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The boracene-based alkylborate enabled visible light-mediated
metallaphotoredox catalysis. The directly excited borate was
easily oxidatively quenched by the excited Ir photoredox catalyst.
The Ni/Ir hybrid catalysis afforded the products under significantly
low irradiance.

The momentum of photoredox chemistry,® which has
developed exponentially over the past more than a decade,
has not still to stop. The metallaphotoredox catalysis arisen
from the merger of transition metal catalysis and photoredox
catalysis has realized numerous elusive bond formations.?
With the development of transformations driven by
metallaphotoredox catalysis, various precursors have been
developed to produce radicals based on single electron
transfer (SET) oxidation or reduction (Figure 1A). In this
context, we previously reported rationally designed
alkylborate prepared from the boron-doped mn-extended
molecule, boracene,® enabling generation alkyl radical via
direct excitation* (Figure 1B). The strategy based on direct
excitation of the substrate has emerged as a new tributary in
this field, and the possibility to unlock unconventional
reactivity.> The boracene-based alkyl borate acts as a strong
reductant and efficient radical donor under visible light
irradiation. The application of this direct excitable molecule to
metallaphotoredox catalysis would develop a high-
energetically effective system (Figure 1C). The photo-inducible
borate can also provide a strong single electron donor, and
thus, an expeditious SET event with photoredox catalyst would
generate alkyl radical and apply to diverse transformations.
Alternatively, energy transfer (ET) also possibly occurs from
excited photoredox catalyst to the borate to form the excited
state,® which results in the homolytic cleavage to generate
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alkyl radicals. Both pathways can be energetically beneficial
because of the relatively high redox potential (0.78 V vs. SCE).*
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Figure 1. Metallaphotoredox catalysis and direct excitation of
boracene-based alkylborate.

Accordingly, we started to develop a Ni/Ir hybrid catalysis’-8
associated with the direct excitation of the boracene-based
alkylborate. As previously reported, the nickel-catalyzed
alkylation of 4-bromobiphenyl (3a) using the t-butyl borate 2a
derived from boracene 1 under photo-irradiation for 14 h gave
the corresponding product in 76% vyield (Table 1, entry 1).% In
contrast, the addition of Ir photoredox catalyst to the
conditions dramatically enhanced the cross-coupling (entry 2).
Addition of catalytic amount of [Ir(ppy).dtbpy]PFs® (PC1)
afforded the shorter reaction time, higher product yield, even
under significantly In the Ni/lr hybrid
catalysis using the borate 2a, we used Micro Photochemical

lower irradiance.
Reactor, which has weak spectral irradiances compared to the
most commonly-used light source, Kessil Lamp. According to
the measurement of each spectral irradiances, we found that
Kessil Lamp (measured with 1% transmittance neutral-density
filter) showed more than 700 times higher irradiance at 440
nm!® than Micro Photochemical Reactor (Figure 2). The Ni-
catalyzed cross-coupling with the direct excitation method
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using Micro Photochemical Reactor provided only 22% vyield
even after 120 hours (entry 3). Thus, Ni/Ir hybrid catalysis with
the boracene-based borate improved the rate and efficiency of
the tertiary alkylation of aryl halide.

Table 1. Enhancement of cross-coupling by Ni/Ir hybrid catalysis.
4-Br-biphenyl (3a)

%/ Li* Ni(acac),
_ (5 mol%)
BuLi O I cat.
THF DMA
-78°Ctort Blue LED Ph
quant.
1 4aa
boracene
entry Ir catalyst time (h) Yield of 4aa (%)
1 none 14 76°
2 [Ir(ppy).dtbpy]PFs (PC1)? 1 89¢
3 none 120 22¢d

21 mol% of Ir catalyst was used. ppy = 2-phenylpyridine. dtbpy = 4,4'-
Di-tert-butyl-2,2'-dipyridyl. ® Kessil lamp was used as a light source. ©
Micro Photochemical Reactor was used as a light source. ¢ 'TH NMR
yield.
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Figure 2. Spectral irradiance of each light source.

With the hybrid catalysis of Ni(acac), and [Ir(ppy),dtbpy]PFs,
we compared the efficiency and versatility with the direct
excitation method using the selected examples (Figure 3, top).
4'-Bromoacetophenone, which gave meager vyield in the direct
excitation, afforded the cross-coupling product 4ab almost
guantitatively.'* Additionally, the cross-coupling by the direct
excitation with Ni(acac), as a catalyst proceeded with the
generation of a significant amount of isobutylated arenes in
some cases. Such the undesired isomerization was confined
with the reaction using the Ir catalyst. As well as the direct
excitation method, the cross-coupling of the electron-rich
bromoarene was permitted and give a higher yield of the
product 4ac, which was difficult to achieved by the reported
conditions.8 Interestingly, while the cross-coupling of tertiary-
alkyl borate with heteroarene was unavailable without Ir
catalyst, a good yield of 4ae was
bromoquinoline (3e) with Ni/lr co-catalytic
Unfortunately, no cross-coupling product was produced in the

obtained from 3-
conditions.

case of 3-bromobenzothiophene under both catalytic systems.
Although the Ni/Ir catalyzed reaction of 9-bromophenanthrene

2| J. Name., 2012, 00, 1-3

afforded the product 4ag in moderate vyield with the
generation of phenanthrene in 21% yield via
protodebromination, the formation of phenanthrene was
major pathway with the direct excitation method. Similarly,
the cross-coupling using secondary and primary-alkylborate
were also accelerated under the Ni/Ir hybrid catalysis. The
higher yields of the corresponding products were obtained in
each case (Figure 3, middle).

Cross-coupling
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Figure 3. Effects on Ni/lr hybrid catalysis * Micro Photochemical
Reactor was used as a light source. ® Number in parenthesis is an NMR
yield of isobutylated arene. ¢ A reaction was performed in the absence
of Ir catalyst with Kessil Lamp for 14 h in brackets. ¢ Bis(2,2,6,6-
tetramethyl-3,5-heptanedionato)nickel(ll) was wused instead of
Ni(acac),. ¢ N.D. = not detected. f Number in parenthesis is NMR yield

of phenanthrene. & NiBr,-diglyme (5 mol%) and dtbpy (6 mol%) in THF

This journal is © The Royal Society of Chemistry 20xx
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were used as catalytic conditions. " Stirred for 4 h. ' The borate was
prepared from cyclohexylmagnesium bromide. i The reaction was
performed using NiBr,-diglyme (10 mol%) and dtbpy (12 mol%) in THF
for 48 h. *The reaction was performed using NiBr,-diglyme (10 mol%)
and dtbpy (12 mol%) in THF for 8 h. The average NMR yield of two

experiments.

Given that methylation of aryl halide was sluggish via methyl
radical from the direct excitation of methylborate,* the
enhancement by Ni/Ir hybrid catalysis would provide a more
versatile methylation.?> The methylation of pharmaceuticals
can be achieved, as demonstrating the synthesis of
indomethacin 4eh and camptothecin derivatives 4ei.'3

Subsequently, the tendency of three-component vicinal
alkylarylation'* of alkene was also investigated under Ni/lr
hybrid catalysis, comparing the direct excitation (Figure 3,
bottom). However, the addition of the Ir catalyst has not
shown a positive effect on the three-component coupling. The
pivalate that was smoothly
progressed using the direct excitation method gave no product
6aaa of three-component coupling and, instead, the cross-
coupling product 4aa from 2a and 3a was only observed in
31% vyield. The vicinal alkylarylated products 6aba and 6bba
were obtained from the reaction using an electron-deficient
olefin, t-butyl acrylate. Although the Ni/Ir catalyzed reaction
proceeded under the lower photo irradiances and shorter

vicinal alkylarylation of vinyl

reaction time than the direct excitation conditions, the
product yields depended on the substrates.
Table 2. Evaluation of Ir photoredox catalyst.
>< Ir cat. (1 mol%)
.+ MeO,C.__~ CO,Me
B(OANL 77 C0Me MeCNMeOH (10/1), 14 h COMe
2a 5c Micro Fg;(;tgtcof:emlcal 6ac
" Yield of 6ac
entry Ir catalyst ET (kcal/mol)? Eq "M (V)P (%)c
4
1 PC2 59 +1.32 98
2 PC3 61 +1.21 82
3 PC1 49 +0.66 73
4 pPca 58 +0.31 48

2 Triplet energies were calculated from the reported emission
maximum peaks. ® The reported values. ¢ NMR yields. ¢ The average
yield of three times experiments.

Ir catalyst
_ CF CF.
\ PFs | 3PFG ®-pF,
Bu ‘
Naw N\ J N
Ir Ir
/ N/ 4 / \ ~ N/ SN
|
Z~Bu = Bu
CFq CFq
PC1 PC2 PC3 PC4

[Ir(ppy)2dtbpy]PFg [I{dF(CF3)ppy}-bpy]PFg [IKdF(CF3)ppy}dtbpy]PFe Ir(ppy)s
Considering the possibility of ET or SET from the excited Ir

catalyst to the Ni complexes, the simple alkyl radical reaction

with electron-deficient olefin, the Giese addition®® is suitable

to evaluate the enhancement ability of Ir photoredox catalyst

This journal is © The Royal Society of Chemistry 20xx
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for radical generation. Thus, the Giese addition of t-butyl
borate 2a with dimethyl fumarate (5c) was conducted in the
presence of various Ir catalysts. Among the Ir catalysts tried,
[Ir{dF(CF3)ppy},bpy]PFs (PC2) showed the highest reactivity to
afford the t-butyl adduct in almost quantitative yield (Table 2,
entry 1). Overviewing the triplet energies or electron transfer
ability of PC1-4, as shown in Table 2,6 the product yield was
correlated with the oxidation potential of the Ir catalyst. While
the rapid SET process affected the reaction efficiency, Ir
catalyst PC4, the weaker oxidant at excited state (+0.31 V),
performed lower catalytic activity despite the highest triplet
energy (entry 4). This result suggests that the radical
generation derived from highly efficient SET oxidation of the
borate, not by energy transfer (ET) from the excited Ir
photoredox catalyst. The lifetime of the excited state is
exceedingly short in general. Thus, the SET oxidation likely
occurs between the excited Ir catalyst and the ground state of
the borate. However, considering the reduction potential of
the borate (0.78 V in MeCN vs. SCE), the SET oxidation with
PC3 and PC4 are difficult to progress with the ground state of
the borate. Therefore, the pathway via SET oxidation with the
excited borate can not be ruled out.

To gain a further assessment of Ir catalysts, we conducted
Stern—Volmer quenching studies (Figure 4). Although the
concentration-dependent of the borate 2a can quench the
fluorescence of the four Ir catalysts PC1-4 in either case, non-
linear Stern—Volmer plot was obtained,'” and the efficiency
varied from the Ir catalysts. The order of the quenching
efficiency showed good agreement with the result of Giese
addition experiments. The reason for the non-linearity of the
Stern—Volmer plots is unclear at present. The formation of a
non-fluorescent complex between photocatalyst and the
borate in the ground state would be possible. Additionally,
since the borate also showed weak fluorescence, the
quenching study with Ni(acac),, which is the catalyst of cross-
coupling, was conducted. Changing the Ni complex
concentration, we observed the concentration of Ni(acac),
dependent quenching of the fluorescent of the borate 2a. This
result revealed that the SET process could occur between the
excited state of 2a with Ir catalysts and Ni(acac),.1®

Stern-Volmer analysis

4 [Ir{dF(CF;)ppy},bpy]PF; (PC2)
[Ir{dF(CF;)ppy},dtbpy]PF, (PC3)
[Ir(ppy),dtbpy]PFs (PC1)

200 400

[quencher][pM]

Figure 4. Stern—Volmer analysis of Ir catalysts.

Conclusions

J. Name., 2013, 00, 1-3 | 3
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In summary, we have developed a Ni/Ir metallaphotoredox
catalysis using the boracene-based alkylborate, oxidatively
quenchable alkyl radical precursor. The hybrid catalysis
enabled the cross-coupling with shorter reaction time, higher
product yield, even under significantly lower irradiances.
According to the reaction analyses, the Ir photoredox catalyst
would enhance the radical generation step with borate.
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The boracene-based alkylborate enabled visible light-mediated Ni/Ir metallaphotoredox

catalysis.
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