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ABSTRACT: This report benchmarks a tris(amino)cyclopropenium (TAC) salt as an electron-transfer mediator for anodic oxidation
reactions in comparison to two known mediators: a triarylamine and a triarylimidazole derivative. The three mediators have similar
redox potentials, diffusion coefficients, and heterogeneous electron transfer rates with glassy carbon electrodes in acetonitrile/KPFe.
However, they differ significantly in their performance in two electroorganic reactions: anodic fluorination of a dithiane and anodic
oxidation of 4-methoxybenzyl alcohol. These differences are rationalized based on variable stability in the presence of reaction com-
ponents (e.g., NEtz*HF, lutidine, Cs,COs) as well as very different rates of electron transfer with the organic substrate. Overall, this
work highlights advantages and disadvantages of each mediator and provides a foundation for expanding the applications of TACs

in electroorganic synthesis moving forward.

Introduction

Electrochemistry has emerged as a powerful modality in
synthetic organic chemistry.! As such, there is increasing de-
mand for tunable electron-transfer mediators that can effec-
tively function as soluble electrodes during electro-organic re-
dox reactions.? Mediated electrochemical transformations are
highly desirable, as they often proceed at lower cell potentials,
with higher yields and selectivities, and with less electrode pas-
sivation than the corresponding direct electrolysis pathways.?
Several characteristics are required for an effective electron-
transfer mediator, including (i) fast and reversible electron
transfer with both solid electrodes and organic substrates, (ii)
stability of all redox states to electro-organic reaction condi-
tions, (iii) readily tunable redox potentials, and (iii) high solu-
bility in all oxidation states. Oxidative mediators that meet most
or all of these criteria while exhibiting relatively high redox po-
tentials (> +0.7 V versus Ag/Ag") remain rare. To date, the most
widely used examples are polyaromatic molecules such as tri-
arylamine® or triarylimidazole* derivatives (for example, A and
B in Figure 1a). While these have been successfully employed
as electron-transfer mediators for a variety of anodic oxidation
reactions,” they can be challenging to synthesize/derivatize in a
modular fashion, suffer from modest solubility due to their pro-
pensity for aggregation and pi-stacking, and have variable sta-
bility under some electroorganic reaction conditions. Overall,
there is a need for new high redox potential mediators for anodic

oxidations that are readily synthetically tunable, are soluble in
common organic media, and have complementary stability.
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Figure 1. (a) Known high-potential oxidative mediators for
electro-organic synthesis. (b) This work: Tris(amino)cyclopro-
peniums as mediators for electro-organic synthesis.

This work:
« High potential oxidative mediator

The Sanford group has recently developed cyclopropenium
salts such as trisaminocyclopropenium (TAC) C (Figure 1b) as
electrochemical energy storage materials in non-aqueous redox
flow batteries (RFBs).> We have disclosed a series of cyclopro-
penium derivatives that undergo oxidation at potentials ranging
from +0.7 to 1.2 V vs F¢/Fc¢' in acetonitrile (MeCN)/KPFg.6
Many of the properties required for efficient energy storage (re-
versible redox events at high potentials accompanied by high
stability and solubility) mirror those necessary for redox medi-
ators.” However, there are two key challenges for transitioning



from energy storage materials to mediators in electro-organic
synthesis. First, electrochemical cycling in RFBs occurs under
highly controlled conditions: under an inert atmosphere with
rigorously purified and dried solvent and supporting electrolyte.
In contrast, electro-organic reactions are often conducted on the
benchtop and contain a mixture of organic reactants and addi-
tives (e.g., acids, bases, water, supporting salts). Second, in
RFBs, the electron transfer reactions occur exclusively at the
solution-electrode interface. In contrast, effective redox media-
tors must undergo fast electron transfer with both the solid elec-
trode and the relevant organic substrate.

In this report, we evaluate and compare cyclopropenium C
(a high-potential, soluble TAC derivative)® with triarylamine A
and triarylimidazole B as redox mediators in organic synthesis.
A-C have similar redox potentials (E2 ~ 0.8 V vs Ag/AgBF,)
and should, thus, be effective mediators for comparable classes
of organic substrates. We first compare their electrochemical
properties (E1, diffusion and electron transfer rates) under
standard conditions and evaluate their compatibility with acidic
and basic additives. Next, we assess their performance as medi-
ators in two electroorganic reactions: the anodic fluorination of
a dithiane’® and the anodic oxidation of 4-methoxybenzyl alco-
hol.* Overall, this work reveals advantages and disadvantages
for each mediator and provides a foundation for expanding the
applications of TACs in electroorganic synthesis moving for-
ward.

Results and Discussion

We initiated these studies by using cyclic voltammetry (CV)
to compare the redox potentials (E15), diffusion rates (D), and
heterogeneous electron transfer rates (kne) of A-C (Table 1 and
Figures S1-4). CVs were conducted with A-C (2 mM) in 0.5 M
KPFg in MeCN, using a glassy carbon working electrode, a plat-
inum wire counter electrode, and a Ag/AgBF, reference elec-
trode. KPF¢ was chosen as the supporting electrolyte because it
has been used extensively with TACs in flow batteries.> Under
these conditions, the E), values of A-C are within 140 mV of
one another, ranging from 0.77 V (A) to 0.88 V (B) to 0.91 V
(C) versus Ag/AgBF4. At 100 mV/s, we observe reversible re-
dox peaks for A and C (ipo/ipc ~1), while B displays quasi-re-
versibility that is exacerbated at slower scan rates (ipo/ip= 2.23
at 10 mV/s). This suggests that the oxidized species A" and C™**
are significantly longer-lived intermediates than B™.

Table 1. Electrochemical properties of A-C

A B C
Eiz (V) 0.77 0.89 0.91
ip/ipe 10 MV/s)  1.00 2.23 1.14
in/ipe (100 mV/s)  1.08 1.43 1.17
D [em?s] 1.42x10°  6.48x10°  1.46x10°
Knet [em/s] 22x107  1.88x102  1.76x107
ke [M7 57 22 6.3 140

The rates of heterogeneous electron transfer for A-C at
glassy carbon are similar to one another (~2 x 10 cm/s) as de-
termined using the Nicholson method.!® Notably, the values for
A and B are similar to those reported by Little in 0.1 M LiClO4
in MeCN, 1.38 x 10 cm/s and 1.53 x 10”2 cm/s respectively.*
The diffusion coefficients (D) for A-C were experimentally de-
termined by applying the Randles-Sevcik equation (Figure

S4)."" A and C have diffusion coefficients of 1.4 x 10° cm?%s
while that for B is about 2-fold slower (6.58 x 10 cm?/s).
Again, the values for A and B are similar to those determined
by Little in 0.1 M LiCIO4 in MeCN.*

We next sought to benchmark A-C as mediators in two dif-
ferent electrooxidative reactions: (a) the anodic fluorination of
dithiane 1 with NEt;*HF to form 2 and (b) the anodic oxidation
of 4-methoxybenzyl alcohol 3 to generate aldehyde 4 (Scheme
1). These transformations were selected for several reasons.
First, substrates 1 and 3 have peak anodic potentials (Ep,) of
1.00 V and 1.23 V vs Ag/AgBF,, respectively (Figure S1),
which are well matched for mediation by A-C. Second, anodic
fluorinations analogous to (a) have been studied with A,> while
benzyl alcohol oxidations analogous to (b) have been investi-
gated with both A and B.2 As such, these transformations offer
an opportunity to compare the performance of C to the known
mediators. Third, the conditions for these reactions are quite dif-
ferent, with (a) performed in mildly acidic (NEt;*HF) and (b)
conducted in basic (lutidine) media. We hypothesized that these
conditions might thus highlight complementary compatibil-
ity/performance between A-C.3

cat A C
NEts 3HF
O O
MeO OMe MeO' OMe
cat A-
/©/\ 2 6-lutidine D/\
I Pt(-

Scheme 1. Electrochemlcal oxidation reactions used to bench-
mark mediators A-C

Table 2. Stability of A-C towards NEt;*HF and lutidine as as-
sessed by CV*

entry mediator additive % decrease of iy,

1 A none 2

2 A NEt;*HF 4

3 A lutidine 2

4 B none 7

5 B NEt;*HF >1913

6 B lutidine 8

7 C none 9

8 C NEt;*HF 6

9 C lutidine 14

¢ CV conditions: mediator (2 mM) and additive (10 mM) in 0.5
M KPFs in MeCN with glassy carbon working electrode, plati-
num wire counter electrode, and Ag/AgBF, reference electrode.
CVs acquired at 100 mV/s over 10 consecutive scans. %de-
crease in iy, between cycle 2 to 10 is reported for each.

To test this latter point, we preliminarily examined the stabil-
ity of A-C towards CV cycling in the absence and presence of
NEt;*HF and lutidine as additives. CVs were conducted with A-
C (2 mM) and the additive (10 mM) in 0.5 M KPF¢ in MeCN
under ambient conditions.'? In each case, 10 sequential CVs of
the mediator were acquired at 100 mV/s. We then determined
the % change in anodic peak current from cycle 2 to cycle 10
(% decrease of i,,) to estimate stability towards each additive.'?
The CVs from these experiments are available in Figure S7,



and the data are summarized in Table 2. Overall, the % decrease
of iy, varied from 2 to >19%,'*> and A-C exhibited complemen-
tary stability towards these additives. A and B showed the larg-
est decrease in i,, with NEtz*HF (4% and >19%, respectively),
while C showed the largest decrease with lutidine (14%).
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Figure 2. (a) Electron transfer between the oxidized mediator
(mediator™) and substrate 1. (b) Foot of the wave analysis for
mediator C. (c) Fitting to obtain kgr.1 for A-C.

The first step of the anodic fluorination of dithiane 1 in-
volves electron transfer between the mediator and 1 to form rad-
ical cation 1"* (Figure 2a). We sought to compare the rate con-
stant of this electron transfer reaction (ker.1) for each of the me-
diators. Rate constants were obtained via foot-of-the-wave anal-
ysis'* of the CVs of A-C (2 mM in 0.5 M KPFs in MeCN) in
the presence of 40 mM of dithiane 1 at scan rates ranging from
5 to 500 mV/s. During the foot-of-the-wave analysis, the CV
data were post-processed to generate the foot-of-the-wave anal-
ysis plots exemplified in Figure 2b for C. The y-axis is the ratio
between the electrochemical current for C in the presence of
substrate 1 (i) and the peak current for C in the absence of 1 (i,”)
at the same scan rate The x-axis is a function of electrode po-

tential (E) m

96480 C/mol), R is the gas constant, T is 298 K, and E? is the

where F is the Faraday constant (=

standard reduction potential of the mediator. The slope of the
linear fit of the initial stage of the curve (i.e., foot-of-the-wave,
highlighted in thick lines in Figure 2b) provides the rate con-
stant (kgr.1) based on eq. 1, where C° is the concentration of sub-
strate 1, and v is the scan rate.

i_ f T () P
g (2 24 Fv ZkET_IC ) 1+exp [%(E—EO)] (])

As shown in Figure 2c¢, the slopes at different scan rates ob-
tained by linear fitting were proportional to v, in excellent
agreement with eq. 1. The kgr.1 values were calculated from the
slopes of the dotted fit lines in Figure 2¢. Large differences are
observed between the three mediators, with kgt varying from
6.3 (B) to 22 (A) to 140 (C) M's!. Notably, these values do not
directly track with differences in redox potential,* suggesting
that a more complex set of factors impacts kgr.1. Overall, the
large value of kgr.1 with C is promising for the mediated elec-
trolysis of dithiane 1 at the preparative scale.

The preparative scale A-C-catalyzed electrolysis reactions
of 1 with NEt;*HF were next evaluated in a divided cell
equipped with Pt foil electrodes, using 0.7 M NEt;*HF as both
the electrolyte and fluorinating reagent in MeCN. The reactions
were first performed at a constant potential of 1.1-1.2 V (vs Ag
wire) using 10 mol % of A, B, or C (Table 3, entries 1-4). Under
these conditions, the unmediated direct electrolysis reaction af-
forded low (<10%) conversion of 1 and only traces (4%) of
product 2, indicating that direct electrolysis is inefficient at this
potential. In contrast, with 10 mol % of A or C under otherwise
identical conditions, the yield of 2 was 68 and 83%, respec-
tively, demonstrating effective mediation. A significantly lower
yield (15%) was obtained using 10 mol % of B. The moderate
performance of B likely reflects a combination of the relatively
slow ket between 1 and B and the modest stability of 1 towards
NEt;*HF (Table 2, entry 5).

Table 3. A-F-catalyzed anodic fluorination of dithiane 1 with
NEt;*HF

o

MeO ) OMe CPE or CCE MeO OMe
entry  conditions mediator mol % yleld 3 (%)

1 CPE, 12V none -- 4

2 CPE, 1.1V A 10 68

3 CPE, 12V B 10 15

4 CPE, 12V C 10 83

5 CCE, 3 mA none - 16

6 CCE, 3mA A 10 79

7 CCE, 3 mA B 10 45

8 CCE, 3mA C 10 80

9 CCE, 3mA D 10 46

10 CCE, 3 mA E 10 83

11 CCE, 3 mA F 10 68

12 CCE, 3 mA A 1 37

13 CCE, 3mA C 1 90

14 CCE, 3 mA E 1 73
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Controlled potential electrolysis (CPE) is limited by rela-
tively low current densities and long reaction times. These are
particularly problematic when using NEt;*HF, which slowly
dissolves glass components (e.g., the reference electrode and
fritted separator). As such, we also examined the conversion of
1 to 2 using controlled current electrolysis (CCE), with a current
density of 3 mA (Table 3, entries 5-8). Under these conditions,
the direct electrolysis reaction afforded a low (16%) yield of 2.
Significantly higher yields were obtained in the presence of 10
mol % of the mediators, with A (79%) and C (80%) outperform-
ing B (45%).

The modular synthesis of TAC derivatives allows for the
facile installation of sterically diverse amino groups on the cy-
clopropenium core without significant modification of the re-
dox potential.® This enabled the exploration of several addi-
tional cyclopropenium mediators (D-F) under analogous condi-
tions. As shown in Table 3, entries 9-11, the structure of the
TAC significantly impacts catalytic performance, with yields
ranging from 46-83%. Using the three top-performing media-
tors (A, C, and E), we dropped the loading to 1 mol %. The
yield of 2 decreased substantially with A and E at this lower
loading but remained high (90%) with C. This finding high-
lights the importance of high ker.; for C, as it enables catalyst
faster turnover and, thus, lower catalyst loading.

We next turned our focus to the A-C-catalyzed oxidation of
4-methoxybenzyl alcohol 3 to aldehyde 4. Little and coworkers
studied electron transfer rates between 3 and mediators A and
B in the presence of lutidine, revealing kgr3 values of 6.11 M!
s'and 74.76 M s”! for A and B, respectively.** However, when
we attempted an analogous experiment with C, we observed a
complete disappearance of the reversible redox couple. Under
these conditions, the anodic scan no longer showed a diffusion-
limited current response (Figure S8), implicating the decompo-
sition of C. Consistent with these observations, preparative
scale C-catalyzed oxidation of 3 under Little’s conditions (2
equiv of lutidine in 0.2 M LiClO4 in 1:4 CH>Cl,:MeCN) showed
no catalysis. Instead, the observed yield of 4 was within the er-
ror of that for direct electrolysis (38% versus 42%, respec-
tively). These results are consistent with the CV studies show-
ing poor stability of C in the presence of lutidine (Table 2, entry
9) and reflect a key limitation of C as a mediator relative to
compared to A and B.

We hypothesized that this instability stems from the fast de-
composition of the radical dication C*** in the presence of
lutidine. This was confirmed by subjecting an isolated sample®
of C*** (5 mM in CH;CN) to 1 equiv of lutidine, which resulted
in a dissipation of the characteristic dark red color of C™** within
1 min at 25 °C (Figure S9). We reasoned that a less soluble base
might exhibit improved compatibility with C™**. Indeed, upon
screening a variety of inorganic bases, we found that subjecting
C™*" to 1 equiv of Cs,CO5 under otherwise analogous conditions
resulted in minimal decay over 2 h at 25 °C (Figure S9).

The use of a heterogeneous base makes it challenging to de-
termine kgr-3 using CV. Thus, we moved directly to evaluate
preparative-scale oxidations of 3 to 4 with Cs,COs as the base.
These reactions were conducted in a divided cell equipped with

reticulated vitreous carbon (RVC) electrodes in 0.1 M KPFg in
MeCN with 10 mol % of mediators A-C. Upon constant poten-
tial electrolysis (1.1 V vs Ag wire) over 5 h, the unmediated
reaction passed 2.5 F/mol of charge and afforded a moderate
29% yield of 4. In contrast, with 10 mol % of A or C, the reac-
tions passed a total of 3.7 and 3.6 F/mol, respectively, and both
afforded a 70% yield of 4. Interestingly, while B outperforms A
and C with lutidine as the base,* under these Cs,COs conditions,
B affords a very low yield (1%), with the corresponding current
response never exceeding 1 mA. These results highlight the
value of having different mediators with similar potentials, as
even relatively small changes to the reaction conditions can
have a dramatic impact on mediator performance and compati-
bility.!3

Table 3. A-C-catalyzed benzylic oxidation of 4-methoxybenzyl

alcohol
10 mol % A-C N
Q/\ OH 2 equiv Cs,CO4 /©/\O
MeO 0.1 M KPFg in MeCN MeO
3) RVC(+) | RVC(-) (4)
CPE: 1.1 V vs Ag wire

entry mediator yield 4 (%)

1 none 29

2 A 70

3 B 1

4 C 70

In conclusion, this report compares trisaminocyclopropeni-
ums to two known redox mediators for several electro-organic
transformations. We show that the TACs exhibit electrochemi-
cal properties (diffusion rates, electron transfer rates) and cata-
lytic performance similar or superior to triarylamine and tri-
arylimidazole derivatives with comparable redox potentials.
We note that the TACs are poorly compatible with the soluble
base lutidine; however, this issue can be mitigated by changing
to a less soluble base such as Cs,COs. We anticipate that these
studies will motivate the application of TACs and other readily
accessible aminocyclopropenium derivatives to a wider variety
of electro-organic transformations.
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