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Abstract

Electrocatalytic methods for organic synthesis could offer sustainable alternatives to traditional
redox reactions, but strategies are needed to enhance the performance of molecular catalysts
designed for this purpose. Herein, we describe the synthesis of a pyrene-tethered TEMPO
derivative (TEMPO = 2,2,6,6-tetra-methylpiperidinyl- A~oxyl) that undergoes facile in situ non-
covalent immobilization onto a carbon-cloth electrode. Cyclic voltammetry and controlled
potential electrolysis studies demonstrate that the immobilized catalyst exhibits much higher
activity relative to, 4-acetamido-TEMPO, an electronically similar homogeneous catalyst.
Turnover numbers and frequencies approach 2000 and 4000 h~1, respectively, in preparative
electrolysis experiments with a series of alcohol substrates. The synthetic utility of the method is
further demonstrated in the oxidation of a sterically hindered hydroxymethylpyrimidine precursor
to the blockbuster drug, rosuvastatin.
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Performance link: Non-covalent immobilization of a TEMPO-based catalyst tethered to pyrene
on a carbon-cloth electrode results in very efficient catalytic alcohol oxidation. The facile in situ
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catalyst immobilization protocol demonstrates a strategy to achieve improved catalytic
performance that could find widespread utility in electroorganic synthesis.
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Molecular electrocatalysis has been the focus of substantial recent attention in the area of
energy storage and conversion, [l with applications ranging from water oxidation and
hydrogen production to the conversion of CO, to liquid fuels. Advances in this area have
important implications for the complementary field of electroorganic synthesis.[2:3] In the
present study, we show how a non-covalent catalyst immobilization method widely used in
energy-based applications greatly enhances the performance and practicality of TEMPO-
based electrocatalysts for electrochemical alcohol oxidation (TEMPO = 2,2,6,6-tetra-
methylpiperidinyl- A-oxyl).

Molecular electrocatalysis resembles traditional homo-geneous catalysis, but the reactions
use an electrode rather than a chemical reagent as the electron donor or acceptor to promote
redox transformations. This approach has the potential to improve the sustainability of
chemical reactions, but key challenges must be overcome to achieve such benefits. For
example, electrochemical reactions with homogeneous catalysts can experience lower rates
because catalyst turnover only occurs when the catalyst is in diffusive contact with the
electrode.[4] This limitation underlies the considerable efforts directed toward immobilizing
molecular catalysts on electrode surfaces, whereby the catalyst can retain electronic
communication with the electrode.[®] The performance benefits associated with catalyst
immobilization can be offset, however, by the added cost or complexity of the
immobilization process and by the limited stability of many molecular catalysts.

TEMPO and related organic nitroxyl derivatives have been used extensively as catalysts for
alcohol oxidation in combination with a chemical oxidants.[8: 71 Electrochemical methods
are appealing because anodic nitroxyl-mediated alcohol oxidation may be coupled to
cathodic proton reduction, resulting in generation of H, as the sole by-product of the
reaction (Scheme 1). A number of examples of this chemistry have been reported, including
those with TEMPO as a dissolved catalytic mediator(®] and immobilized on electrode
surfaces.[2:10] High catalyst loadings (up to 1 equiv TEMPO) are common when the nitroxy!
is used as a dissolved mediator in order to offset the low rates observed at lower catalyst
loading.[8a.¢-€] Various methods have been investigated for TEMPO immobilization, the
majority of which use polymer-immobilization methods.[%€] Common examples include
coupling of 4-amino- TEMPO with carboxylic acids on a polyacrylic acid-coated electrode,
[9b.ce] a5 well as electropolymerization of pyrrole tethered to TEMPO.[%] While these
methods lead to significantly better catalytic rates, TEMPO instability (especially in its
oxoammonium form) limits the catalyst lifetime, eventually degrading the electrode
performance, and mass transport through polymeric networks can reduce performance.[11]

In a recent analysis of a series of organic nitroxyl derivatives for electrocatalytic alcohol
oxidation, we identified 4-acetamido- TEMPO (ACT) as an especially effective catalyst.[100]
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The high redox potential of this derivative contributes to much higher turnover rates than
those observed with TEMPO or other nitroxyls. Because the electrode potential may be
tuned to match the nitroxyl redox potential, the slow catalyst reoxidation observed with
chemical oxidants (e.g., NaOCI) is avoided. The present study was motivated by an interest
in developing a practical synthetic protocol for ACT-mediated electrochemical alcohol
oxidation. Previous strategies for TEMPO immobilization were considered, but a preferable
method would achieve the rate benefits of catalyst immobilization without causing
irreversible fouling of the electrode due to catalyst decay. Our attention was drawn to the
widespread use of pyrene as a non-covalent anchor for molecular electrocatalysts in energy-
related applications.[*2] This catalyst immobilization method has not yet been applied to
synthetic applications. The results reported herein describe the development, testing, and
application of pyrene-TEMPO conjugates for electrochemical alcohol oxidation, and
highlight the potential utility of pyrene-tethered electrocatalysts for synthetic organic
chemistry.

A pyrene-TEMPO derivative was readily synthesized in excellent yield via amide coupling
between the commercially available pyrene-linked carboxylic acid derivative and 4-amino
TEMPO, as shown in Eq. (1). The identity of the pyrene-TEMPO conjugate was confirmed
by 1H and 13C NMR spectroscopy, following reduction of the nitroxyl to the corresponding
hydroxylamine with ascorbic acid (see Supporting Information for details). A cyclic
voltammogram of the pyrene-TEMPO species dissolved in 1:1 acetonitrile/water reveals
reversible electrochemical oxidation to the corresponding oxoammonium species at a
potential nearly identical to that of 4-acetamido-TEMPO (ACT) (&1, =0.69 V and 0.70 V
vs Ag/AgCl for pyrene-TEMPO and ACT, respectively; Figure 1).[3]

. H
| - OH N
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. N
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~ \[ 90% yield
NH

0]

Pyrene has been shown to adsorb especially well to multi-walled carbon nanotubes
(MWCNTSs) via r-re stacking interactions.[24] Consequently, MWCNTSs were drop-casted
onto a glassy carbon (GC) electrode. A surface immobilized pyrene-TEMPO electrode was
then prepared by dipping the GC-MWCNT electrode into an acetonitrile solution containing
the pyrene-TEMPO derivative, followed by rinsing with acetonitrile to remove loosely
bound pyrene-TEMPO (Figure 2A; see Supporting Information for details). The
electrochemical behavior of pyrene-TEMPO-functionalized electrode was then analyzed by
cyclic voltammetry (CV) (Figure 2B). The voltammograms reveal a reversible oxidation
feature at £1/o = 0.66 V vs Ag/AgCl in aqueous solution (pH 10). At slow scan rate (5 mV-s
~1), the peak-to-peak separation between the anodic and cathodic waves is 26 mV,
considerably less than the 59 mV separation that would be expected for a diffusion-
controlled redox couple. A linear relationship between the peak current and scan rate (Figure
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2C) provides further evidence for effective immobilization of the pyrene-TEMPO derivative
on the surface of the electrode.[1°]

Electrocatalytic alcohol oxidation by surface-immobilized pyrene-TEMPO was then
analyzed by CV, with benzyl alcohol as the substrate (Figure 3). A catalytic feature is clearly
evident in the anodic CV scan at a potential that corresponds to formation of the
oxoammonium species, and the catalytic current increases at higher pH. The pH dependence
observed with the pyrene-immobilized TEMPO resembles the trend observed previously
with dissolved TEMPO derivatives.[102.] The enhanced rate at higher pH reflects the
established mechanism of oxoammonium-mediated alcohol oxidation,[®] whereby
deprotonation of the alcohol leads to formation of an oxoammonium-alkoxide adduct en
route to the aldehyde product. A CV study was then carried out to compare the
electrocatalytic performance of pyrene-immobilized TEMPO with the electronically similar
dissolved electrocatalyst, ACT. The concentration of dissolved ACT was adjusted until the
recorded CV showed a similar peak current to that of the immobilized pyrene-TEMPO (see
insets of Figures 4A and 4B). CVs recorded after addition of benzyl alcohol (100 mM)
revealed a relatively small catalytic feature from the ACT solution, while very high catalytic
current was observed with pyrene-TEMPO (Figures 4A and 4B), reflecting dramatically
improved electrocatalytic performance of the immobilized catalyst.

Efforts then turned to evaluating the effectiveness of the immobilized pyrene-TEMPO
catalyst in bulk electrolysis experiments. The GC electrode used for CV experiments was
replaced with carbon-cloth (CC), which has a higher surface area. MWCNTS were integrated
into the CC electrode by soaking the CC in an ethanolic suspension of MWCNTSs and 0.02
wt% Nafion, followed by drying (see Supporting Information for details).lX6] An image of
the resulting CC-MWCNT electrode obtained by scanning electron microscopy confirmed
the presence of MWCNTS on the surface of carbon fibers (see Supporting Information,
Figure S3).

Controlled potential electrolysis experiments were performed in an undivided cell containing
aqueous carbonate electrolyte buffered to pH 10, using a CC-MWCNT working electrode (6
cm?), a Pt-wire counter electrode, and a Ag/AgCl reference electrode. Benzyl alcohol and an
acetonitrile solution of pyrene- TEMPO were then added to the cell to achieve
concentrations of 0.1 M and 5 x 107> M (0.05 mol%), respectively. Upon applying a
potential of 0.7 V vs. Ag/AgCl, benzyl alcohol underwent full conversion to benzaldehyde
within 50 min (Figure 5). When the electrolysis was repeated using ACT (5 x 107> M) rather
than pyrene-TEMPO as the catalyst, negligible benzyl alcohol oxidation was observed
(Figure 5). These results demonstrate the vastly superior performance of the pyrene-TEMPO
catalyst relative to a non-immobilized homogeneous analog. The simple in situ adsorption of
the pyrene-TEMPO catalyst to the electrode surface allows this enhanced performance to be
achieved with no added operational complexity. Moreover, the electrode may be restored to
its original form by washing with acetone/water (1:1), followed by neat acetone.

The immobilized pyrene-TEMPO was then tested to assess its utility for preparative-scale
oxidation of a series of benzylic alcohols (Scheme 2). Excellent results were observed for
oxidation of various alcohols to the corresponding aldehydes with 0.05 mol% pyrene-
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TEMPO. In most cases, =290% yield of the aldehyde was obtained in 80 min or less,
including examples with electron donating, electron withdrawing, and ortho substituents.
These results reflect >1800 turnovers of the immobilized TEMPO catalyst. With the
activated substrate 4-methoxybenzyl alcohol, the turnover frequency was nearly 4000 h™1,
The somewhat reduced yield observed for oxidation of 4-NO»-benzyl alcohol (74%) could
arise from reduction of the nitro group at the counter electrode.[17] In addition, oxidation of
2-aminobenzy! alcohol was unsuccessful (not shown). This substrate and other anilines are
not compatible with oxoammonium reagents, (8] and they undergo nonselective direct
oxidation at the electrode at potentials needed to promote catalytic alcohol oxidation. Small
amounts of carboxylic acids were observed, arising from overoxidation of the aldehydes, but
these side products were readily removed via extraction of the aldehydes from the basic
reaction media (see Supporting Information for details).

In a more stringent test of the methodology, we evaluated the oxidation of a
hydroxymethylpyrimidine precursor to rosuvastatin (Crestor™), a blockbuster HMG-CoA
reductase inhibitor (i.e., a statin) for which the patent recently expired (Scheme 3).[28] This
alcohol oxidation step is featured in one of the important routes to this compound.[29 201 To
improve the solubility of the substrate, a 1:1 mixture of acetonitrile and water was used as a
solvent mixture. The pyrene-TEMPO catalyst has lower affinity for the electrode in the
presence of organic co-solvent. Nevertheless, this sterically hindered benzylic alcohol
substrate underwent successful oxidation to the aldehyde in 91% yield with 0.1 mol%
catalyst loading in 6 h (Scheme 3). This result and those in Scheme 2 highlight prospects for
the use of non-covalent immobilization of molecular catalysts in preparative-scale
electroorganic synthesis. Moreover, future process optimization (e.g., development of a
continuous-flow electrolysis) could provide the basis for use of this methodology in large-
scale applications. Efforts directed toward the latter goal have been initiated.

In conclusion, we have prepared and demonstrated the efficacy of a pyrene-tethered TEMPO
catalyst for electrochemical alcohol oxidation, using both CV and bulk electrolysis methods.
The use of a non-covalent immobilization method, arising from rt-m stacking interactions
between the pyrene fragment and MWCNTS on the electrode surface, allows for facile
preparation of the functionalized electrode, which shows excellent electrocatalytic
performance. The approach described herein holds promise for widespread implementation
in electroorganic synthesis and enhancement of the practical utility of methods that use
molecular electrocatalysts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cyclic voltammograms of the pyrene-TEMPO conjugate (solid line) and 4-acetamido-

TEMPO (dashed line) in 1:1 acetonitrile/water containing 0.1 M NaHCO3/Na,CO3 (1:1).
Conditions: TEMPO derivative (1 mM), glassy carbon working electrode, Pt-wire counter
electrode, Ag/AgCl reference electrode; 25 mV-s~1 scan rate.
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Figure2.
(A) Schematic representation of pyrene-TEMPO immobilized on the surface of carbon

nanotubes. (B) Cyclic voltammograms of pyrene-TEMPO immobilized on the surface of the
GC-MWCNTSs electrode at various scan rates. [Conditions: pyrene-TEMPO/GC-MWCNT
as working electrode, Pt-wire counter electrode, Ag/AgClI reference electrode, 0.2 M
NaHCO3/NayCO3 (1:1)] (C) Scan rate vs peak current plot. See Supporting Information for
detailed experimental procedures for B and C.
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Figure 3.

The pH dependence of electrocatalytic oxidation of benzyl alcohol with surface-
immobilized pyrene-TEMPO on GC-MWCNT as the working electrode in presence of 25
mM benzy! alcohol.
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Figure 4.

Comparison of the electrochemical activity of 4-acetamido-TEMPO and pyrene-TEMPO for
benzyl alcohol oxidation by CV. (scan rate: 20 mV/s). (A) CV of 2.5 mM 4-acetamido-
TEMPO in the absence of benzyl alcohol (solid line) and the presence of benzyl alcohol
(dashed line), (B) CV of surface immobilized pyrene-TEMPO (2.1 nmol electrochemically
active pyrene-TEMPO based on CV) in the absence of benzyl alcohol (solid line) and the

presence of benzyl alcohol (dashed line). See Supporting Information for details.
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Figureb.
Comparison of the bulk electrochemical oxidation of 0.1 M benzyl alcohol by 5 x 107> M

pyrene-TEMPO (black) and 5 x 10~ M of 4-acetamido-TEMPO (gray) at 0.7 VV vs. Ag/
AgCI. Total reaction volume = 10 mL.
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R™OH R0 +H,

Scheme 1.
Electrochemical TEMPO-mediated alcohol oxidation with the formation of H as the sole

by-product.
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0.7 V vs Ag/AgCl
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o
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@Co

50 min, 88%.

aConditions: 1.0 mmol substrate in 10 mL 99:1 water:acetonitrile mixture
containing 0.2 M NaHCO3/Na,COs (1:1). Isolated yields. "NMR yield using
1,3,5-trimethoxybenzene as the external standard. °In 4:1 water:acetonitrile

mixture containing 0.2 M NaHCO3/Na2xCOs (1:1).

Scheme 2.

Preparative electrolysis reactions with representative benzylic alcohols.?
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0.1 mol% pyrene-TEMPO

OH 1:1 MeCN/water
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N F
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—N 0.7 V vs Ag/AgCl —N
SO,Me SO, Me
HO CO5H

—N rosuvastatin
SOMe  (Crestor™)

Scheme 3.
Oxidation of a hydroxymethylpyrimidine precursor to rosuvastatin (Crestor™).
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