneous in nature and thus that Bi,0O,
serves as a precatalyst.”® This soluble BiBr-based intermediate
species, as detected by UV-vis spectroscopy, absorbs visible
light ultimately triggering the formation of the required alkyl
radicals.

In our ambition to further elucidate the relevance of this
solubilizing phenomenon for bismuth photocatalysis, we report
herein that simple amines can stabilize and coordinate with the
formed BiBry-based species. Consequently, the presence of
amines can significantly accelerate the generation of the
catalytically active species from the Bi,Os-precatalyst, thus
leading to a significant improvement of the overall photo-
catalytic ATRA reaction protocol.

Results and Discussion

To understand which factors influence the formation of the
homogeneous bismuth intermediate, we commenced by
comparing two reactions that use Bi,O; as the photocatalyst:
the a-alkylation of aldehydes and the ATRA reaction as depicted
in Scheme 1. In both transformations, the same state-of-matter
shift from a heterogeneous to a homogeneous reaction mixture
was observed, which was accompanied by a simultaneous
formation of absorption bands near the visible light region.
Interestingly, under the optimized reaction conditions for the a-
alkylation using chiral imidazolidinone A, the shift in the
heterogeneity occurred up to ten times faster (depending on
the starting materials) than in the ATRA reaction, using diethyl
bromomalonate (DEBM) as the alkylating agent in both
transformations."®

In an attempt to uncover why the formation of the
homogeneous photocatalytic species is accelerated in the a-
alkylation, a series of control experiments were carried out
using Bi,O; as the photo-precatalyst and pyrrolidine as the
organocatalyst (Scheme 2a). First, the resulting homogeneous
reaction mixture was analyzed by UV-vis after exposure to

a. Asy ic a-alkylation of aldehyd

o Biy03 (1 mol%) o O
Imidazolidinone A (10 mol%) R H
+ R“Br J\r g HoNL N—
H)H 2,6 - Lutidine (2.0 equiv.) H Zey
R DMF, 23 W CFL R o gy
(or white LED) A

Homogeneous reaction
mixture
b. Atom transfer radical addition (ATRA) reaction

Bi203 (1 mol%)
~ R + RBr —m07 — |
DMSO, 1t RAUR
23 W CFL
(or white LED) Homogeneous reaction
mixture

Scheme 1. Overall reaction schemes. a) a-Alkylation of aldehydes. b) ATRA
reaction photo-induced by Bi,O;.
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a. a-Alkylation of aldehydes photo-induced by Bi,03

Bi;0;3 (1 mol%) 0 COEt

JH )B\r Pyrrolidine (10 mol%)
H + > H)H/kco Et
Et0,C” "COEt 2 6-Lutidine (2.0 equiv.) R ?

DMF, 4 h
R = n-hexyl White LED (23 W)
Homogeneous reaction
mixture (1)

b. Control experiments c. UV-vis spectroscopy

Bi,03 15
(n
DMF, 4 h, 23 W

Bi,03
Pyrrolidine

> ()
Et0,C” "CO,Et DMF, 4 h, 23 W

Br

Abs. (a.u.)

°

Bi,03
Pyrrolidine
2,6-Lutidine

— (V)

00
DMF, 4 h, 23 W 275 300 325 350 375 400 425 450

Wavelength (nm)

Scheme 2. Bi,0; light-driven a-alkylation of aldehydes. a) Reaction model. b)
Behavior of the Bi,0O; with substrates and solvent. ¢) UV-vis absorption
spectra of the reaction mixtures. The DEBM concentration is 6.7 mM.
Reaction conditions: Diethyl bromomalonate (0.45 mmol), octanal (0.9 mmol),
pyrrolidine (10 mol%), 2,6-lutidine (0.9 mmol), Bi,O; (1 mol%), dry DMF

(1 mL), light source (white LED, 23 W).

4 hours of irradiation (Scheme 2a). The absorption band relative
to the formation of the soluble bismuth species is shown in
Scheme 2c (I, black line). Next, Bi,O; and DEBM were mixed in
DMF and combined with various reactants, and subjected to
white LED irradiation (Scheme 2b). Curiously, the homogeneous
species was not detected by UV-vis in the first 4 hours when
the reaction was performed only with Bi,O; and DEBM using
DMF as a solvent (Scheme2c, Il, green line). However,
immediately after the addition of pyrrolidine (10 mol%), the
reaction mixture turned deep yellow and the soluble Bi-species
was spectroscopically detected after 4 h irradiation (Scheme 2c,
lll, blue line). The addition of 2,6-lutidine did not affect the
pattern nor the intensity of the absorption band (Scheme 2c, IV,
red line). A final control experiment revealed low-intensity
absorption bands in the absence of Bi,O; that may be attributed
to the formation of an electron donor-acceptor complex
between the organic compounds. (See SI, Figure $2).2¥

Based on the accelerated formation of the soluble photo-
catalytic bismuth species observed in the a-alkylation
(Scheme 2), which we tentatively attribute to the presence of
organic amines, we decided to probe the effect of these
compounds in the ATRA reaction between 5-hexen-1-ol and
DEBM (Scheme 3a). Initially, the reaction was carried out with
Bi,O; and pyrrolidine (1:10) using either DMF or DMSO as a
solvent. After 6 hours of reaction, the reaction mixture in DMF
shifted from a heterogeneous mixture into a homogeneous
solution and reached 79% of yield (versus 24% in the absence
of the amine). Hardly any improvement in the reaction rate was
observed in the presence of pyrrolidine using DMSO as a
solvent (~15% of yield w or w/o amine).

Next, a diverse set of amines were subjected to the ATRA
reaction conditions using DMF as the solvent (Scheme 3a-b);
the formation of the ATRA adduct and the active Bi-based
species were analyzed by 'H NMR and UV-vis spectroscopy,
respectively. The highest yields were obtained using morpho-

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Scheme 3. Amines probe for the ATRA reaction. a) ATRA reaction carried out with a range of amines and Bi,O; under irradiation. b) Yields determined by 'H
NMR with different amines in 6 hours of reaction time. c) UV-vis spectroscopic study of the ATRA reaction in the presence of Bi,O; and a range of amines. d)
Tauc plot for the reaction mixture of the ATRA reaction w or w/o TMEDA. e) Kinetic profile for the Bi,O; (or BiBr;)-induce ATRA reaction w or w/o TMEDA.
Reaction conditions: Diethyl bromomalonate (1.0 mmol), 5-hexen-1-ol (1.1 mmol), amine (10 mol%), Bi,O; (1 mol%), solvent (2 mL), light source (white LED,

23 W).

line and tetramethylethylenediamine (TMEDA) (Scheme 3b).
However, compared to the reaction in the absence of amines,
the presence of other amines, such as N,N,N',N’,N'-pentameth-
yldiethylenetriamine (PMDTA), pyrrolidine, 1,3-dimethyl-imida-
zolidinone (DMI), and n-butylamine displayed excellent yields in
only 6 hours (Scheme 3b). Moreover, the addition of TMEDA to
the system, using either DMF or DMSO as solvents, increased
the reaction rate at least by a factor of four. Other amines, such
as Et;N, diisopropylethylamine (DIPEA), or diisopropylamine
(DIPA) did not significantly impact the reactivity of the system
or did not even hinder the formation of the ATRA product.
Using UV-vis spectroscopy, the formation of new absorption
bands with very similar patterns and different intensities were
observed among the different amines (Scheme 3c). In the case
of DIPEA, DIPA, and Et;N, these absorption bands were very low
in intensity, which may explain the poor reactivity of the
photocatalytic system in the presence of these amines.
Interestingly, in both solvent systems (DMF or DMSO), a positive
solvatochromic effect (redshift) was observed upon the addition
of an amine. This effect is shown in Scheme 3d with their
corresponding optical bandgap (E,).

To get an insight into the role of amines in the accelerated
formation of the soluble Bi-based species, a series of control
experiments were carried out. First, the ATRA reaction was

ChemCatChem 2022, 14, 202200319 (3 of 6)

carried out in the absence of Bi,O; to exclude any background
reactions. Even after 24 h of irradiation, the reaction only
resulted in traces of the corresponding ATRA product (~9% of
yield for TMEDA, see Figure S3) when performed in the
presence of TMEDA, morpholine, or pyrrolidine and the absence
of Bi,0;. The analysis of the resulting reaction mixtures by UV-
vis spectroscopy did not show any relevant absorption bands in
the targeted absorption region (see Figure S3). This data could
indicate that a different mechanism is operative in the absence
of Bi,O, to induce ATRA product formation.”” Second, in the
presence of Bi,O; the ATRA product was not observed when
the reactions were carried out in the dark, indicating that the
reaction is photocatalytic in nature. Third, the addition of radical
scavengers, such as TEMPO or butylated hydroxytoluene (BHT),
significantly inhibited the formation of the ATRA product.
However, with the addition of BHT, the ATRA product was
formed, albeit in low yield (24 h, 38%, see FigureS7) and
together with traces of the corresponding trapped adduct (see
Figure S8). Fourth, to exclude that amines were acting as a
sacrificial electron donors, the ATRA reaction was performed
with different concentrations of TMEDA. Notwithstanding that
the best result was achieved with 10 mol% of the amine, good
results were also obtained using 2.5 or 5 mol% (85% and 94%
yields respectively after 6 h, see Figure S4). However, the

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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formation of the target ATRA product was completely sup-
pressed when it was carried out using 100 mol% of TMEDA
(diethyl malonate as a by-product was observed). Finally, no
improvement was observed in the presence of weakly coordi-
nating inorganic bases such as Cs,CO;, CsF, and K,CO; (see
Figure S5).

At this point, we may claim that the impact of the amine in
the acceleration of the ATRA reaction is pronounced but its
precise role remains unclear. Previous work reported by Wu and
co-workers described that the presence of certain metal salts
(e.g., copper or iron) and amines were able to accelerate the
telomerization of vinyl chloride with CCl,* These authors
suggested that the reaction could work through the formation
of an inner-sphere complex in which the amine would play a
role as a stabilizer for that complex. Based on this literature
precedent, we speculated that the amine could be involved in
the stabilization of the Bi-species formed during the reaction.
Investigation of the time-dependent conversion of the ATRA
adduct showed that the presence of TMEDA significantly
reduces the induction period (Scheme 3e). Moreover, when the
ATRA reaction is carried out with BiBr; instead of Bi,O,, under
the same conditions, a decrease in the induction period was
observed (Scheme 3e). Interestingly, in both cases, absorption
bands with the same pattern were detected by UV-vis (Fig-
ure S6).

To better understand the role of the amine in the formation
and stabilization of the Bi-species, we have carried out
theoretical calculations to determine the thermodynamics of
these Bi-based species. Figure 1 shows the calculated free
energy of the formation of Bi-adducts from
{[(Me,S=0);Bi,Br,](1,-Br),(1,-O=SMe,)} with a representative
group of amines; we decided to disregard the influence of the
Kornblum-Hess degradation of DMSO in presence of DEBM to
simplify the computational model.?® Figure 1 summarizes that
TMEDA stabilizes monomeric (AG°=—13.8 kcal-mol~") and
dimeric BiBr; units (AG°=—12.5 kcal-mol™") much more effi-
ciently than any other monodentate amine. This is most likely
due to favorable enthalpic factors and low entropic penalties;
this is not unexpected since TMEDA is a bidentate ligand and in
its k* form one equivalent can occupy two coordination sites at
bismuth providing extra stabilization and freeing up one extra
solvent molecule. The formation of a [(x>-TMEDA),BiBr;] com-
plex from {[(DMF);Bi,Br](1,-Br),(1,-DMF)} complex is much
more facilitated in DMF, with AG’=—18.3 kcal-mol™', than in
DMSO, with AG®= —13.8 kcal-mol™". This is caused by the lower
affinity of DMF towards bismuth (see SI for further details). The
formation of [(k>-TMEDA),BiBrs] from [(CH,);S]5[(BiBrs)], a known
decomposition product derived from the Kornblum-Hess reac-
tion, results to be slightly endergonic with AG’= +
2.0 kcal-mol™". However, in our opinion, this data should be
interpreted with extreme care since we ignore the solubility or
any plausible degradation pattern of the displaced [(CH5);S1Br in
presence of amines. Hence, we conclude that the acceleration
of the ATRA reaction in the presence of TMEDA is most likely
due to a thermodynamic stabilization of the homogeneous
bismuth-based photocatalytic active species.””

ChemCatChem 2022, 14, 202200319 (4 of 6)
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Figure 1. Thermodynamic map for the formation of complexes between
selected amine and {[(Me,S=0);Bi,Br,](11,-Br)(u,-O=SMe,)} complex. Each
entry represents the free energy of formation (AG®) of amine-BiBr; adducts
(monomers or dimers) from {[(Me,S=0);Bi,Br,](1,-Br)(1,-O=SMe,)} complex
(0.0 reference) at 298 K (1 M standard state). The data are in kcal-mol~' per
equivalent of bismuth (morpholine coordination is considered to happen via
the nitrogen site, rather than the oxygen site, for its stronger thermodynamic
binding).

Conclusion

In summary, we have discovered that the photocatalytic ATRA
reaction induced by Bi,O; can be accelerated by adding amines.
Our combined theoretical and experimental studies revealed
that the acceleration of the ATRA reaction in the presence of
amines is most likely due to a thermodynamic stabilization of
the soluble catalytically active bismuth species (formed through
a reaction between Bi,O; and certain alkyl bromides). Optimal
results were obtained in the presence of the bidentate amine
TMEDA and DMF as a solvent. The lower affinity of this solvent
toward bismuth facilitates the formation of the more stable
complex [(x*>-TMEDA),BiBr;] boosting the ATRA reaction. We
believe that these results can stimulate future investigations to
understand the mechanisms operative in semiconductor-based
photocatalytic processes. Also, the acceleration of the ATRA
reaction together with the solubilization of Bi,O; may open the
opportunity to use this non-toxic and cheap compound as a
precatalyst in continuous-flow chemistry (i.e., to avoid reactor
clogging)®” and the large-scale synthesis of chemicals.
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Experimental Section

General experimental. Unless otherwise stated, all starting materi-
als were commercially available in the best grade and were used
without further purification. Reagents and solvents were purchased
from Sigma Aldrich and TCl and, when needed, stored under an
argon atmosphere. Technical solvents were purchased from VWR
International and Biosolve and were used as received. NMR spectra
were recorded at room temperature on a Bruker Advance 400,
operating at 400 MHz ('H) and 100 MHz ("*C). UV-vis measurements
were carried out on a Shimadzu UV-2501PC spectrophotometer
equipped with a photomultiplier detector, double beam optics, and
D2 and W light source. Samples were collected with a syringe and
passed through a Millipore filter (0.22 um), placed in a quartz
cuvette (1 cm), and diluted with the appropriated solvent before
the UV-vis analysis. Mass spectra were performed using a GC-MS
combination (Shimadzu GC-2010 Plus coupled to a Mass spectrom-
eter, Shimadzu GCMS-QP2010 Ultra) with an auto sample unit
(AOC-20i Shimadzu).

General procedure for the a-alkylation of aldehydes. A sealed vial
(rubber septum) containing pyrrolidine (0.09 mmol, 0.2 equiv.),
diethyl bromomalonate (0.45 mmol, 1 equiv.), and Bi,O; powder
(Sigma-Aldrich, powder, 99.999% traces metal base; 0.01 mmol)
was purged with argon, and anhydrous DMF (1 mL) was added
through a septum. The octanal (0.9 mmol, 2 equiv.) and 2,6-lutidine
(0.9 mmol, 2 equiv.) were added to this suspension via syringe, and
the mixture was degassed for 10 minutes by bubbling argon
through the reaction medium. Then, the inlet and outlet needles
were removed; the vial was sealed (parafilm) and placed in the
white LED reactor (~23 W, see Figure S1). When the reaction was
complete according to TLC analysis or '"H NMR spectroscopy, the
crude reaction mixture was poured into a funnel containing EtOAc
(5mL) and H,0 (5 mL). The layers were separated; the aqueous
phase was extracted with diethyl ether (3x5mL), and the
combined organic phases were dried over MgSO, and concen-
trated.

General procedure for the ATRA reaction in the presence of
amines. To a sealed vial filled with argon, containing Bi,O; powder
(Sigma-Aldrich, powder, 99.999% traces metal base, 5 mg,
0.01 mmol), diethyl bromomalonate (1.0 mmol), and degassed dry
solvent (2 mL) was added through a septum. For this suspension,
the amine (0.10 mmol) and 5-hexen-1-ol (1.1 mmol) were added via
syringe, and the mixture was degassed for 10 min by bubbling
argon through the reaction medium (for volatile substrates the
reaction vessel was poured into an ice bath). Inlet and outlet
needles were removed; the vial was sealed (parafilm) and placed in
the white LED reactor (~23 W, see Figure S1). When the reaction
was complete, according to TLC or 'H NMR, the crude was poured
into a funnel containing ethyl acetate (5 mL) and H,O (5 mL). The
layers were separated; the organic phase was extracted with ethyl
acetate (3x5 mL), washed with brine, dried over MgSO, and
concentrated. Samples to be analyzed by NMR were collected by
syringe and diluted in a mixture of H,O and ethyl acetate (1:1). The
organic phase was extracted and concentrated by rotavap.
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