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Abstract

The radical redox mediator tetrachloro-phthalimido-N-oxyl (Cl4PINO) is generated at a glassy
carbon electrode and investigated for the model oxidation of primary and secondary alcohols with
particular attention to reaction rates and mechanism. The two-electron oxidation reactions of a
range of primary, secondary, and cyclic alcohols are dissected into an initial step based on C-H
hydrogen abstraction (rate constant k1, confirmed by kinetic isotope effect) and a fast radicalradical coupling of the resulting alcohol radical with Cl4PINO to give a ketal that only slowly
releases the aldehyde/ketone and redox mediator precursor back into solution (rate constant k2). In
situ electrochemical EPR reveals
Cl4PINO

sensitivity

towards

moisture. DFT methods are applied
to

confirm

and

predict

C-H

hydrogen abstraction reactivity.

KEYWORDS: C-H abstraction; voltammetry; redox mediator; TEMPO; radicalisation; fuel.
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Introduction
Radical organocatalysts such as phthaloimido-N-oxyl (PINO), produced by one-electron oxidation
of N-hydroxy-phthaloimide, provide prominent examples of versatile reagents [1,2] that can be
generated in situ for example at electrode surfaces [3,4]. A diverse range of oxidation and
functional group exchange reactions are possible [5] including oxidation of lignin model
compounds [6]. The class of these organocatalyst reagents also includes TEMPO [7] and TEMPO
derivatives [8-10]. A comparison of TEMPO reactivity versus PINO reactivity has been reported
for alcohol oxidation [11] and for cellulose oxidation [12]. The tetrachloro-derivative of
phthaloimido-N-oxyl (Cl4PINO [1] see Reaction Scheme 1) has attracted particular attention based
on the ability to perform benzylic and allylic C-H hydrogen abstraction [13] with the benefit of
fragile carbon structures (e.g. in -pinene) being retained and converted directly into valuable
products (e.g. to verbenone). A synthesis for Cl4PINO and derivatives was reported in 2005 by
Sugamoto and coworkers [14].

In 1987 Matsui and coworkers [15] presented a detailed study of the kinetics and catalytic
reactivity of the PINO radical. PINO was also investigated in the context of lignin model reagent
oxidation to develop lignin conversion into useful products [16]. Rafiee et al. reported a detailed
study directly comparing the reactivity of TEMPO and PINO for alcohol oxidations [11]. In 1998
Gorgy and coworkers demonstrated oxidation of primary and secondary alcohols with
phthalimido-N-oxyl mediators including the tetrachloro derivative Cl4PINO [17]. This study
established the formation of aldehyde products from both types of substrates under anaerobic
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conditions (with oxygen present also carboxylates were formed) as well as providing voltammetry
data and significant insight into the reactivity and degradation of the Cl4PINO intermediate. This
system is revisited here as a model case with emphasis on quantitative mechanistic analysis and
DFT prediction of reaction rates and pathways.

Reaction Scheme 1. One-electron oxidation of tetrachloro-N-hydroxyl-phthalimide (Cl4NHPI) to
tetrachloro-phthalimido-N-oxyl (Cl4PINO).

Wertz and Studer [18] provide a review of NO-radical reagents and their applications in green
oxidations, in particular in reactions driven by atmospheric oxygen [19-21]. Xu and coworkers
demonstrated the C-H hydrogen abstraction for ethylbenzene and similar hydrocarbon substrates
[22]. Most mechanistic studies to date have been undertaken on the parent PINO radical. The
considerable O-H bond dissociation energy of NHPI [23] (375 ± 10 kJ mol-1) has been shown to
lead to mildly exothermic C-H hydrogen abstraction reactions. Considerable kinetic isotope effects
of kH/kD ≈ 11.8 for benzhydrol, and kH/kD ≈ 17-28 for benzyl alcohol, ethylbenzene, benzaldehyde
and toluene were reported for PINO reactions [24]. A relationship based on Marcus theory has
been suggested to explain these high kinetic isotope effects close to the limit of thermo-neutral
reactions (consistent with a strong H-tunnelling contribution).
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This report offers new quantitative insights into Cl4PINO reactivity at electrode surfaces. In situ
electrochemical EPR is employed to detect the radical. Reactivity towards primary alcohols
(ethanol, 1-octanol, 2-phenylethanol, 2-nitroethanol, benzylalcohol) and towards secondary
alcohols (2-propanol, 3-pentanol, 1-phenylethanol, cyclo-hexanol, cyclo-pentanol) is reported
including a quantitative (based on computer simulation of voltammetric current responses)
analysis of reactions steps and rate constants. Experimental data are correlated to DFT activation
barrier calculations. Consistent with literature reports, the rate constant for C-H hydrogen
abstraction is shown to be high for electron-rich secondary alcohols and for aromatic substituents.
The kinetic isotope effect for d5-ethanol is shown to be very high with

𝒌𝑯
⁄𝒌 = 15.
𝑫

Experimental
Reagents. The catalyst precursor N-hydroxy-tetrachloro-phthalimide (CAS Number 85342-65-0,
ALD00564 Aldrich) was synthesised following a literature procedure [1]. Acetonitrile (HPLC
quality), ethanol (ACS quality) and 2-propanol (ACS quality) were all purchased from VWR
chemicals and used as received. Tetrabutylammonium hexaflourophosphate (electrochemical
grade, ≥ 99.0%), 3-pentanol (98%), 1-phenylethanol and 2-phenylethanol (both ≥ 99.0%), 1octanol (≥ 99%), 2-nitroethanol (98%), cyclohexanol (98%), cyclopentanol (98%), benzylalcohol
(98%), and pyridine (ACS reagent) were purchased from Sigma-Aldrich and used without further
purification.

Instrumentation. Electrochemical measurements were performed with an Ivium Compactstat
(Ivium, Netherlands) in a three-electrode configuration (working electrode 3 mm diameter glassy
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carbon (BAS Ltd.), counter electrode platinum wire, reference electrode aqueous KCl-saturated
calomel (SCE) pre-equilibrated in acetonitrile). Continuous wave (CW) X-band (9.5 GHz) EPR
spectra were recorded on a Bruker EMX-micro spectrometer equipped with a Bruker ER4122
SHQE-W1 super high Q resonator, operating at 100 kHz field modulation. The EPR spectra were
recorded at room temperature. The measurement cell used consisted of a quartz in situ
electrochemical flat cell, using a Pt plate working electrode, Pt wire counter electrode and a silver
wire pseudo-reference electrode.

Procedure for Electrocatalysis Experiments. For each of the electrocatalysis voltammetry
experiments, Cl4NHPI pre-catalyst (6 mg) and NBu4PF6 electrolyte (0.22 g) were weighed and
dissolved in acetonitrile (20 mL). Pyridine (1.6 mL; 1 M) was then added and a cyclic
voltammogram was recorded to determine the initial concentration of Cl4NHPI pre-catalyst. Then
alcohol substrate was added in increments and cyclic voltammetry experiments were performed
(scan rate 100 mVs-1, E step of 1 mV, potential range 0.0 V to +1.25 V vs. SCE).

Procedure for Computer Simulation of Voltammetric Data. The simulation of cyclic
voltammetry data was performed employing DigiElch 4.F software assuming a semi-infinite 1D
finite diffusion model. Diffusion coefficients were either determined experimentally (vide infra)
or estimated with the Wilke-Chang expression [25].

Procedure for Computer DFT Methods. Calculations were performed with Gaussian09 suites
of code [26] and protocol rB3LYP/6-311++G(d,p)/SCRF= (cpcm,solvent= acetonitrile)/
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temperature= 298.15. The nature of all the stationary points as minima or transition states was
verified by calculations of the vibrational frequency spectrum. All transition states were
characterised by normal coordinate analysis revealing precisely one imaginary mode
corresponding to the intended reaction. Full details, including coordinates for all stationary points,
computed free enthalpies and vibrational frequency data, as well as summary tables can be found
in the data section.

Results and Discussion
One-Electron

Formation

of

Tetrachloro-Phthalimido-N-Oxyl

(Cl4PINO)

Radicals.

Consistent with literature reports [17], Cl4NHPI is oxidised in a one-electron process (see Reaction
Scheme 1). Figure 1A shows typical cyclic voltammograms obtained at a 3 mm glassy carbon
electrode in acetonitrile with 0.05 M NBu4PF6 supporting electrolyte. A quasi-reversible oxidation
occurs with E1/2 = ½ (Eox + Ered) = + 1.27 V vs. SCE. Peaks appear broad in particular at higher
scan rate as has been reported by Gorgy [17]. Attempts to perform rotating disc voltammetry with
this system failed, probably due to strong interaction of the radical oxidation product Cl4PINO
with the glassy carbon electrode surface (vide infra). In order to obtain an estimate for the number
of electrons transferred in this process, the diffusion coefficient for Cl4NHPI was initially
estimated (employing the Wilke-Chang approximation [25]) as D ≈ 1.57 × 10−9 m2 s−1. With this
information and employing the Randles-Sevcik equation (see equation 1) [27], it is then possible
to obtain an estimate for the number of electrons transferred for each molecule diffusing to the
electrode surface, n = 0.8, consistent with a one-electron process.
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3

3

𝐷𝜈

𝐼𝑝 = 0.446𝑛2 𝐹 2 𝐴𝑐√𝑅𝑇

(1)

Here, Ip is peak current (A), F is the Faraday constant (C mol−1), A is the electrode area (m2), c
denotes the bulk concentration of the diffusing species (mol m−3), D is the diffusion coefficient
(m2 s−1), ν is the scan rate (V s−1), R is the gas constant (J K−1 mol−1), and T denotes the absolute
temperature (K). The reversibility of the cyclic voltammogram can be significantly improved with
addition of pyridine into the solution (or collidine as was reported by Gorgy et al. [17]). Figure 1B
shows the effect of adding 0.1 mM and 1 mM pyridine into a solution of 1 mM Cl 4NHPI. The
oxidation response identified as formation of Cl4PINO diminishes and a new more reversible
voltammetric signal is observed at a less positive potential. The presence of two distinct oxidation
peaks in Figure 1B suggests that pyridine might either act as buffer (which is depleted to give the
second oxidation peak), or it may also form a complex with Cl4NHPI to then give the pyridinium
upon oxidation. The exact nature of the type of electron transfer may depend on pyridine
concentration. This redox process is detected with E1/2 = 0.82 V vs. SCE in the presence of 1 M
pyridine. The plot in the inset of Figure 1C shows scan rate dependent data obtained for oxidation
of 1 mM Cl4NHPI in the presence of 1 M pyridine. The plot is indicative of a diffusion-controlled
process and the Randles-Sevcik equation (see equation 1) is employed again to obtain a more
precise experimental value for the diffusion coefficient (now much lower in the presence of 1 M
pyridine possibly indicative of complex formation) D = 0.72 × 10−9 m2 s−1. This value will be
employed below in digital simulation analysis of voltammetric data. This digital simulation
analysis has been limited to rate constants for chemical reaction steps with any further complexity
due to effects from proton-coupled electron transfer being disregarded.
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Figure 1. (A) Cyclic voltammogram (scan rate (i) 0.1 V s−1, (ii) 0.5 V s−1, (iii) 1 V s−1, (iv) 3 V
s−1) for 1 mM Cl4NHPI in acetonitrile (0.05 M NBu4PF6). Inset: plot of Ip vs. (scan rate)1/2 with a
line of best fit. (B) Cyclic voltammagrams (scan rate 0.1 V s−1) for the oxidation of 1 mM Cl4NHPI
in acetonitrile (0.05 M NBu4PF6) with added pyridine (with (i) 0, (ii) 0.1, (iii) 1 mM pyridine). (C)
Cyclic voltammograms (scan rate (i) 0.1 Vs−1, (ii) 0.5 Vs−1, (iii) 1 Vs−1, (iv) 3 Vs−1, (v) 5 Vs−1, (vi)
10 Vs−1, (vii) 20 Vs−1) for oxidation of 1 mM Cl4NHPI in acetonitrile (0.05 M NBu4PF6, 1 M
pyridine). Inset: plot of Ip vs. (scan rate)1/2 with a line of best fit. (D) Experimental (solid line) and
simulated (hashed line) cyclic voltammogram (scan rate 0.1 V s−1, 1.25 mM concentration, 1 M
pyridine) for the oxidation of Cl4NHPI.
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Next, in situ electrochemical EPR analysis (compare previous non-electrochemical EPR
experiments for related radical species) [28,29] is employed to explore the reactivity of the
Cl4PINO radical intermediate. Figure 2Ai shows the background without applied potential with a
solution of 1 mM Cl4NHPI showing no radical species. The oxidation was carried out in a flat-cell
at a platinum flag electrode. Figure 2Aiii shows that a well-defined three-line spectrum, composed
of a 1:1:1 triplet, (with giso = 2.0074 and aiso = 12.36 MHz or 4.41 G) is observed. This signal is
consistent with previously reported EPR spectra of other phthalimido-N-oxyl derivatives [28]. The
EPR spectrum recorded in the presence of ambient oxygen (see Figure 2Aii) are broadened and
less intense compared to the spectrum recorded in anaerobic conditions (see Figure 2Aiii).
Paramagnetic triplet O2 is well-known to weakly interact with both, closed-shell [30] or open-shell
organic molecules. It can be hypothesised that collision/magnetic interaction of dioxygen with
Cl4PINO could cause broadening of the EPR signal. For solutions saturated with triplet O2, there
could be enough mixing between the O2 spin and the nitroxide spin to cause extensive broadening
(i.e., Heisenberg broadening so severe that it could cause the complete disappearance of the signal)
[31].

Figure 2. (A) CW X-band EPR spectra (room temperature, at 100 kHz modulation frequency,
1 Gauss modulation amplitude, 18.9 mW microwave power and 5.02·104 receiver gain) of 1 mM
Cl4NHPI in acetonitrile with 1 M pyridine and .05 M NBu4PF6 (i) before electrolysis, (ii) during
anodic electrolysis in the presence of air, (iii) during anodic electrolysis de-aerated with nitrogen.
(B) Logarithmic plot of EPR signal intensity of the central line, I(0), vs. time.
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The relative intensities of the EPR lines can also provide valuable information about the anisotropy
of the radical motion within the fast motion regime, i.e., where the rotational correlation time τc
(the reciprocal of the frequency of rotation) associated with rotational diffusion of the molecule is
< 2 ns. In this regime, τc can be defined according to equation 2 [32,33].

𝐼(0)

𝜏𝐶 = 6.51 ∙ 10−10 ∆𝐻(0) (√

𝐼(+1)

+√

𝐼(0)
𝐼(−1)

− 2)

(2)

In Equation 2, ΔH(0) is the peak-to-peak line width in Gauss of the central line, and I(+1), I(0) and
I(-1) are the signal amplitudes of the low field, middle and high field lines respectively of the 14N
hyperfine components. In the case of Cl4PINO, τc is in the order of a few tens of picoseconds,
indicating fast rotation of the molecule in solution. In the narrower spectrum (Figure 2Aiii) the
signal amplitude of the three lines decreases monotonically from low field to high field. This
corresponds to an anisotropy parameter, ε equal to - 0.7, where ε is a dimensionless parameter,
described in equation 3 [33].

𝐼(0)
−1
𝐼(+1)

√

𝜀=

𝐼(0)
−1
𝐼(−1)

(3)

√
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If the long molecular axis is parallel to the N–O bond of the nitroxide radical, ε becomes
increasingly negative with increased anisotropy of rotation. The negative character of the
anisotropy parameter would also suggest that rotation along the axis parallel to the N–O bond is
the fastest [32]. Figure 2B shows the transient of the signal intensity of the EPR central line, I(0),
versus time, recorded after switching off the electrolysis. Without new Cl4PINO radicals being
generated, a rapid decay of the signal intensity is observed with first order characteristics.
Intentionally added water was observed to (at least qualitatively) lead to even faster decay. It seems
therefore likely that moisture in the organic solvent system is a crucial factor in the slow decay of
the Cl4PINO radical species. Decay products such as dimers and trimers have been reported [15]
and a previously suggested decay mechanism via radical disproportionation and hydrolytic attack
on the cation appears plausible. For ambient levels of water (here estimated as 10-20 mM) the halflife of 28 s can be extracted. This corresponds to a relatively slow process when compared to
voltammetry experiments which are typically an order of magnitude faster in time domain. It is
therefore assumed that decay of the Cl4PINO radical does not significantly contribute to the
phenomena measured by cyclic voltammetry. However, it has to be kept in mind that moisture at
higher levels could play a part in the mechanism and it could affect the mechanisms and rate
constants.

The reversible voltammetric response for the oxidation of Cl4NHPI can be analysed more
quantitatively with the help of digital simulation tools (here the software package DigiElch 4.F is
employed). Figure 1D shows a comparison of experimental data and simulation data for the
oxidation of pre-catalyst Cl4NHPI in the presence of 1 M pyridine. Although a good match is seen
for the scan towards positive potentials, there is an unexpectedly lower peak response for the scan
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towards negative potentials. This is attributed here to minor convection effects that displace the
peak current slightly. An additional oxidation response at potential higher than +1 V vs. SCE can
be tentatively attributed to additional glassy carbon surface processes in the presence of Cl4PINO.

Two-Electron Catalytic Oxidation of Primary and Secondary Alcohols: Experiment. When
oxidised, Cl4NHPI is converted into the Cl4PINO radical, which is known to be a potent C-H
hydrogen abstraction reagent, for example for the oxidation of alcohols to aldehydes of ketones
[17], but also for the conversion of CH-allylic carbon skeletons into ,-unsaturated ketones
without structural rearrangement [13]. Here, primary and secondary alcohol oxidation serves as a
model system to provide new insights into the mechanism. Figure 3A shows a set of cyclic
voltammograms for the oxidation of 1.25 mM Cl4NHPI in acetonitrile and in the presence of 1 M
pyridine (under argon). The addition of ethanol can be seen to lead to an increase in the anodic
current and a concurrent decrease in the cathodic current, consistent with the voltammetric features
for a catalytic process based on Cl4PINO acting as a reactive intermediate.

The anticipated characteristics for an EC’-catalytic electrode process at low substrate
concentration are associated with a linear increase (diffusion controlled) in anodic current with
substrate/alcohol concentration. The inset in Figure 3A shows that this expected trend is indeed
observed with a deviation (towards lower currents) only at higher ethanol substrate concentrations.
In the limit of pure kinetic control an approximate analytical equation [11], Icat = nFA [catalyst]
(D k1 [alcohol])0.5, could be employed for approximate data analysis. A dependence of Icat on the
square root of substrate concentration is predicted. Here, the use of digital simulation allows
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further mechanistic details to be resolved and distinct behavior for different alcohols to be
interpreted. It is interesting to note that data analysis based on the simple equation for Icat (in
contrast to full simulation analysis) would give similar trends in rate constants but generally underestimate their magnitude (vide infra). Figures 3B and 3C summarise data plots for anodic current
maxima versus alcohol concentration for cyclopentanol, ethanol, octanol, 2-phenylethanol, 2nitroethanol, benzylalcohol, 1-phenylethanol, cyclohexanol, 2-propanol and 3-pentanol. All data
plots follow similar trends although clear differences are noted for different classes of alcohols.
Data points represent experimental currents and dashed lines represent trends from digital
simulation.
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Figure
3.
(A)
Cyclic
voltammograms (scan rate 0.1
Vs−1,
under
argon)
in
acetonitrile with 1 M pyridine
(0.05 M Bu4NPF6) for the
oxidation of 1.25 mM
Cl4NHPI in the presence of (i)
0, (ii) 10, (iii) 20, (iv) 35, (v)
50, (vi) 75, (vii) 100, (viii) 150,
(ix) 200, (x) 250 mM ethanol.
Inset: plot of Ip vs. ethanol
concentration. (B) Plot of Ip vs.
alcohol concentration for
cyclopentanol,
ethanol,
octanol, 2-phenylethanol, and
2-nitroethanol (dashed lines
based on simulation). (C) Plot
of Ip vs. alcohol concentration
for
benzylalcohol,
1phenylethanol, cyclohexanol,
2-propanol, and 3-pentanol
(dashed lines based on
simulation). (D) Comparison
of experimental (solid line) and
simulation
(dashed
line)
voltammetry data for the
oxidation of 1.25 mM
Cl4NHPI in the absence and in
the presence of 250 mM
ethanol.
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One emerging pattern from these data is the observation that phenyl-substituted and secondary
alcohols react with a faster rate constant (the initial slope of current versus alcohol concentration
is higher). A further significant trend is that all data plots converge towards a plateau at higher
concentrations of alcohol. Therefore, something happens during the reaction that causes a
depletion of the reactive Cl4PINO species close to the electrode surface thereby suppressing the
catalytic redox cycling and causing a current plateau (and not a square root dependence). Based
on the much shorter time scale for the voltammetric experiment compared to the hydrolytic decay
of the radical observed in EPR, the decay can be ruled out as a factor in the voltammetric
characteristics (vide supra). Koshino et al. [37] suggested the hypothesis of the fast “capture” of
hydrocarbon radicals with PINO radicals. Here, the Cl4PINO radical concentration locally at the
electrode surface is high and capture by dioxygen is unlikely. Therefore, a hypothetic capture
mechanism is suggested based on the Cl4PINO radical reacting with the alcohol radical
intermediate (see Reaction Scheme 2), which under electrochemical conditions appears likely
compared to the dioxygen capture process [8]. This hypothetical mechanism also helps
maintaining the two-electron nature of the process. Similar reaction pathways have been observed
for TEMPO mediated processes [32]. The mechanistic hypothesis is confirmed here by
quantitative digital simulation, although there is currently no direct experimental proof for the
short-lived hemi-ketal intermediate.
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Reaction Scheme 2. Reaction of Cl4PINO with alcohol (2a) and diffusion – controlled follow-up
reaction (2b) leading to only half of the catalyst being recycled electrochemically. A slow
hydrolytic step (2c) occurs outside of the diffusion layer at the electrode surface.

Two-Electron Catalytic Oxidation of Primary and Secondary Alcohols: Simulation. In Figure
1D it was demonstrated that quantitative digital simulation can be applied to the case of the
reversible one-electron oxidation of Cl4NHPI to Cl4PINO. Next, a full simulation model for the
alcohol oxidation was developed. The diffusion coefficients for alcohols in acetonitrile were
estimated by employing the Wilke-Chang expression [25] (see Table 1). The simulation of anodic
current data based only on equation 2a in Reaction Scheme 2 (with second order rate constant k1)
results in a straight line increase in current with lower substrate concentration. At high alcohol
substrate concentrations currents follow a square root [alcohol]0.5 dependence, which is consistent
with EC’-catalysis. However, this square root trend does not fully account for the observed
experimental data. At even higher alcohol concentrations a current plateau is observed. Therefore,
the reaction in equation 2b needed to be introduced in addition to equation 2a to better account for
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the shape and the plateau (and the removal of Cl4PINO from the diffusion layer) at higher substrate
concentration. The rate constant for this radical-radical coupling reaction was assumed to be
diffusion controlled (set very high to not affect the results in the simulation). However, the followup reaction releasing the product (see equation 2c in Reaction Scheme 2 with rate constant k2, here
expressed as first order rate constant) is important and responsible for the observed magnitude of
the plateau current (recapture of Cl4NHPI from outside the diffusion layer) in the high substrate
concentration limit.

Figure 3D shows a comparison of experimental data and simulation data. In the absence of
substrate only the reversible current response is observed for the experiment (Figure 3Di, solid
line) and for the simulation (Figure 3Dii, dashed line). In the presence of substrate, the anodic
current is increased to a plateau with reasonably good agreement of experiment (Figure 3Diii, solid
line) and simulation (Figure 3Div, dashed line). The additional hysteresis in the experimental
voltammogram may be due to protons being generated during the alcohol oxidation (causing a
local pH drift at the electrode surface). The simulation of the data allows two rate constants, k1 and
k2, to be extracted for most alcohols (see Table 1).
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Table 1. Summary of simulation data for Cl4PINO catalysed oxidation of alcohols with rate
constants k1 and k2 evaluated. Also shown are the DFT computed free energy activation barriers
for the C-H hydrogen abstraction step from various alcohols by Cl4PINO radical.a

ROH

k1
-1
/ mol dm3s-1

k2
/ s-1

D
/ m2s-1

EA / kJ mol–1

2.2

/

3.0 x 10–9

107.8

15

0.6

2.1 x 10–9

96.1

19

9

3.6 x 10–9

92.5

30

2.7

1.8 x 10–9

90.7

58

11

2.4 x 10–9

85.9

70

15

2.2 x 10–9

88.3

75

10

3.0 x 10–9

84.6

110

8

2.3 x 10–9

85.6

335

39

2.1 x 10–9

77.5

950

32

2.3 x 10–9

78.4

a

Protocol: B3LYP/6-311++g(2d,p)/298.15K/cpcm=acetonitrile. Activation barriers were
calculated here as EA = ΔG = GTS – (Galcohol + Gradical).
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In addition to quantifying the rate constants and confirming the mechanism, the digital simulation
tool can be employed to confirm the effect of the Cl4NHPI catalyst concentration. Additional
experiments were performed (not shown) for 2-propanol and for ethanol for both 1.25 mM and 2.5
mM Cl4NHPI catalyst precursor concentrations. The match between experimental data (points)
and simulation (dashed line) is excellent without any change in parametrisation confirming the
validity of the analysis and the suggested mechanism. General trends are identified such as (i)
primary alcohols react slower (k1 lower) compared to secondary and aromatic alcohols and (ii) the
hydrolytic process (k2) appears faster for benzylic systems and slow for 2-phenylethanol.

The effect of water on the reaction kinetics was investigated only at qualitative level (going from
10 mM to 100 mM and 1000 mM water) and changes in both initial slope and plateau current were
observed for plots of anodic current versus alcohol concentration (for the oxidation of 2-propanol,
not shown). This confirms the observed sensitivity of Cl4PINO towards moisture (observed in the
in situ electrochemical EPR as noted above). For the related N-hydroxyphthalimide / phthalimidoN-oxy system the reaction with water has been suggested to lead to inactive dimers [35] or trimers
[36].

Two-Electron Catalytic Oxidation of Alcohols: Kinetic Isotope Effect. A further test for the
validity of the data extracted for rate constant k1 can be based on the kinetic isotope effect. Kinetic

20

isotope effects have been reported to be high for the redox mediator phthalimido-N-oxyl. For the
hydrogen abstraction reaction, a classic isotope effect when replacing ethanol with d5-ethanol
(where 𝜈𝐻 ⁄𝜈𝐷 = 1.41) would be expected to be approximately up to 7. However, tunnel effects for
H-atom abstraction can significantly increase the effect and reported values for phthalimido-Noxyl reactions range from 12 – 26 [37-40].

Experiments were carried out to contrast the rate of oxidation of ethanol with that of d5-ethanol in
acetonitrile with 1 M pyridine (0.05 M NBu4PF6 under argon). Figure 4 shows a plot of the anodic
current versus substrate concentration and the change in the rate of oxidation is clearly revealed.
However, a k1,D of 1.25 mol-1 dm3 s-1 was found for d5-ethanol, which when compared to k1,H of
ethanol (= 19 mol-1 dm3 s-1), gives a kinetic isotope effect

𝑘𝐻
⁄𝑘 of 15. This result is in excellent
𝐷

agreement with literature reports on kinetic isotope effects for related C-H abstraction reactions37
and it confirms the assignment of k1 as the C-H hydrogen abstraction step in the reaction scheme.
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Figure 4. Plot of anodic peak current Ip vs. concentration of d5-ethanol. Experimental data (points)
are compared to simulated data (hashed) for a k1 = 1.25 mol-1 dm3 s-1. Inset: for comparison plot
of anodic peak current Ip vs. concentration of ethanol with k1 = 19 mol-1 dm3 s-1.

Two-Electron Catalytic Oxidation of Primary and Secondary Alcohols: DFT Simulation.
Computational methods allow sets of kinetic data to be correlated in a more systematic manner
and to extract underlying mechanistic causes for the rate of reactions. This is of interest in
particular for C-H abstraction reactions, which are dominated by molecular electronic factors.
Recently, some of us investigated by DFT calculations [10] the related reaction between various
primary alcohols and a derivative of the TEMPO+ cation in NaCO3- aqueous buffer, which was
shown to likely proceed via a hydride transfer concerted step. Here, in contrast, the neutral
Cl4PINO radical is involved in an H-atom transfer instead. The case of H-atom transfer is usually
affected by tunnelling and therefore would require more extensive calculation similar to those
applied related gas phase reactions [41]. However, in this study only energy barriers are
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determined/correlated and not absolute rate constants. The tunnelling effect impacts on the preexponential factor [40] and not on the energy barrier and it is assumed here that similar tunnelling
effects occur for a range of different alcohol substrates.

Computational methods were used to model the mechanism of C-H abstraction from primary and
secondary alcohols by the Cl4PINO radical, first to correlate theory with experimental data, and
ultimately to predict k1 for a wider range of alcohols. The calculations revealed that the hydrogen
abstraction step generally occur with activation barriers lower than 100 kJ mol–1 (see Table 1), so
that the reaction can be carried out at room temperature. The optimised transition state during CH hydrogen abstraction is shown in Figure 5A. Attempts to include a further pyridine base in the
transition state did not lower the activation barrier.

Using the calculated differences in free energies for the hydrogen abstraction transition step, the
activation energy (EA) barrier values were obtained and plotted as Boltzmann coefficients versus
the experimentally measured chemical rate constants k1 in Figure 5B. For all alcohols a reasonably
good fit is observed, which suggests that all processes follow a similar reaction pathway with
electronic factors dominating the H-atom transfer. The value for the experimental rate constant for
benzyl alcohol appears slightly high, which may be in part due to an underlying direct background
oxidation of benzyl alcohol at +1 V vs. SCE. Thus, the experimentally observed k1 rate constant
appears slightly high.
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Figure 5. (A) Molecular structure of DFT calculated transition state for the hydrogen abstraction
step between ethanol and Cl4PINO (red: oxygen, blue: nitrogen, grey: carbon, white: hydrogen,
green: chlorine; arrows: displacement vectors of the TS imaginary frequency). Image obtained
with GaussView 5.0.8. (B) Plot (double logarithmic) of the activation factor exp(-EA/RT) derived
from DFT theory versus the experimental rate constant k1.

Conclusion
An investigation of the reactivity of tetrachloro-phthalimido-N-oxyl (Cl4PINO) generated
electrochemically at the surface of a 3 mm diameter glassy carbon electrode has revealed some
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new and potentially important quantitative insights into the mechanism during C-H atom
abstraction reactions involving primary and secondary alcohols. The formation of the Cl4PINO
radical (in acetonitrile/1 M pyridine) is confirmed by in situ electrochemical EPR spectroscopy,
but it is also shown that the radical is sensitive to slow decay induced by moisture. Cyclic
voltammetry experiments can be employed to extract quantitative kinetic information such as rate
constants for the C-H hydrogen abstraction process with ambient moisture levels in the acetonitrile
solvent. The C-H hydrogen abstraction is shown to be of “EC’-type”, but with only half of the
redox mediator being re-generated directly at the electrode surface. This conclusion is reached
from fitting a theory model to the plot of current versus alcohol concentration. It has to be kept in
mind that alternative mechanistic schemes may give a similar fit. The suggested reaction scheme
results in non-linear current versus substrate concentration plots with a plateau at high
concentrations. These results have direct implication in the bulk scale synthetic application of
Cl4PINO, but will need further work to provide (i) better evidence for reaction intermediates and
(ii) data for a broader spectrum of substrates. In future combined DFT and voltammetric analysis
methods could be employed for the optimisation and prediction for a wider range of Cl4PINO
reactions.
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