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A B S T R A C T   

Visible light-driven benzoyl azides formation catalyzed by a rhodium ion modified TiO2 (Rh3+/TiO2) is reported. 
The Rh3+/TiO2 was prepared as a visible light responsive photocatalyst by a simple procedure from TiO2 and 
RhCl3･3H2O. The Rh3+/TiO2 exhibited a broaden visible light absorption from 400 nm to 600 nm. Benzoyl azide 
formation from a benzotrichloride and a trimethylsilyl azide (TMS-N3) was performed catalyzed by the Rh3+/ 
TiO2 under visible light irradiation (λ ≥ 420 nm) in air at room temperature. In this reaction, the benzotri
chloride was effectively reduced by the single electron transfer (SET) from the Rh3+/TiO2, and the benzoyl azide 
was produced in 71% yield via the reaction between the benzoyl chloride and TMS-N3. In addition, several 
benzotrichloride derivatives were applied to this reaction and the corresponding benzoyl azide derivatives were 
formed in up to 71% yield. A kinetic analysis was also performed on these reactions, and it was suggested that the 
SET is the rate determining step in this reaction.   

1. Introduction 

Titanium oxide (TiO2) is widely studied as an inexpensive and stable 
heterogeneous photocatalyst in the field of academia and the chemical 
industry [1–3]. In general, TiO2 is excited by UV light irradiation to 
produce an excited electron (e–) on a conduction band (C.B.) and a hole 
(h+) on a valence band (V.B.) [4]. This electron–hole pair can promote a 
reductive reaction by electron (e–) and an oxidative reaction by hole 
(h+). Based on these properties of TiO2, many examples of the UV 
light-induced photocatalytic reaction, such as environmental purifica
tion [5] and water splitting reaction [6], have been developed. How
ever, the utilization of TiO2 for organic synthesis is still rarely reported 
in spite of its significant importance [7,8]. Therefore, development of 
organic syntheses mediated by TiO2 is strongly desired as green and 
sustainable molecular transformation processes. 

In addition, the visible light-induced molecular transformation is 
interesting from the perspective for utilization of unlimited solar energy. 
However, the photocatalytic activity of TiO2 requires UV light excita
tion, not visible light, because of a wide band gap ranging from 3.0–3.2 
eV [4]. To overcome this problem, various kinds of TiO2s have been 
developed as visible light responsive photocatalysts [9–11]. The modi
fication of a metal ion on the TiO2 surface is an effective method as a 
response to the visible light. Based on this, a metal ion modified TiO2 

(Mn+/TiO2) has been developed as a visible light responsive photo
catalyst and applied to several photocatalytic reactions [12–14]. For 
instance, Kominami’s group reported that the rhodium ion (Rh3+) 
modified TiO2 (Rh3+/TiO2) can effectively promote volatile organic 
compound (VOC) mineralization during visible light irradiation [15,16]. 
In addition, an earth abundant metal ion modified TiO2 was prepared by 
Inoue’s group to promote visible light-driven hydrogen evolution [17]. 
Based on these studies, the Mn+/TiO2 can be recognized as a photo
catalyst for the visible light-driven organic synthesis. 

Organic azides are valuable intermediates in the field of organic 
chemistry and biological chemistry [18]. In particular, acyl azides are 
important compounds due to their usefulness for organic synthesis and 
fundamental functional group transformations. The acyl azide can be 
rapidly converted to an isocyanate by the Curtius reaction and the iso
cyanate can react with amines, alcohols, and carboxylic acids to produce 
ureas, carbamates, and amides, respectively [19,20]. Therefore, the acyl 
azides play an important role in the formation of these N-containing 
compounds via new C–N bond construction. There are several types of 
general methodologies to prepare the acyl azide derivatives. The acyl 
azides are synthesized from acyl chlorides and a sodium azide (NaN3) 
[21] or an organic azide source like as trimethylsilyl azide (TMS-N3) 
[22] (Scheme 1 (a)). The acyl azides formation from carboxylic acids 
and a diphenyl phosphoric azide (DPPA) is also well known as a one-pot 
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synthetic methodology (Scheme 1 (b)) [23]. In this decade, the studies of 
novel synthetic methods for the acyl azide derivatives are progressing to 
develop a highly-efficient process. For example, the benzoyl azides 
formation from iodobenzenes with CO and NaN3 readily occurs medi
ated by a Pd catalyst (Scheme 1 (c)) [24,25]. Yadav’s group demon
strated the visible light-induced benzoyl azides formation from 
benzaldehydes as shown in Scheme 1 (d) [26]. It is the first example of 
the preparation of benzoyl azides directly from aldehydes employing 
visible light as an energy source. The visible light-driven methodologies 
for the acyl azides formation are still highly desirable as eco-friendly and 
sustainable preparations. 

We have been developing a visible light-driven photo-reductive 
organic synthesis by using the metal ions modified TiO2 [27,28]. Spe
cifically, trichlorinated organic compounds were converted to amides in 
the presence of amines as a nucleophile by visible light irradiation in air. 
This methodology could possibly lead to further visible light-driven 
molecular transformations. In this paper, we propose visible 
light-driven benzoyl azides formation from benzotrichlorides catalyzed 
by the Rh3+/TiO2 as a novel visible light-driven photo-reductive organic 
synthesis (Scheme 1 (e)). In this reaction, the benzotrichlorides can be 
easily reduced by the single electron transfer (SET) from the Rh3+/TiO2 
under visible light irradiation (λ ≥ 420 nm), and the benzoyl azides can 
be produced with a one-pot reaction via the reaction between the ben
zoyl chlorides and TMS-N3 (Fig. 1). This reaction can utilize oxygen (O2) 
from air for construction of the acyl azide group and can proceed under 
mild conditions at ambient pressure and room temperature. Moreover, 
several benzotrichloride derivatives were also applied to this reaction 
and the corresponding benzoyl azides were formed in moderate yields. A 
mechanistic study including a kinetic analysis were also investigated in 
this paper. 

2. Experimental 

2.1. Measurements and equipment 

The NMR spectra were recorded by a Bruker Avance 400 spectrom
eter at the Center of Advanced Instrumental Analysis of Kyushu Uni
versity. The IR spectra were recorded by a Perkin-Elmer Spectrum Two 
using the ATR method. The UV–vis absorption spectra were measured by 
a Hitachi U-3300 spectrophotometer at room temperature. The diffuse 
reflectance (DR) UV–vis spectra were measured by a JASCO V-770 
spectrophotometer equipped with a Φ 60 integrating sphere at room 
temperature. The X-ray fluorescence (XRF) analysis was done by a Shi
madzu EDX-7000. The zeta potential was recorded by an Otsuka Elec
tronics ELSZeno. The X-ray photoelectron spectroscopy (XPS) 
experiments were performed by a Shimazu AXIS-ULTRA. The X-ray 
diffraction (XRD) was measured by the Rigaku SmartLab. The SEM 
image was acquired using a Hitachi SU8000 (acceleration voltage of 15 
kV). TEM images were acquired using a JEOL JEM-2100F (acceleration 
voltage of 200 kV). The cyclic voltammograms (CV) were obtained using 
a BAS CV 50 W electrochemical analyzer. A three-electrode cell equip
ped with 1-mm diameter platinum wires as the working and counter 
electrodes was used. An Ag/AgCl (3.0 M NaCl aq.) electrode served as 

the reference in the presence of tetrabutylammonium perchlorate (n- 
Bu4NClO4) as the supporting electrolyte. The HPLC spectra were ob
tained using a HITACHI ELITE LaChrom (Inertsil ODS–3 HPLC Column, 
5 μm, 46 × 150 mm, solvent: H2O and CH3CN). A 200 W tungsten lamp 
with a 420 nm cut-off filter (Sigma Koki, 42 L) and a heat cut-off filter 
(Sigma Koki, 30H) were used as the light source for the visible light 
irradiation experiments. A black light, λmax = 365 nm and 1.5 mWcm–2, 
was used for the UV light irradiation. 

2.2. Reagents and chemicals 

All the solvents and chemicals used in this study were of reagent 
grade. Unless otherwise noted, commercial reagents were purchased 
from Tokyo Kasei Kogyo (TCI), Aldrich, Wako and other commercial 
sources. Titanium oxide (anatase, AMT-600, surface area = 52 m2g–1, 
diameter size = ca. 30 nm) was received from Tayca Co., Ltd. 3-Methyl
benzotrichloride (7) was prepared according to the literature [29]. The 
products were isolated by chromatography (Silica Gel 60 N, spherical, 
neutral, Kanto Chemical) using hexane and ethyl acetate as the eluents, 
and identified by 1H NMR, 13C{1H} NMR, and IR (ESI). 

2.3. Synthesis and characterization of Rh3+/TiO2 

The rhodium ion modified TiO2 (Rh3+/TiO2) was synthesized based 
on the literature [28]. 1.0 g of anatase TiO2 was refluxed in 10 mL of a 
rhodium chloride hydrate (0.16 mmol) aqueous solution for 2 h. After 
filtration of the solution, the obtained powder was washed three times 
with water to remove the chloride ion. The obtained powder was dried 
at 100 ◦C for 24 h and calcinated at 200 ◦C for 2 h to produce the 
Rh3+/TiO2. 

The visible light absorption on the Rh3+/TiO2 was evaluated by 
Diffuse reflectance (DR)-UV–vis spectroscopy. The X-ray fluorescence 
(XRF) was measured to determine the loading amounts of the rhodium 
ion on the TiO2’s surface. The zeta potential was also measured for the 
Rh3+/TiO2 in CH3CN. The X-ray diffraction (XRD) and X-ray photo
electron spectroscopy (XPS) were carried out to investigate the surface 
and bulk properties of the Rh3+/TiO2, respectively. The microscopic 
morphologies of the Rh3+/TiO2 were investigated by SEM and TEM. The 
TEM-EDX mapping was also carried out for the Rh3+/TiO2. 

2.4. General procedure of the benzoyl azide formation 

The benzotrichloride (7.5 × 10–3 M), TMS-N3 (7.5 × 10–2 M, 10 
equiv.), N, N-diisopropylethylamine (i-Pr2NEt) (5.0 × 10–2 M, 6.5 
equiv.), and Rh3+/TiO2 (5.0 mg) were added to 10 mL of CH3CN as a 
substrate, an azide source, a sacrificial reduction reagent, and a catalyst, 
respectively. The solution was stirred for 6 h during visible light irra
diation (λ ≥ 420 nm) in air at room temperature. The resulting solution 
was analyzed by HPLC to determine the product yields. 

2.5. Kinetic study of the benzoyl azides formation 

Several benzotrichloride derivatives were applied to the benzoyl 
azides formation under optimized conditions and the product yields 
were determined by HPLC every hour to establish a time profile. The 
rate equation for the consecutive reaction was used for the fitting on this 
time profile (Scheme 2)[30]. Concentration of the substrate was fitted 
by a single exponential function: [S] = [S]0 exp(–k1τ), and generation of 
the product was fitted by a function: [P] = [S]0 {k1 /(k2–k1)} {exp 
(–k1τ)–exp(–k2τ)}. k1 and k2 were defined as the producing rate constant 
(substrate [S]→product [P]; k1) and as the over-reaction rate constant 
(product [P]→over-reacted product; k2), respectively. 

Fig. 1. Visible light-driven benzoyl azides formation mediated by the Rh3+/ 
TiO2 under air. 
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3. Results and discussion 

3.1. Synthesis and characterization of Rh3+/TiO2 

The rhodium ion modified TiO2 (Rh3+/TiO2) was easily prepared 
based on Scheme 3. The Rh3+/TiO2 clearly exhibited a yellow color due 
to the modification of the rhodium ion on the surface of the TiO2 (Fig. S1 
(b)). To investigate the response to the visible light, the DR-UV–vis 
spectra were recorded for the bare TiO2 and the Rh3+/TiO2. As shown in 
Fig. 2(a), a broaden absorption was detected in the visible light region 
(400 nm ≤ λ ≤ 600 nm), which suggested that the Rh3+/TiO2 works as a 
visible light-responsive photocatalyst. According to the XRF analysis for 
the Rh3+/TiO2, it was found that 0.76 wt% (7.4 × 10–5 molg–1) of the 
rhodium ions were loaded on the TiO2’s surface (Table 1). The zeta 
potential of the Rh3+/TiO2 was –78 mV in the CH3CN (Table 1). The 
XRD patterns of the bare TiO2 and the Rh3+/TiO2 are shown in Fig. 2(b). 

The peaks, which are derived from the anatase type of TiO2 [31], were 
maintained after the modification of the rhodium ions. The XPS spec
trum for the Rh3+/TiO2 showed peaks from O 1 s, Ti 2p1/2, Ti 2p3/2, Rh 
3d3/2, and Rh 3d5/2. Especially, the Rh 3d3/2 and Rh 3d5/2 signals were 
detected at 314 eV and 309 eV, respectively [27,32]. It is suggested that 
the Rh3+ ions were fixed on the surface of the TiO2. Finally, the 
microscopic morphologies of the Rh3+/TiO2 were observed by the SEM 
and the TEM technologies. Many of the Rh3+/TiO2 nanoparticles were 
aggregated as shown in the SEM images (Fig. 3(a)). According to the 
TEM images, the single nanoparticles of the Rh3+/TiO2 were around 50 
nm in diameter (Fig. 3(b)). Moreover, the TEM-EDX mapping was also 
carried out to reveal that the rhodium ions were uniformly modified on 
the TiO2’s surface (Fig. 3(c)–(f)). 

3.2. Photocatalytic benzoyl azide formation mediated by Rh3+/TiO2 

The visible light-driven benzoyl azide formation was carried out in 
CH3CN in the presence of the benzotrichloride (1) as a substrate, TMS- 
N3 as the azide source, N, N-diisopropylethylamine (i-Pr2NEt) as the 
sacrificial reduction reagent, and Rh3+/TiO2 as the catalyst. The results 
are summarized in Table 2. After several optimizations (Tables S1-S4), 
the benzoyl azide (2) was produced in 71% yield after 6 h of visible light 
irradiation (entry 1 in Table 2). As shown in entry 2, the yield of 2 was 

Fig. 2. (a) DR....-UV–vis spectra of bare TiO2 and Rh3+/TiO2, (b) XRD patterns of bare TiO2 and Rh3+/TiO2.  

Table 1 
Diameter size, Rh3+ ion loading amount, and zeta potential of the catalyst.  

Catalyst Diameter size Loading amount of Rh3+ ion Zeta potential 

Rh3+/TiO2 ca. 50 nm 7.4 × 10–5 molg–1 –78 mV  

Fig. 3. (a) SEM image of Rh3+/TiO2, (b) TEM image of Rh3+/TiO2, (c) STEM image of Rh3+/TiO2, TEM-EDX mappings of Rh3+/TiO2; (d) Ti atom, (e) O atom, (f) 
Rh atom. 
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2% without the Rh3+/TiO2 catalyst. In addition, this reaction cannot 
proceed without i-Pr2NEt (entry 3 in Table 2) or without visible light 
irradiation (entry 4 in Table 2). Based on these results, it was found that 
the Rh3+/TiO2, the i-Pr2NEt, and visible light irradiation are necessary 
to promote this reaction. Under N2 atmosphere (30 min of N2 bubbling 
before the reaction), the yield of 2 dramatically decreased to 7% due to 
the lack of an O2 source (entry 5 in Table 2). The product 2 was obtained 
in 18% yield under too high O2 condition (entry 6 in Table 2). Because 
O2 should accept the excited electron from the C.B. of the Rh3+/TiO2, 
the reduction of 1 was prohibited in the presence of excess amount of O2 
[32]. Therefore, we concluded that the reaction in air was the best for 
the benzoyl azide formation. The azide source also influenced the re
action yield. The TMS-N3 was a superior reagent for the 2 formation in 
the present system because the yield of 2 was 48% for the reaction with 
the DPPA (entry 7 in Table 2). The yield of product 2 also decreased to 
7% when NaN3 was used instead of TMS-N3 (entry 8 in Table 2). When 
the bare TiO2 was used as the photocatalyst instead of Rh3+/TiO2, the 
product yield decreased to 28% (entry 9 in Table 2). The modification of 
the rhodium ion on the TiO2 is significant for the visible light-driven 
synthesis. Only 7% yield of 2 was obtained with UV light irradiation 
(λmax = 365 nm) because the product of 2 could be decomposed by the 
irradiation of UV light (entry 10 in Table 2). This result strongly sug
gested that the importance of the utilization of visible light for the 
photocatalytic organic synthesis. The reaction was also suppressed in 
the presence of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a radical 
trapping reagent, which suggested the radical may be formed from the 
substrate 1 during the reaction (entry 11 in Table 2). To evaluate the 
recyclability of the Rh3+/TiO2, the Rh3+/TiO2 was collected after the 
reaction. The collected Rh3+/TiO2 exhibited the visible light absorption 
(Figure S2) and was applied in the catalytic reaction. As a result, 2 was 
produced in 61% yield (entry 12 in Table 2), which shows that the 
Rh3+/TiO2 is recyclable photocatalyst. 

To investigate the effect of the modified metal ions, Mn+/TiO2s, such 
as Fe2+/TiO2, Mg2+/TiO2, and Al3+/TiO2, were synthesized as visible 
light-responsive photocatalysts by the same procedure with Rh3+/TiO2. 
The loading amounts of these metal ions (Fe2+, Mg2+, Al3+) were similar 
to Rh3+ ion (Table S5). These Mn+/TiO2s were used as photocatalysts for 
the benzoyl azide (2) formation instead of the Rh3+/TiO2. Although the 

benzoyl azide formation was promoted by the other Mn+/TiO2s, how
ever, the efficiency of these reactions was lower than the reaction 
mediated by the Rh3+/TiO2 (Fig. 4). The high reactivity of the Rh3+/ 
TiO2 for the benzoyl azide formation was estimated by the difference in 
the reduction potential of the metal ions. Because the rhodium ion has a 
rather more positive reduction potential than the C.B. of TiO2, the 
rhodium ion site on the Rh3+/TiO2 can also work as a reductive site for 
the substrate [17]. Therefore, the Rh3+/TiO2 may show a higher 

Table 2 
Benzoyl azide formation from benzotrichloride catalyzed by Rh3+/TiO2. [a] 

.  

Entry Reaction conditions Yield of 2 /% 

1 as shown 71 
2 without Rh3+/TiO2 2 
3 without i-Pr2NEt 0 
4 without light 0 
5[b] under N2 7 
6[c] under O2 18 
7[d] DPPA instead of TMS-N3 48 
8[e] NaN3 instead of TMS-N3 7 
9[f] TiO2 as catalyst 28 
10[g] UV lamp instead of visible light 7 
11[h] with 0.1 M DMPO 9 
12[i] Recycled Rh3+/TiO2 as catalyst 61 

[a] Conditions: Rh3+/TiO2 = 5.0 mg (Rh3+ ion: 2.7 × 10–5 M), [1] = 7.5 × 10–3 M, [TMS-N3] = 7.5 ×
10–2 M (10 equiv.), [i-Pr2NEt] = 5.0 × 10–2 M (6.5 equiv.), solvent: CH3CN, light source: 200 W tungsten 
lamp with 42 L cut-off filter (λ ≥ 420 nm) and a heat cut-off filter (Sigma Koki, 30 H). Reaction time was 
6 h. Yields based on the initial concentration of the substrate. [b] The reaction was carried out after 30 
min of N2 bubbling. [c] The reaction proceeded after 30 min of O2 bubbling. [d] DPPA (7.5 × 10–2 M) 
was used as the azide source. [e] NaN3 (7.5 × 10–2 M) in mixed solvent (CH3CN: H2O = 4: 1) was used. 
[f] TiO2 = 5.0 mg was used as the catalyst in place of the Rh3+/TiO2. [g] Light source: black light, λmax =

365 nm, 1.5 mWcm–2. [h] [DMPO] = 1.0 × 10–1 M. [i] Recycled Rh3+/TiO2 = 5.0 mg was used as the 
catalyst. 

Fig. 4. Difference in photocatalytic activity for the formation of 2. Conditions: 
Mn+/TiO2 = 5.0 mg (Rh3+ ion: 2.7 × 10–5 M, Fe2+ ion: 3.0 × 10–5 M, Mg2+ ion: 
3.6 × 10–5 M, Al3+ ion: 2.8 × 10–5 M), [1] = 7.5 × 10–3 M, [TMS-N3] = 7.5 ×
10–2 M (10 equiv.), [i-Pr2NEt] = 5.0 × 10–2 M (6.5 equiv.), solvent: CH3CN, 
light source: 200 W tungsten lamp with 42 L cut-off filter (λ≥420 nm) and a 
heat cut-off filter (Sigma Koki, 30 H). Reaction time was 6 h. Yields based on 
the initial concentration of the substrate. 
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reactivity to the substrate than the other Mn+/TiO2s for the benzoyl 
azide formation. 

3.3. Substrate scope of the benzoyl azides formation 

Benzotrichloride derivatives, which have substituents on the ben
zene ring, were used for the benzoyl azides formation mediated by the 
Rh3+/TiO2 under visible light irradiation. When the 4- 

chlorobenzotrichloride (3) was used as a substrate, the 4-chlorobenzoyl 
azide (4) was produced in 31% yield after 6 h of irradiation. The yield of 
4 was lower than the yield of 2 because the product 4 might have been 
over-reacted by the Rh3+/TiO2 during the visible light irradiation. Based 
on this result, we investigated the optimized reaction time for the sub
strate 3 and the product 4 was obtained in 57% yield after 3 h of irra
diation (entry 2 in Table 3). Several benzotrichloride derivatives (5, 7, 
9) were also converted to the corresponding benzoyl azides (6, 8, 10) in 

Table 3 
Substrate scope of the benzoyl azides formation. 

.  

[a] Conditions: Rh3+/TiO2 = 5.0 mg (Rh3+ions: 2.7 × 10–5 M), [Substrate] = 7.5 × 10–3 M, [TMS-N3] = 7.5 × 10–2 M (10 equiv.), [i-Pr2NEt] = 5.0 × 10–2 M (6.5 
equiv.), solvent: CH3CN, light source: 200 W tungsten lamp with 42 L cut-off filter (λ ≧ 420 nm) and a heat cut-off filter (Sigma Koki, 30 H). Yields was determined 
based on the initial concentration of the substrate. [b] [Substrate] = 3.0 × 10–3 M. 
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moderate yields at the optimized reaction time (entries 3–5 in Table 3). 
Moreover, the bis(trichloromethyl)benzene derivatives (11, 13) were 
also used as substrates for this reaction and the products, which have 
two acyl azide groups (12, 14), were produced in 21% yield (entries 6–7 
in Table 3). These products have a high importance because these 
compounds can be utilized as building blocks for the synthesis of poly
mer materials. 

A kinetic analysis was carried out on these azides formation cata
lyzed by the Rh3+/TiO2. The time profiles of these reactions were 
recorded as shown in Figs. 5(a)–(e) and these results were fitted by the 
curve fitting method of the consecutive reaction to determine the rate 
constants of k1 and k2 (Table 4). Interestingly, the rate constants were 
quite different between these substrates and there is a good correlation 

between the k1 and the redox potential (Epc) of the substrates (Fig. 5(f)). 
This result strongly suggested that the rate determining step could be the 
reduction of the substrates by the SET from the Rh3+/TiO2. 

3.4. Mechanistic study of the benzoyl azide formation 

We investigated the reaction mechanism of this reaction. The cyclic 
voltammetry of the benzotrichloride (1) and the TMS-N3 was measured 
and the redox potentials of 1 and TMS-N3 were Epc = –1.6 V and Epc =

–2.2 V vs. Ag/AgCl, respectively (Figure S3 and S4). These results can 
explain that only the substrate can be effectively reduced by the Rh3+/ 
TiO2 during visible light irradiation because the energy level of the C.B. 
(EC.B.) is –2.0 V vs. Ag/AgCl in CH3CN [33]. The reaction with DMPO as a 

Fig. 5. Reaction profiles of benzoyl azides formation from benzotrichlorides. (a) Benzoyl azide (2), (b) 4-chlorobenzoyl azide (4), (c) 3-fluorobenzoyl azide (6), (d) 3- 
methylbenzoyl azide (8), and (e) 3,4-dichlorobenzoyl azide (10), (f) plot of Epc vs. k1. 
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radical trapping reagent cannot efficiently proceed (entry 11 in Table 2), 
which suggested that the radical species were formed as an intermedi
ate. In addition, the reaction was inhibited in N2 atmosphere (entry 5 in 
Table 2). According to this result, the oxygen on the acyl azide group 
could be derived from the molecular dioxygen (O2) in air. Based on these 
results and the literature [28,34], a proposed mechanism was consid
ered as shown in Scheme 4. When the Rh3+/TiO2 was photo-excited by 
the visible light to produce the excited electrons and the holes based on 
the charge transfer transient from the rhodium ion to the C.B. on the 

TiO2, and the generated holes accepted electrons from a sacrificial 
reduction reagent (i-Pr2NEt). The SET occurred from Rh3+/TiO2 to 
benzotrichloride (1) to provide the dichloromethylphenyl radical II via 
the radical anion intermediate I. The radical II rapidly reacts with O2 in 
air to form the peroxyl radical III, and benzoyl chloride VI could be 
formed via a sequential radical reaction involving intermediates IV and 
V as described in our previous report. Finally, the reactive intermediate 
VI should react with TMS-N3 to form benzoyl azide 2 as the final 
product. Moreover, the SET step could be regarded as the rate deter
mining step in this reaction based on the kinetic analysis. 

Scheme 1. Overview of acyl azides formation.  

Scheme 2. Sequential reaction rate equation for substrate (Eq. 2) and product (Eq. 4).  

Scheme 3. Preparation of Rh3+/TiO2 particles.  

Table 4 
Summary of the rate constants and reduction potential of the substrates.[a].  

Substrate (X) k1 / s–1 k2 / s–1 Epc / V vs. Ag/AgCl[b] 

1 (H) 0.763 0.267 –1.62 
3 (4-Cl) 2.08 0.527 –1.47 
5 (3-F) 3.62 0.612 –1.54 
7 (3-CH3) 0.179 0.0253 –1.65 
9 (3,4-Cl) 5.58 1.52 –1.30 

[a] Conditions: [substrate] = 1.0 mM, [n-Bu4NPF6] = 0.1 M, scan rate: 0.1 V/s, 
solvent: CH3CN, working electrode: glassy carbon, counter electrode: Pt, refer
ence electrode: Ag/AgCl (3 M NaCl) in N2. 
[b] The E1/2 value of ferrocene/ferrocenium (Fc/Fc+) was +0.44 V vs. Ag/AgCl 
with this setup. 
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4. Conclusion 

In conclusion, we developed visible light-driven benzoyl azides for
mation catalyzed by Rh3+/TiO2 as a new visible light-driven photo- 
reductive organic synthesis. This one-pot reaction can proceed to form 
the benzoyl azides in moderate yields under mild conditions at room 
temperature and at ambient pressure in air. These reactions were 
recognized with a green and sustainable molecular transformation 
mediated by the metal ions modified TiO2 photocatalyst. Furthermore, 
the photocatalytic N-containing compound formations via the Curtius 
rearrangement of the benzoyl azide are ongoing in our laboratory. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/#####/ 
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