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The combination of black TiO, nanoparticles (NPs) with a nickel
catalyst provides a low-cost, sustainable, and reusable alternative
dual catalytic system to a homogeneous counterpart (noble
metals). This black TiO,-photoredox/nickel dual catalytic system
has efficiently driven C-P bond formation between aryl iodides
and diarylphosphine oxides under visible light, providing good to
excellent yields as well as tolerating a variety of functional groups.
The practical application of this semi-heterogeneous protocol has
been highlighted by a sunlight experiment, a gram-scale reaction,
and a reusability test.

In the last decade, visible-light photoredox catalysis has been a
reliable alternative in organic chemistry.’ ® Recently, dual cata-
lysis based on merging photoredox catalysts with transition-
metal catalysts has furnished an alternative strategy in cross-
coupling reactions.” Started by Sanford’s seminal work on ary-
lation of inactivated arenes via merging palladium catalyst and
photoredox catalyst,® various transition metals such as
palladium,” ™ copper,"*™® gold,"”>* and rhodium®*** have
been exploited in the photoredox/metal dual catalysis field. In
comparison with the transition-metal counterpart, the combi-
nation of photocatalyst with transition-metal catalyst has pro-
vided an effective and easily accessible method in C-C and
C-heteroatom bond formations under mild conditions. In par-
ticular, a great breakthrough was separately obtained by the
works of Molander®® and MacMillan®” through the combi-
nation of (Ir[dF(CF;)ppy],(dtbpy))PFs and nickel catalysis. They
developed a facile strategy for C-C bond formation through a
photocatalytic generated alkyl radical intercepted by Ni(u) com-
plexes providing transient access to Ni(m) species (Ni(i)(alkyl)
(Ar)) followed by readily reductive elimination to produce a C-
C coupled product. Thereafter, more explorations of this dual
catalyst system were accomplished to expand the application

Shiraz University, Shiraz 7194684795, Islamic Republic of Iran.

E-mail: hossaini@shirazu.ac.ir

tElectronic supplementary information (ESI) available: DETAILS. See DOI:
10.1039/DODT03507F

This journal is © The Royal Society of Chemistry 2020

Mehdi Koohgard, & Haniehsadat Karimitabar and Mona Hosseini-Sarvari & *

of photoredox/nickel catalysis to other chemical transform-
ations, especially C-heteroatom bond formation.**** Due to
some problems associated with the practical application of
iridium or ruthenium polypyridine photocatalysts, quite
recently semiconductors as heterogeneous photocatalysts have
drawn growing attention in their application in the photo-
redox/nickel system.***® In comparison with iridium or ruthe-
nium polypyridine, semiconductors are cheap, easy to handle,
bench-stable, and recyclable photocatalysts. Recently, some
efforts have been devoted to substitute iridium or ruthenium
polypyridine complexes with semiconductors in a photoredox/
nickel system producing C-N,*” C-0,**** and C-S$*® bond for-
mation. Nonetheless, there is no report on the application of
the semi-heterogeneous photoredox/nickel system in C-P bond
formation (Scheme 1).

TiO, is well known as a robust, stable, non-toxic, and low-
cost heterogeneous photocatalyst in environmental treat-
ment,*® dye-sensitized solar cells,>*" and fuel generations;**
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however, the ability to forge a TiO, semiconductor in photo-
catalytic organic transformation has been limited due to a rela-
tively large band gap (3.2 eV for anatase and 3.02 eV for
rutile)** out of the visible light region and rapid recombination
of photo-generated charge carriers.** To fulfill this aim, some
modifications including structural dimensions, e.g., particle
size and shape, and electronic structures, e.g., doping, sensitiz-
ing, and coupling, have been applied so far.*>*™*° In 2011,
Mao, et al. reported a promising alternative approach to
enhance the absorption of visible light and even infrared wave-
lengths through hydrogenation of titania. This new strategy
was devised through the generation of disordered nanophase
TiO, along with hydrogen dopant incorporation.’® As a conse-
quence, owing to the generation of the mid-gap states and
tailing, the band gap of this colored TiO, (about 1.54 eV) was
noticeably narrowed to be much lower than unmodified
TiO,.”" Moreover, it exhibited a considerable decrease in the
recombination rate of photo-generated electrons and holes
due to oxygen vacancy sites which act as electron traps.”" Since
that pioneering work, this type of colored TiO, was applied in
water splitting and photocatalytic degradation by other
research groups.’”>® Despite these achievements, the appli-
cation of this colored TiO, in organic transformations has
been unexplored but is very tempting.

Organophosphine compounds have appeared to be a very
significant family of chemicals because of their vast appli-
cations in medicinal chemistry, photoelectric materials,
material sciences, and catalysis.>’ ®' Hence, the introduction
of novel catalytic methods to construct C-P bonds has been
the subject of current chemistry trends. In the continuation of
our recent efforts on developing heterogeneous-based
photocatalysis,*>*”*®¢%% we quite recently reported the first
application of black TiO, in an organic transformation.®* We
hypothesized that a new synergistic catalytic process might be
established in which black TiO, will generate P-centered rad-
icals and turn over the nickel catalytic cycle. A possible mecha-
nism for this heterogeneous photoredox/Ni is depicted in
Scheme 2. As we illustrated in Scheme 2, the nickel cycle
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Scheme 2 The proposed reaction mechanism for the dual black TiO,-
photoredox/nickel system.
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begins with Ni(0). However, the reduction of Ni(u) and Ni(i) to
Ni(0) is a different pathway. To begin the catalytic cycle, the
nickel catalyst is formed in situ from NiCl,(glyme), Ni(u)
complex, and dtbbpy (di-t-butylbipyridine) in acetonitrile.
Black TiO, is easily excited under visible light and the corres-
ponding holes abstract one electron from phosphinous acid to
produce the cation radical species, followed by deprotonation
to provide a P-centered radical. Meanwhile, the conduction
band (CB) of black TiO, (E; = —2.0 V vs. SCE, for pure TiO,)*’
would be responsible for reducing Ni(1) and Ni(1) complexes to
Ni(0) (E1,"¢ [Ni"/Ni°] = —=1.2 V vs. SCE) and starting the nickel
catalytic cycle. Subsequently, the P-centered radical intercepts
Ni(u) complexes, resulting from the oxidative addition of the
Ni(0) species to aryl halide, and generates an Ni(u) intermedi-
ate. This Ni(ur) complex might easily undergo reductive elimin-
ation to produce the desired product.>®>”*°

We commenced our work with the preparation and charac-
terization of black TiO, NPs using a previous method®” (see
ESLt part 2). Afterward, a cross-coupling reaction between
1-iodo-4-methylbenzene (1a) and diphenylphosphine oxide
(2a) served as a model reaction and it was evaluated by using
black/white TiO, as a photocatalyst, the Ni(u) salt/complex,
4,4'-di-tert-butyl-2,2"-dipyridyl (dtbbpy) as the ligand, and
several bases under visible light at room temperature.
According to the results summarized in Table 1, when the
reaction was performed by using NiCl,, MeOH and MeCN
turned out to be more efficient solvents (entries 1-6). Notably,

Table 1 Optimization of the reaction conditions?

black TiO, (3.0 mg) o

|
O
/©/ + H—P-pp [Nl (10 mol%) @B—Ph
IJ—"h dtbbpy (10 mol %), base (1 eq) Ij—"h

3.0 ml solvent, white LED

1a 2a 3a
Entry [Ni] Solvent Base Yield of 3a” (%)
1 NiCl, DMSO Cs,CO;3 9
2 NiCl, EtOH Cs,C05 12
3 NiCl, MeOH Cs,CO3 42
4 NiCl, CHCl, Cs,CO;3 N.D.
5 NiCl, MeCN Cs,CO;3 37
6 NiCl, THF Cs,CO; Trace
7 NiCl,-glyme MeOH Cs,CO3 52
8 NiCl,-glyme MeCN Cs,CO; 59
9° NiCl,-glyme MeCN Cs,CO; 91
10° NiCl,-glyme MeCN K,CO; 72
11° NiCl,-glyme MeCN NaOH 29
12¢ NiCl,-glyme MeCN DABCO 47
1354 NiCl,-glyme MeCN Cs,C0; N.D.
14%¢ NiCl,-glyme MeCN Cs,CO;y trace
15/ NiCl,-glyme MeCN Cs,CO;4 N.D.
16° NiCl,-glyme MeCN — Trace
179 NiCl,-glyme MeCN Cs,CO; 18
18° Ni(cod), MeCN Cs,CO;4 90

“Reaction conditions: 1-iodo-4-methylbenzene (0.5 mmol), diphenyl-
phosphine oxide (0.6 mmol), degassed solvent (3 mL), 3.0 mg photo-
catalyst, Ni catalyst (10 mol%), dtbbpy (10 mol%), base (1 equiv.) at
room temperature, 24 h, under 15 W white LED (4 > 410 nm).
bIsolated yield. “Under Ar (1 atm balloon). “No light. *No photo-
catalyst./ No Ni catalyst. € White TiO, (P25). N.D. = not detected.
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the replacement of NiCl, salt by the more soluble Ni(u)
complex (NiCl,-glyme) resulted in considerable improvement
of the target product, up to 59% in MeCN (entries 7 and 8). We
have further found that removing the oxygen atmosphere from
the reaction vessel led to a sharp increase in the reaction
efficiency and yielded 91% of 3a (entry 9). This result might be
attributed to an electron transfer between CB of TiO, (EY; =
—-2.0 V vs. SCE, for pure TiO,)*> and molecular oxygen

(Egz Jo,- = — 0.8V s SCE) ¢ which may compete with the

reduction cycle of Ni(1) complex to Ni(0) complex, as an essen-
tial step in the proposed mechanism. The screening of various
bases in this visible-light-mediated dual catalysis revealed that
Cs,CO; remained the best choice in the reaction (entries
10-12). Besides, several control experiments were carried out
and displayed the presence of light, photocatalyst, nickel cata-
lyst, and base is critical to enabling this reaction (entries
13-16). Moreover, the performance of white TiO, (P25) was
compared with black TiO, NPs under the optimized conditions
and only 18% of the corresponding product was isolated after
24 h (entry 17). The generation of the expected product in the
presence of white TiO, and visible light might come from a
small amount of rutile TiO, (with lower band gap compared
with anatase) in the mixture of TiO, as confirmed in the XRD
pattern (see ESI, Fig. S2t). Finally, the replacement of Ni(u)
complex by Ni(cod),, as a Ni(0) source, made no meaningful
change in the product yield (entry 18, 90%). This might be jus-
tified from the fact that the reduction of Ni(u) to Ni(0) at the
CB of black TiO, NPs is thermodynamically favorable

(Egnn i = —12Vvs. SCE) .7 However, due to the air and

moisture sensitivity of Ni(0) complexes, we preferred to choose
NiCl,-glyme as a nickel catalyst in this dual catalytic system.
Next, the variation of substrates was evaluated for this
semi-heterogeneous dual catalytic C-P formation under the
optimized reaction conditions. As illustrated in Table 2, the
reaction is general for a vast number of electron-rich, electron-
neutral, and electron-poor substituted groups on aryl iodides
such as tert-butyl, nitro, ether, and ester moieties (3a-3i), pro-
viding good to excellent yields. Moreover, the fluorine-contain-
ing aryl iodides were tolerated well under these optimal con-
ditions, delivering 87% and 91% of the corresponding pro-
ducts, upon isolation (3e and 3f). Additionally, when the ortho
position of aryl iodide was occupied with -OMe or -Me, the
current procedure resulted in 75% and 78% of the corres-
ponding products, respectively (3h and 3i). This implies that
the hindrance effect of the ortho position in this reaction was
not so important. Considerably, substrates containing fused
aromatic ring could also be treated with diphenylphosphine
oxide providing the high yields of the target products (3j-31).
Notably, this black TiO,-photoredox/Ni catalytic system could
handle heteroaryl iodides containing pyridine, indole, and
thiophene in quite acceptable product yields (3m-30). Not sur-
prisingly, the reaction did not proceed toward the production
of 3p and 3q and the corresponding starting materials
remained unchanged. These results come from the high

This journal is © The Royal Society of Chemistry 2020
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Table 2 Variation of the substrates?

| o black TiO, o
RE N . IPI 4 NiCl,-glyme 7R\ H R
- -pP=- _— -
Z 1 dibbpy , Cs,CO; ~K—/ 1
R2 3 R R2
MeCN, white LED
1 2 3
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rodo o O
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0%t Bio
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@ am, 84% 3n, 89% @ 30, T1%

OO~

3r, 77%

V=0

o) (e}
O O
P-0,
A _\_\
o
j 3p, 0% /H 3q, 0%

A0~ 00
3s, 73% rst, 0%

“Reaction conditions: 1 (0.5 mmol), 2 (0.6 mmol), black TiO, NPs
(3.0 mg), NiCl,-glyme (10 mol%), dtbbpy (10 mol%), CS,CO; (1.0
equiv.), and degassed MeCN (3.0 mL) were placed in the vessel and the
reaction, under Ar, was stirred at r.t. under 15 W white LED; reaction
time was 24 h and the yields were isolated.

N

tendency of these types of electron-rich secondary phosphine
oxides to be in the form of the pentavalent tautomer,*®®® and
hence this suppresses the photo-oxidation step toward the
generation of the P-centered radical in the reaction pathway.
Finally, the secondary phosphine oxides bearing -Me and
-OMe were applicable under these conditions; however, they
produced lower product yields of the corresponding triarylpho-
sphine oxide, that is, in turn, 77% and 73%, respectively (3r
and 3s). Also, the reaction did not proceed using butyl( phenyl)
phosphine oxide as a substrate (3t). Notably, by using aryl
bromide and chloride as analogs of aryl iodide, the reaction of
these coupling partners with aryl phosphine oxide did not
result in the desired product even after 48 h. The lack of reac-
tivity may come from the reduction potential of the corres-

Dalton Trans., 2020, 49,17147-17151 | 17149
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ponding Ni(1)Cl or Ni(1)Br species (after reductive elimination).
If their reduction potentials are outside of the required range
to be turned over by CB of black TiO,, the Ni(0) species will
not be regenerated in the catalytic cycle to handle the transme-
talation step. Moreover, aliphatic iodides (e.g., 1-iodobutane)
were tested while surveying the scope of this reaction. The ali-
phatic halide was not applicable for the synthesis of phos-
phine oxides of the type O=P(R")(R?),.

Next, to evaluate the synthetic utility of this black TiO,-
photoredox/Ni dual catalytic system, we performed three
extra experiments including a sunlight experiment, a scale-up
reaction, and reusability of the catalyst. It is noteworthy that
black TiO, NPs are stable even after 1 year.”> The photo-
catalyst maintained efficiency under sunlight and gram-scale
experiments as well as during five consecutive runs (see ESL
part 3).

Then, some control experiments were conducted to get
more knowledge about the reaction process. The reaction was
quenched in the presence of hole and electron scavengers.
Also, the reaction only progressed in the presence of light
during an “on/off” LED irradiation experiment. Notably,
under the wavelength ranges of white, blue, and green LED
lamps (15 W), the product yields were nearly the same,
which might be justified by the narrowed band gap of black
TiO, (2.6 eV). Finally, increasing the irradiation intensity
caused a gradual increase in the product yields (see ESILf
part 4).

Conclusions

In summary, a semi-heterogeneous photoredox/Ni dual cataly-
sis system for practical C-P bond formation has been efficien-
tly developed. In this manner, black TiO, has been used as a
visible-light-driven heterogeneous photocatalyst, instead of the
homogeneous counterpart (Ir and Ru), to oxidize phosphinous
acid and turn over the nickel cycle in this cross-coupling reac-
tion. The reaction conditions tolerated a vast variety of func-
tional groups on aryl iodide and furnished the corresponding
products in good to excellent yields. We believe these results
will inspire more studies on the application of black TiO, in
more organic transformations. This type of modified TiO, not
only has the advantages of pure TiO, such as non-toxicity,
chemical stability, low cost, and reusability but also features a
narrowed band gap.
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