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ABSTRACT: Visible light assisted photocatalytic organic reactions have recently received intense attention as a versatile 
approach to achieve selective chemical transformations, including C-C and several C-X (X = N, O, S) bond formations un-
der mild reaction conditions. The light harvesters in previous reports predominantly comprise ruthenium or iridium pho-
tosensitizers. In contrast, selective, photocatalytic aliphatic C-C bond cleavage reactions are scarce. The present study 
focuses on rationally designing VV oxo complexes as molecular, photoredox catalysts towards the selective activation and 
cleavage of a C-C bond adjacent to the alcohol group in aliphatic alcoholic substrates. We have employed kinetics meas-
urements and DFT calculations to develop a candidate for the catalytic C-C bond activation reaction that is up to 7 times 
faster than our original vanadium complex. We have also identified a substrate where the C-C bond cleaves at rates 2.5-17 
times faster, depending on the catalyst used. In order to better understand the effects of ligand modification on the ther-
modynamics and catalysis, DFT calculations were employed to reveal the orbital energies, the electronic transitions dur-
ing the C-C bond cleavage, and the activation barriers. Our combined kinetics and computational studies indicate that 
the incorporation of electron withdrawing groups at select sites of the ligand are essential for the development of active 
and stable vanadium photocatalysts for our C-C bond cleavage reactions. 

KEYWORDS. Photoredox catalysis, selective C-C bond cleavage, reaction kinetics, vanadium(V) oxo complexes, DFT 
calculations, and visible light photocatalysis. 

Introduction 

Photoredox catalysis has emerged as a versatile and novel 
method to harvest light energy to mediate C-C bond for-
mation reactions with remarkable selectivity, in spite of 
the intermediacy of highly reactive radical species.1-10 A 
number of seminal studies have employed transition met-
al and organic photosensitizers to activate common sub-
strates to generate putative radical species, which are 
sometimes coupled with another catalyst (frequently 
nickel-based) to create C-C and C-X (X = O, N, and S) 
bonds.11-14 In contrast, there has been a paucity of studies 
on the selective photoredox aliphatic C-C bond cleavage 
reaction. Most of the current protocols in photoredox 

bond cleavage chemistry involve the activation of pre-
functionalized alkyl or aryl halides, or the loss of volatile 
and stable CO2 from carboxylates and carboxylate deriva-
tives.15-18 Consequently, despite its potential for facilitating 
novel synthetic pathways in late-stage organic transfor-
mations or valorizing neglected feedstocks such as lignin 
or recycled plastics, there have been few reports that pre-
sent C-C activation of aliphatic sp3 carbons, especially by 
visible light at ambient temperatures and pressures.19-21 

Our team has been active in creating the constituents of 
artificial photosynthetic constructs, including multi-
electron (photo)catalysts for both reduction and oxida-
tion processes, with exclusive use of only earth-abundant 
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elements.22-24 For instance, we have employed nickel 
complexes in their reduced -ate forms for the electrocata-
lytic reduction of CHCl3 and also the evolution of H2 from 
seawater in separate studies. To achieve an integrated 
artificial photosynthetic unit without sacrificial reagents, 
the electrons needed for the reduction processes can be 
derived from commensurate (photo)catalytic oxidative 
half reactions (Figure 1a). In accord with this objective, we 
have recently presented molecular vanadium(V) oxo pho-
tocatalysts that mediate remarkable oxidative C-C bond 
cleavage of biomass lignin model compounds under at-
mospheric conditions at ambient temperatures.24 A num-
ber of distinct lignin model compounds were viable sub-
strates, although phenolic groups inhibited the catalysis. 
Through density functional theory (DFT) calculations, we 
discovered that our vanadium(V) catalyst, bearing a redox 
non-innocent conjugated hydrazone-imidate ligand, can 
absorb visible light via a ligand-to-metal charge transfer 
(LMCT) to activate the sp3 C-C bonds of coordinated al-
cohol substrates under ambient conditions. The DFT 
studies also revealed that phenols inhibit the catalysis 
since the aliphatic C-C bond cleavage in phenol substrates 
has high activation barriers, in excess of 30 kcal mol-1.24  

 

 

Figure 1. (a) An integrated artificial photosynthetic sys-
tem comprising an oxidative photocatalytic C-C bond 
cleavage and a proton reduction catalytic cycle. (b) The 
structure of our previously published catalyst 2b, and (c) 
the spatial distribution of the HOMO of 2b (adapted from 
our previous work in reference 24). 

Herein, we draw upon the insights obtained from our 
prior DFT calculations and experiments to systematically 
design a family of new vanadium(V) photocatalysts, with 
electron-withdrawing substituents introduced to select 

positions on the aryl rings of the ligand to increase the 
oxidative strength. To compare the intrinsic catalytic be-
havior of the new catalysts through our experimental and 
computational investigations, we have used a new sub-
strate that is structurally analogous to our previous lignin 
model, but does not hydrolyze to form phenolic second-
ary products. This substrate undergoes C-C bond cleavage 
2.5-17 times faster than the lignin model compound that 
we previously used and is currently a benchmark in this 
study. Through our kinetics studies, photochemical quan-
tum yield measurements, and DFT calculations, we have 
developed a new photocatalyst that is up to 7 times faster 
than our original vanadium complex, and up to 15 times 
faster than the slowest catalyst in our new library of can-
didates. We have also gained new insights to guide the 
expansion of our substrate scope in future research.  

      

Results and Discussion 

Design and structural characterization of new pho-
tocatalysts 

The vanadium complex 2b (Figure 1b), supported by a 
hydrazone-imidate ligand tautomer, can selectively acti-
vate specific sp3 C-C bonds of coordinated alcohol sub-
strates as illustrated in Figure 1a, under visible light irra-
diation and ambient conditions.24 The prior DFT calcula-
tions suggested that the highest occupied molecular or-
bital (HOMO) of 2b (Figure 1c) is distributed mainly on 
the corresponding ligand 1b. In particular, greater orbital 
amplitude was observed on carbon atoms 2, 3, 5, and 7 on 
the aryl ring containing a fluorine atom, as well as car-
bons 8, 9, 11, and 12 of the other aryl ring (Figure 1c). We 
previously showed that one of the two unpaired electrons 
produced after homolytic C-C bond cleavage is trans-
ferred to the ligand HOMO that has been oxidized and 
become singly occupied as a result of LMCT.24 This elec-
tron transfer process during the C-C bond cleavage 
should be more efficient if the HOMO energy level is 
lower. 

We hypothesized that the incorporation of the electron 
withdrawing groups at the sites with the highest orbital 
density in the HOMO would most effectively lower the 
HOMO energy level. This could potentially increase the 
oxidative strength of the corresponding complex, which 
may also create faster photoredox catalysts if the charge 
transfer process is the rate-determining step. With this in 
mind, we proceeded to synthesize a series of new hydra-
zone-amide ligands and their corresponding vanadium 
complexes (Figure 2). The detailed synthetic procedures 
of the ligands and the corresponding complexes are de-
scribed in the Supporting Information (SI). Besides 2b, 
which we recently reported, the remaining complexes are 
new derivatives. The redox non-innocent ligands 1a-f 
were synthesized via condensation reactions between the 
corresponding hydrazides and the substituted 2-
hydroxybenzaldehydes, using our previously published 
procedure.24,25 Due to the short synthetic route and facile 
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reaction conditions with affordable, commercially availa-
ble precursors, we are able to expand our library of vana-
dium catalysts rapidly to screen for the most active and 
robust variant. 

 

Figure 2. Hydrazone amide ligands (1a-f) and the corre-
sponding vanadium complexes (2a-f) investigated in this 
study.  

In the presence of 1a-f and a stoichiometric equivalent of 
the vanadium precursor, vanadium(V) oxytriisopropox-
ide, complexes 2a-f were prepared in high yields and fully 
characterized. Complex 2b, which was presented in our 
previous work, has been included in the current study as 
a benchmark. Single crystals of 2a and 2d-f have been 
isolated by slow evaporation of methanol at room tem-
perature, and their X-ray crystallographic structures are 
depicted in Figure 3.  

 

Figure 3. Oak Ridge thermal ellipsoid plots (ORTEPs) 
from single crystal X-ray diffraction experiments on (a) 
2a, (b) 2d, (c) 2e, and (d) 2f. The fluorine, nitrogen, oxy-
gen and vanadium atoms are shown in green, blue, red, 
and pink colors, respectively. All hydrogen atoms (except 
the one for the methanol ligand) have been omitted for 
clarity. 

None of our attempts to crystallize 2c succeeded, alt-
hough we do not anticipate any major differences be-

tween 2c and the remaining complexes. Furthermore, 2a-f 
have been thoroughly characterized by other techniques 
including 1H, 13C, 51V, and 19F (where present) NMR spec-
troscopy, UV-visible spectroscopy, high-resolution mass 
spectrometry (HRMS), and elemental analyses. 

Each of the complexes displays a homologous octahedral 
geometry in the solid state with an equatorial methoxide 
and an axial methanol bound to the vanadium center. As 
anticipated, the vanadium-methanol V-O bond distance 
is elongated compared to the vanadium-methoxide bond, 
and the characteristic oxo V=O bond lengths for 2a, 2d, 
2e, and 2f are found to be 1.59, 1.588, 1.581, and 1.584 Å 
respectively. There appears to be no correlation between 
the electron-withdrawing ability of the ligands and the 
bond lengths. Interestingly, the aryl ring of the imidate 
arm of the ligand is distorted from the equatorial plane to 
different extents, likely due to steric influence from the 
ortho fluorine groups. The torsion angles (ψ) of the O2-
C1-C2-C3 moiety are 1.19°, 35.97°, 34.56°, and 53.92° for 2a, 
2d, 2e, and 2f, respectively. Other salient parameters of 
the complexes are summarized in the SI (Tables S1-S20).  

 

Substrates for photocatalytic C-C bond cleavage 

With 2a-f in hand, we proceeded to investigate their pho-
toredox catalytic activity for C-C bond cleavage reactions. 
To evaluate and compare the relative activities of the 
catalysts, two compounds 7 and 8 were used as repre-
sentative substrates (Scheme 1). Substrate 7 had been 
used as one of the substrates that demonstrated selective 
C-C bond cleavage in our previous study with 2b, but it 
was later found to form secondary products that inhibited 
the catalyst.24  

 

Scheme 1. Product distribution after selective C-C bond 
cleavage of 7 and 8 under visible light irradiation and am-
bient temperatures and pressures. 

Over the course of the photodriven C-C bond cleavage 
using 2b as a catalyst, 7 yields an aryl formate 9 as one of 
the products. Compound 9 was found to slowly hydrolyze 
during the reaction to produce guaiacol, a phenol that 
may irreversibly bind to 2b and thus appeared to be a 
catalyst poison for 2b. The lower pKa of the phenol in 
guaiacol than the aliphatic alcohols of 7, coupled with the 
higher aliphatic C-C bond cleavage activation barrier 

Page 3 of 24

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

when the substrate is bound through a phenol, suggested 
that guaiacol would slowly and irreversibly inactivate 2b.  

In an attempt to avoid this catalyst inhibition side-
reaction and facilitate our kinetics studies, which may 
guide us in identifying the fastest candidate among our 
new vanadium photocatalysts, we designed and prepared 
8 as an alternative substrate. Unlike 7, 8 would potentially 
undergo selective photocatalytic C-C bond cleavage under 
the same reaction conditions to give a benzyl formate (10, 
Scheme 1) instead. Secondary hydrolysis of 10 during pho-
tocatalysis will generate a benzyl alcohol rather than a 
phenol, which should not competitively inhibit our vana-
dium catalysts. Moreover, we expect that 8 may undergo 
selective C-C cleavage more readily since the resultant 
radical should be stabilized by more effective hyperconju-
gation with a benzyloxy than with a phenoxy group, 
which is supported by our new DFT calculations (vide 
infra). Hence, 8 is likely to provide us with insights into 
the intrinsic activity of our catalysts in shorter time with 
fewer side-reaction complications than 7 under the pho-
toredox catalytic conditions. 

The detailed synthetic procedure of 8 can be found in the 
SI (Scheme S4). Briefly, 8 was synthesized in two steps 
beginning with 3-methoxy-4-ethoxybenzaldehyde (3) and 
methyl 2-(benzyloxy)acetate (5’). The first step involves 
C-C bond formation via a nucleophilic attack by the car-

banion from 5’ on the aldehyde in 3 to yield 6’. Reduction 
of the methyl ester in 6’ by NaBH4 gave the primary alco-
hol 8.  

 

Selective photocatalytic C-C bond cleavage of 7 and 8 

After successful syntheses of the new library of vanadium 
catalysts and the two substrates, we sought to optimize 
the photocatalytic reaction conditions for the originally 
reported 2b, and also establish the products after photol-
ysis of the new substrate 8. Instead of using a 300 W solar 
simulator as we did in our previous study, we conducted 
each photocatalytic degradation experiment with a more 
operationally convenient and affordable 48 W light emit-
ting diode (LED) as the white light source. Continuous 
ambient condition water circulation around the reaction 
vessel maintained the reaction temperatures below 30 °C. 
The reactions were each conducted in a sealed NMR tube 
with 30.0 µmol of substrate, 3.0 µmol of 2b (10 mol%), 
and 30.0 µmol of 1,1,2,2-tetrachloroethylene as an (unreac-
tive) internal standard in 0.6 mL of CD3CN as the solvent. 
An oxygen balloon was used to introduce a controlled 1 
atm aerobic environment and minimize solvent evapora-
tion. After 24 h of visible light irradiation in the described 
setup, 1H NMR spectroscopy was used to determine the 
conversion and product yields (Figure 4).  

  

 

Figure 4. The 1H NMR spectra of a reaction mixture containing 7 (30.0 µmol), 2b (3.0 µmol, 10 mol%), and an internal 
standard 1,1,2,2-tetrachloroethylene (30.0 µmol) in CD3CN (a) before, and (b) after 24 h of irradiation with a 48 W white 
LED. The 1H NMR spectra of a reaction mixture containing 8 (30.0 µmol), 2b (3.0 µmol, 10 mol%), and an internal stand-
ard 1,1,2,2-tetrachloroethylene (30.0 µmol) in CD3CN (c) before, and (d) after 12 h of irradiation with a 48 W white LED. 
Continuous room temperature water circulation through a transparent glass vessel around the NMR rube was used to 
maintain the temperatures below 30 °C during illumination. The peak at 6.30 ppm corresponds to the internal standard. 
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Table 1. Photocatalytic reaction of 7 and 8 with catalysts 2a-2f, distribution of the products, and the product yields.‡ 

Catalyst Consumption of 
substrates (%) 

Distributions of the products  
and yields (%) 

Consumption of 
substrates (%) 

Distributions of the products  
and yields (%) 

 
7 

 
3 

 
9 

 

 

 

 

 
8 

 
3 

 
10 

 

 

 

 

 

 

2a 31 26 17 8 10 85 71 36 18 06 28 

2b 32 27 19 10 11 87 72 35 18 14 36 

2c 22 15 10 4 5 84 70 33 19 08 32 

2d 61 52 31 10 14 89 82 40 15 11 38 

2e 76 68 51 14 16 93 88 54 21 12 33 

2f 55 46 29 10 12 88 81 39 20 10 34 

‡
 The substrate consumption % and the product yields are calculated based on the 1H NMR spectra in the presence of an 

internal standard 1,1,2,2-tetrachloroethylene. The total irradiation time for 7 and 8 are 24h and 12h, respectively.   

Other spectroscopic techniques (13C NMR spectroscopy 
and HRMS) were employed to confirm the product iden-
tities after silica gel chromatographic purification. With 
2b, only around 32% of 7 was consumed (% relative to 
1,1,2,2-tetrachloroethylene) via selective C-C bond cleav-
age (Scheme 1, Table 1) to form 3 (27%) and 2-
methoxyphenyl formate (9, 19%). Remarkably, under the 
same photocatalytic conditions, rapid consumption of 8 
was observed within only 12 h of irradiation. Around 87% 
of 8 was converted to yield 3 (72%) and 10 (35%) as the 
major reaction products via the analogous selective C-C 
bond cleavage (Scheme 1, Table 1). Gratifyingly, 8 reacts 
faster than 7 under the same photocatalytic conditions 
with 2b, concurring with our prior hypothesis. The con-
trol experiments with 8 were also carried out in the ab-
sence of catalysts under visible light irradiation, as well as 
in the presence of selected catalysts (2b, 2c, and 2e) with 
heating at 80 °C in the dark. The reactions were moni-
tored by 1H NMR spectroscopy in the presence of 1,1,2,2-
tetrachloroethylene as the internal standard under oth-
erwise similar conditions as above. Only 7% of 8 reacted 
and a trace amount (5%) of 3 was observed after 24 h of 
visible light irradiation. Under thermal conditions, the 
ketone (30%) derived from benzylic alcoholic oxidation of 
8 was observed only in the presence of 10 mol% 2e after 
24 h, whereas 8 did not react in the presence of 2b and 2c 
at 80 °C. With the conditions for the C-C bond cleavage in 
the substrates established, we subsequently sought the 
most active vanadium catalyst among those in our new 
library (2a-f) by monitoring the trends in their activity 
with both 7 and 8.  

 

 

 

Kinetics studies on the photocatalytic C-C bond 
cleavage by 2a-f 

As part of the kinetics studies, a series of photodriven 
oxidative C-C bond cleavage reactions of 7 and 8 were 
conducted in the presence of 2a-f as catalysts. Each exper-
iment was conducted under the same reaction conditions 
as those reported above, and the measurement for every 
catalyst was repeated at least twice. The substrate conver-
sion in 2 and 4 h intervals has been monitored by 1H NMR 
spectroscopy, and the results are summarized in Figure 5. 
Among 2a-f, their photocatalytic rates differ several-fold. 
Figures 5a and 5b patently demonstrate that 8 underwent 
C-C bond cleavage 3 to 17 times faster than 7, with an ob-
vious trend in rate between the catalysts 2a-2f. After 24 h 
of visible light irradiation, only 22% of 7 reacted in the 
presence of 2c, whereas the conversion reached 76% in 
the presence of 2e (Figure 5a).  On the other hand, the 
consumption of 8 had reached their maximum values 
exceeding 80% for all catalysts 2a-f within 12 h, with most 
reaching steady concentrations after only 8 h of visible 
light irradiation (Figure 5b). 

The nonlinear decay in substrate concentration, Ct/C0, in 
Figures 5a and 5b (Ct represents the substrate concentra-
tion at time t and C0 is the initial substrate concentration) 
suggest a first or higher order dependence of the rate law 
on the substrate. Accordingly, in the plots of ln (Ct/C0) 
against time for both substrates, linear fits to the data 
gave reasonable agreement (Figures 5c and 5d for 7 and 8, 
respectively), indicating that the rate law has a first order 
dependence on substrate concentration since the oxidant 
O2 is present in large excess.  
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Figure 5. Kinetics plots for the decay of (a) 7 and (b) 8 during irradiation with photocatalysts 2a-f, where Ct represents 
the substrate concentration at time t and C0 is the initial concentration. The colored lines connecting the data points for 
each catalyst are meant as guides. Plots of ln (C0/Ct) versus time for (c) 7, and (d) 8 in the presence of different photocata-
lysts 2a-f, where the slope of the best linear fit provides the pseudo first-order rate constant k. In the figures, the data for 
each catalyst are represented as follows: 2a (black squares), 2b (red circles), 2c (blue triangles), 2d (green inverted trian-
gles), 2e (pink diamonds), and 2f (olive tilted triangles). 

 

Figure 6. Kinetics plots for the decay of (a) 7 and (b) 8 during irradiation with different amount of photocatalyst 2e, 
where Ct represents the substrate concentration at time t and C0 is the initial concentration. The colored lines connecting 
the data points for each catalyst are meant as guides. Plots of ln (C0/Ct) versus time for (c) 7, and (d) 8 in the presence of 
different amounts of 2e, where the slope of the best linear fit provides the pseudo first-order rate constant k. In the fig-
ures, the data for each catalyst are represented as follows: 2.50 mol% of 2e (black squares), 5.0 mol% of 2e (red circles), 
10.0 mol% of 2e (blue triangles), 15.0 mol% of 2e (pink inverted triangles). 
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Moreover, to determine the dependence of the rate on 
the catalyst, kinetics experiments have been conducted by 
varying the amount of the photocatalyst. The most active 
catalyst 2e was chosen and the amount of the catalyst was 
varied from 2.5 to 15 mol% relative to the substrates, 
while the initial concentration of the substrates was fixed 
at 30.0 µmol. The kinetics results are summarized in Fig-
ure 6. It is evident that the decay of 7 (Figure 6a) or 8 
(Figure 6b) is enhanced with increasing concentrations of 
2e. To obtain the initial rates at low conversions (1.5 h for 
7 and 1 h for 8) for different concentrations of 2e, reason-
able linear fits to the plots of ln C0/Ct versus time could 
be made (Figure 6c for 7 and Figure 6d for 8). The devia-
tion from linearity at lower 2e concentrations with sub-
strate 7 could be due to the overwhelming effect from the 
secondary product, guaiacol, which could coordinate irre-
versibly to inactivate the catalyst during the photoreac-
tion. The pseudo first order rate constants of the reac-
tions between 7 or 8 with different concentrations of 2e 
were then calculated from the slope of the linear fits. 

  

 

Figure 7. Almost linear increase in pseudo first order rate 
constant for the reactions of 7 or 8 with increasing con-
centrations of 2e. 

The pseudo first order rate constants increased linearly 
with the concentrations of 2e added (Figure 7), concur-
ring with a rate law that has a first order dependence on 
the catalyst concentration. A similar, apparent larger var-
iance from linearity for 7 than for 8 is likely due to the 
effect of phenolic guaiacol binding, and subsequent inac-
tivation of 2e. From these plots, the second order initial 
rate constants, k2x,y (2x = catalyst from 2a-f, y = substrate 
7 or 8), were derived from the slopes of the linear fits. 
From the results above, the rate equation for this photo-
catalytic C-C bond cleavage reaction can be expressed as 
follows: 

Rate = k’ [y] =  k2x,y [2x][y]  Equation 1 

Pseudo-first order rate constant, k’ = k2x,y[2x] Equation 2 

The calculated kinetics parameters for the reactions of 7 
and 8 in the presence of each catalyst are summarized in 
Table 2. 

As illustrated in Figure 5c and Table 2, the fastest catalyst 
for the degradation of 7 is 2e, which performs with an 
initial second order rate constant about 15 times higher 
than that for the slowest catalyst 2c. The trend in decreas-
ing order of reactivity towards 7 is 2e > 2d ~ 2f > 2b > 2a > 
2c. For the C-C cleavage of 8, the fastest photocatalyst is 
still 2e, although its initial second order rate constant is 
only around 2.7-fold higher than that for the slowest cata-
lyst, which is 2a instead of 2c. The more active substrate 8 
resulted in poorer differentiation in activity among 2a-f, 
although a similar trend in initial rate constants can be 
observed as 2e > 2d > 2f > 2b ~ 2a > 2c. Besides being a 
faster catalyst, 2e also appears to be more robust with 
slightly higher turnover numbers (TON), since up to 93% 
of 8 reacted, whereas the reaction leveled off with around 
80% of 8 consumed in the presence of 2a and 2c, even for 
prolonged photolysis.  

 

Based on these kinetics studies, it appears that 2d-f, with 
pentafluoro substituents on the imidate portion of the 
ligand, show greater activity towards 7 and 8 than 2a-c, 
which have only one or no fluorine substituent on the 
ligand. However, the effect of the nitro group on the aryl 
hydrazone part of the ligand is more subtle. The fastest 
catalyst is 2e, which has only one electron-withdrawing 
nitro group para to the phenoxide in the ligand.  

On the other hand, adding a second nitro group ortho to 
the phenoxide in 2f appeared to have a detrimental effect 
on the photocatalytic rate, since the activity became simi-
lar to (for 7) or even slower (for 8) than that of 2d, which 
has no substituents on the aryl hydrazone motif. Com-
plexes 2a-c, with one or no electron-withdrawing substit-
uents on the imidate part of the ligand, clearly exhibit 
slower reactivity regardless of the substrate. Furthermore, 
the introduction of an electron-donating and sterically 
bulky tert-butyl group on the aryl hydrazone (2c) led to 
even slower catalytic rates. In aggregate, our kinetics 
measurements agree with our initial hypothesis that in-
corporating electron-deficient groups on the ligand can 
increase the photocatalytic rate of the vanadium com-
plexes. Critically, substitution at locations with orbital 
density in the HOMO can be beneficial (vide infra), or 
else steric or redox effects could retard the catalytic activ-
ity, as observed for 2c and 2f, which have ortho substitu-
ents of opposite donor abilities. Although 2f was expected 
to be the fastest photocatalyst due to its highest oxidizing 
strength, we propose that the turnover could be limited 
by the regeneration of the catalyst.  
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Table 2. Redox potentials, kinetics parameters, and quantum yields of 2a-2f. 

Complex Redox 
poten-

tials 
(E1/2) in 

V vs 
Fc+/Fc 

Pseudo-first order rate con-
stant of consumption of sub-

strates (k) 

Second order rate constant 
of reaction (k2x,y) 

Quantum yield of con-
sumption of substrates (ɸ) 

k' for 7  
(min-1) 

k' for 8  
(min-1) 

k2x for 7    
(M-1 min-1) 

k2x for   8  
(M-1 min-1) 

ɸ for 7 (%) ɸ for 8 (%) 

2a 

2b 

2c 

2d 

2e 

2f 

-0.007 

0.008 

-0.110 

0.120 

0.320 

0.420 

3.35 × 10-4 

4.51 × 10-4 

1.97 × 10-4 

7.59 × 10-4 

2.16 × 10-3 

7.34 × 10-4 

2.77 × 10-3 

3.76 × 10-3 

3.26 × 10-3 

5.70 × 10-3 

7.07 × 10-3 

4.16 × 10-3 

0.067 

0.090 

0.039 

0.152 

0.601 

0.147 

0.554 

0.752 

0.652 

1.140 

1.477 

0.832 

0.28 

0.42 

0.18 

0.64 

1.60 

0.65 

1.76 

2.13 

2.17 

3.25 

3.79 

2.83 

 

The catalyst undergoes reduction to VIV during catalysis, 
and has to be re-oxidized by aliphatic peroxide radicals 
during the reaction. As shown in Table 3, the LUMO of 2f 
is the lowest in energy, indicating that the VIV state is 
easily generated in this case. The regeneration of the VV 
photocatalyst via one electron oxidation at the vanadium 
center is expected to be thermodynamically least favora-
ble. This hypothesis was also supported by our observa-
tion that the initial dark red color of 2f and the substrate 
turned green during the course of the irradiation. We had 
seen the formation of intractable, green colored VIV prod-
ucts in our previous report. This change was not percep-
tible for 2a-e, suggesting that aerobic oxidation back to 
VV for 2f could be slower or hindered. 

Overall, the new kinetics measurements concur with the 
DFT calculations in our previous paper, where the rate-
determining step was found to be the photoinduced C-C 
bond cleavage reaction. Consequently, there is a first or-
der dependence of the reaction rate separately on the 
catalyst and the substrate concentration, and a zeroth 
order dependence on the O2 concentration, since re-
oxidation of the catalyst by O2 takes place after the rate-
determining step. We have also created a new photocata-
lyst 2e that is up to 7 times faster than our original 2b, 
and up to 15 times faster than the slowest 2c in our con-
veniently expandable, new library of C-C bond cleavage 
catalysts. 

 

Electrochemical and DFT studies 

In order to examine if the trends in catalytic rate among 
2a-f were partly due to higher redox potentials and hence 
stronger oxidation strengths, cyclic voltammetry (CV) 
measurements and DFT calculations were conducted on 
the vanadium complexes. The voltammograms showing 
the first oxidative wave of 2a-f are displayed in Figure 8. 
All the complexes exhibited one reversible VV/VIV redox 
wave in the electrochemical window that we investigated, 
with the half-wave potentials (E1/2) summarized in Table 
2. As anticipated, the CV data revealed that 2f, which pos-

sessed the largest number of electron-withdrawing func-
tional groups, had the highest redox potential (olive line, 
Figure 8), whereas 2c with the electron-rich tert-butyl 
substituent has the lowest potential (blue line, Figure 8). 
The trend in redox potentials was found to be 2f > 2e > 2d 
> 2b ~ 2a > 2c, which was consistent with the reduction in 
the number of electron-withdrawing substituents in the 
ligand.  

 

 

Figure 8. Cyclic voltammograms (CVs) of 1.0 mM of 2a 
(black), 2b (red), 2c (blue), 2d (green), 2e (magenta), and 
2f (olive) in acetonitrile with 0.10 M n-Bu4NPF6 as electro-
lyte. The potentials are reported relative to the Fc+/Fc 
redox couple. Decamethylferrocene was used as an inter-
nal standard to avoid overlapping redox waves with our 
complexes.       

 

The para-fluoro group in 2b may be too remote and not 
sufficiently electron-withdrawing like mesomeric nitro 
groups to dramatically increase the redox potentials com-
pared to 2a. This trend in redox potentials from CV 
measurements also correlated with the electronic ener-
gies of the HOMO in 2a-f (Table 3) obtained by DFT cal-
culations. The DFT calculations using Gaussian 0926-27 

suggest that 2f has the lowest HOMO energy level, 
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whereas 2c has the highest HOMO energy among our 
library of vanadium photocatalysts. The increasing order 
of HOMO energies of 2a-f match the trend from CV 
measurements: 2f > 2e > 2d > 2b ~ 2a > 2c. 

 

Table 3. HOMO and LUMO energies (in eV) of 2a-2f. 

Complexes HOMO LUMO 

2a -5.961 -3.291 

2b -5.964 -3.300 

2c -5.954 -3.269 

2d -5.970 -3.387 

2e -6.000 -3.577 

2f -6.098 -3.723 

 

Both the electrochemical experiments and the calculated 
electronic properties indicate that the stronger oxidants 
2d-f are thermodynamically more favorable for the C-C 
bond cleavage in 7 and 8 than 2a-c, which have fewer 
electron-deficient substituents. The DFT calculations also 
revealed that in the reactions with 2a-d, the LMCT in-
volved electronic transitions from HOMO-1 to LUMO, 
followed by a C-C bond cleavage in the T1 state. In the 
cases of 2e and 2f, the LMCT is associated with electronic 
transition from HOMO-2 to LUMO. Furthermore, the 
DFT calculations verified that C-C bond cleavage in 8 
should be faster than 7. Using the previous calculations of 
2b with 7 as a benchmark, the activation energies for the 
photocatalytic C-C bond cleavage of 8 with 2a-2f were 
lower by 2.9-9.3 kcal mol–1 in the S1 state and by 4.3 to 8.9 
kcal mol–1 in the T1 state (Table 4). 

 

Table 4. Activation energy from the ground state for the 
C-C bond cleavage photocatalyzed by 2a-2f via LMCT. 

Complex Substrate ∆E‡ (S1) 
(kcal mol–1) 

∆E‡ (T1) 
(kcal mol–1) 

2b 

2a 

2b 

2c 

2d 

2e 

2f 

7 

8 

8 

8 

8 

8 

8 

25.7 

20.3 

20.1 

22.8 

20.5 

16.4 

17.3 

28.2 

23.2 

23.1 

23.9 

22.7 

19.6 

19.3 

 

A plausible reason for the lower activation energy in the 
cleavage of 8 could be the greater stability of the radical 
species formed as a result of homolytic C-C bond cleav-
age. We anticipated that the C-C bond adjacent to the 
benzyl alcohol in 8 may be weaker than the analogous 

bond in 7, since the resultant radical for the former (a in 
Scheme 2) should be stabilized by hyperconjugation more 
effectively.  

 

 

Scheme 2. C-C bond cleavage of 8 under visible light ir-
radiation with white LED. 

 

The two sp3 hybridized pairs from the benzyloxy group in 
radical a can potentially be more effective in distributing 
the spin density of the radical than a phenoxy group, 
which has one of its lone pairs taken up by mesomeric 
interactions with the aryl ring. The radicals are then ex-
pected to react with molecular O2, which presumably 
produces formaldehyde initially, but eventually leads to 
the corresponding formate and other oxidized products. 
A characteristic peak at 9.60 ppm was observed in the 1H 
NMR spectrum, which might be attributed to formalde-
hyde, although it was likely to be further oxidized or pol-
ymerized under our reaction conditions. Hydrolysis or 
oxidation of the formates may then occur to yield guaia-
col (for 7) or benzyl alcohol and benzaldehyde (for 8) as 
secondary products.24 Likewise, these calculations concur 
with our observed product distribution by 1H NMR spec-
troscopy. 

 

Photophysical measurements on 2a-f  

To better understand and explain the photocatalytic reac-
tivity of 2a-f, their photophysical properties have also 
been investigated. Figure 9a depicts the UV-vis absorp-
tion spectra of 2a-f, all of which have absorption bands in 
the visible region up to about 500 nm, arising from LMCT 
transitions.24 Complexes 2a and 2b have almost identical 
LMCT absorption bands with the maxima residing at 
around 396 nm, whereas 2c and 2d absorb less light above 
396 nm. Notably, 2e and 2f have the most blue-shifted 
LMCT bands with maxima around 355 nm (Figure 9, in-
set).  Since all the photocatalysts have similar visible light 
absorption and emission profiles, we conducted quantum 
yield measurements to explore if the fraction of light ab-
sorbed by 2a-f affected the reaction rates. We used the 
standard ferrioxalate as the chemical actinometer to es-
timate the fraction of light absorbed by 2a-f at 436 nm, 
and hence the quantum yield of the photocatalytic degra-
dation of 7 and 8. The details of the quantum yield meas-
urements are shown in the SI.28-29 We chose 436 nm be-
cause the quantum yield of ferrioxalate at 436 nm is re-
ported to be 1.11, and the results are summarized in Table 
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2. Based on the quantum yield measurements on the pho-
tochemical consumption of 7, 2e clearly has the highest 
quantum efficiency (1.60%), while 2c showed the lowest 
quantum efficiency (0.18%). Complexes 2d and 2f showed 
comparable results (0.64% and 0.65% respectively). 

 

Figure 9. (a) UV-vis absorption spectra of 0.10 mM solu-
tions of 2a (black), 2b (red), 2c (blue), 2d (green), 2e 
(magenta), and 2f (olive) in acetonitrile. The inset shows 
the LMCT band of the complexes. (b) Photoemission 
spectra of 0.50 mM solutions of 2a-f with excitation at 370 
nm in acetonitrile. The spectra have the same color 
scheme as part (a). 

 

Similarly, for the photolysis of 8, 2e demonstrated the 
highest quantum efficiency (3.79%) but 2a had the lowest 
quantum efficiency (1.76%), although all the complexes 
exhibited higher efficiencies for the C-C bond cleavage in 
8. Thus, the trend in photochemical quantum efficiencies 
for 2a-f correlated well with their redox potentials and 
rates in the photocatalytic degradation of 7 and 8 under 
ambient aerobic conditions. 

 

Conclusion 

In summary, we have synthesized a class of new molecu-
lar VV oxo complexes (2a-f) as visible light active photo-
catalysts with redox non-innocent hydrazone-amide lig-

ands (1a-f). A catalytic amount of these complexes can 
selectively activate and subsequently cleave the aliphatic 
C-C bond of representative alcohol substrates 7 and 8 to 
yield value-added fine chemicals like aryl aldehydes, aryl 
formates, and benzyl formates. These are important 
building blocks in organic synthesis as they contain reac-
tive formyl groups that can be further functionalized.  

Our experimental studies revealed that 2e, which pos-
sesses more electron withdrawing groups, showed the 
highest yielding and fastest activity towards the C-C bond 
cleavage reaction, up to 15 times faster than the slowest 
catalyst 2c, which possesses electron-donating tert-butyl 
substituents on the ligand. The kinetics and DFT studies 
indicated that the substrate 8 is 2.5-17 times more reactive 
than 7 towards C-C bond cleavage under our photocata-
lytic degradation conditions. Although 2f, possessed the 
highest calculated and also electrochemically determined 
redox potential, it was found to be less reactive than 2e. 
We propose that the regeneration of the VV-active cata-
lyst from the VIV resting state for 2f is slower than that for 
2e, which reduces the overall reaction rate for 2f. In our 
experimental and DFT investigations, the introduction of 
electron-withdrawing groups at select locations on the 
ligand has been critical in increasing the reaction yield 
and catalytic rate. We believe a substrate scope expansion 
should be feasible, since we have identified the rate-
determining step of the process and verified that higher 
stability of the radical intermediate favors faster reactivi-
ty. This study paves the way for future research on LMCT 
driven C-C bond activation by our vanadium photoredox 
catalysts with improved light absorption capabilities.     
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Figure 1. (a) An integrated artificial photosynthetic system comprising an oxidative photocatalytic C-C bond 
cleavage and a proton reduction catalytic cycle. (b) The structure of our previously published catalyst 2b, 
and (c) the spatial distribution of the HOMO of 2b (adapted from Ref 24, with permission from the Royal 

Society of Chemistry).  
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Figure 2. Hydrazone amide ligands (1a-f) and the corresponding vanadium complexes (2a-f) investigated in 
this study.  
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Figure 3. Oak Ridge Thermal Ellipsoid Plots (ORTEPs) from single crystal X-ray diffraction experiments on (a) 
2a, (b) 2d, (c) 2e, and (d) 2f. The fluorine, nitrogen, oxygen and vanadium atoms are shown in green, blue, 
red, and pink colors, respectively. All hydrogen atoms (except the one for the methanol ligand) have been 

omitted for clarity.  
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Figure 4. The 1H NMR spectra of a reaction mixture containing 7 (30.0 µmol), 2b (3.0 µmol, 10 mol%), and 
an internal standard 1,1,2,2-tetrachloroethylene (30.0 µmol) in CD3CN (a) before, and (b) after 24 h of 

irradiation with a 48 W white LED. The 1H NMR spectra of a reaction mixture containing 8 (30.0 µmol), 2b 

(3.0 µmol, 10 mol%), and an internal standard 1,1,2,2-tetrachloroethylene (30.0 µmol) in CD3CN (c) 
before, and (d) after 12 h of irradiation with a 48 W white LED. Continuous room temperature water 

circulation through a transparent glass vessel around the NMR rube was used to maintain the temperatures 
below 30 °C during illumination. The peak at 6.30 ppm corresponds to the internal standard.  
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Figure 5. Kinetics plots for the decay of (a) 7 and (b) 8 during irradiation with photocatalysts 2a-f, where Ct 
represents the substrate concen-tration at time t and C0 is the initial concentration. The colored lines 

connecting the data points for each catalyst are meant as guides. Plots of ln (C0/Ct) versus time for (c) 7, 
and (d) 8 in the presence of different photocatalysts 2a-f, where the slope of the best linear fit provides the 
pseudo first-order rate constant k. In the figures, the data for each catalyst are represented as follows: 2a 
(black squares), 2b (red circles), 2c (blue triangles), 2d (green inverted triangles), 2e (pink diamonds), and 

2f (olive tilted triangles).  
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Figure 6. Kinetics plots for the decay of (a) 7 and (b) 8 during irradiation with different amount of 
photocatalyst 2e, where Ct represents the substrate concentration at time t and C0 is the initial 

concentration. The colored lines connecting the data points for each catalyst are meant as guides. Plots of ln 
(C0/Ct) versus time for (c) 7, and (d) 8 in the presence of different amounts of 2e, where the slope of the 
best linear fit provides the pseudo first-order rate constant k. In the figures, the data for each catalyst are 
represented as follows: 2.50 mol% of 2e (black squares), 5.0 mol% of 2e (red circles), 10.0 mol% of 2e 

(blue triangles), 15.0 mol% of 2e (pink inverted triangles).  
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Figure 7. Almost linear increase in pseudo first order rate constant for the reactions of 7 or 8 with increasing 
concentrations of 2e.  
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Figure 8. Cyclic voltammograms (CVs) of 1.0 mM of 2a (black), 2b (red), 2c (blue), 2d (green), 2e 
(magenta), and 2f (olive) in acetonitrile with 0.10 M n-Bu4NPF6 as electrolyte. The potentials are reported 

relative to the Fe+/Fc redox couple. Decamethylferrocene was used as an internal standard to avoid 
overlapping redox waves with our complexes.  
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Figure 9. (a) UV-vis absorption spectra of 0.10 mM solutions of 2a (black), 2b (red), 2c (blue), 2d (green), 
2e (magenta), and 2f (olive) in acetonitrile. The inset shows the LMCT band of the complexes. (b) 

Photoemission spectra of 0.50 mM solutions of 2a-f with excitation at 370 nm in acetonitrile. The spectra 

have the same color scheme as part (a).  
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Scheme 1. Product distribution after selective C-C bond cleavage of 7 and 8 under visible light irradiation 
and ambient temperatures and pressures.  
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Scheme 2. C-C bond cleavage of 8 under visible light irradiation with white LED.  
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