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The electron-catalyzed formation of phenanthridines starting from
isonitriles initiated by an electrochemical reduction of the Togni
reagent is presented. The required number of faradays per mole of
starting material and the respective yields clearly show the catalytic
character of the electron in this reaction. The mechanism is
supported by cyclic voltammetry experiments.

Several radical reactions can be described by catalytic cycles in
which a single electron formally acts as the catalyst." Examples
developed in our group include perfluoroalkylation and aroyla-
tion reactions comprising a base promoted homolytic aromatic
substitution (BHAS),>* hydrodehalogenations,” cross dehydro-
genative couplings via BHAS® and cascade reactions.® The
concept was adapted by other groups, e.g. for the description
of a benzothiazine formation by a sulfur insertion reaction with
enaminones’ and perfluoroalkylations of organic sulfides.®
A tandem carbodifluoroalkylation/radical cyclization developed
by Zhu et al. where difluoroacyl radicals add to methylene-2-
oxazolines represents another nice example along these lines.’

The goal of the current study was to confirm the catalytic
role of the electron by electrochemical initiation of a recently
developed radical trifluoromethylation reaction. Comparison of
the electric charge quantity with the respective reaction yield is
a measure for the turn over number of the electron acting as a
catalyst. In a similar way, electron catalyzed radical-nucleophilic
aromatic substitution reactions (Sgy1) have been previously
investigated.'® Further examples for which the catalytic character
of the electron could be demonstrated include E/Z-isomerization
reactions,'" oxidations of primary and secondary alcoholates into
aldehydes and ketones' and cyclodimerizations between aryl
vinyl sulfones as well as unsaturated ketones."?

As a test reaction we chose the radical trifluoromethylation
of biaryl isonitrile 1a with the Togni reagent 2 comprising an
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intramolecular BHAS to provide phenanthridine 3a (Fig. 1).?
The phenanthridine structural motif plays a key role in several
natural products.'* Its importance is underlined by numerous
studies related to its synthesis."

For the investigated reaction we previously suggested a
mechanism in which the electron formally acts as a catalyst
(see Fig. 1). A trifluoromethyl radical, generated upon single
electron reduction of 2, first adds to the isonitrile functionality
of the 2-isocyano-1,1’-biphenyl 1a leading to the imidoyl radical
A. After cyclization, the resulting cyclohexadienyl radical B is
deprotonated by ortho-iodobenzoate which is formed as a
byproduct in the initial SET reduction of the Togni reagent. The
radical’s pK, value was calculated to be significantly lower relative
to the pK, value of the ortho-iodobenzoic acid.** The resulting

cathodic F,.C—1—O

reduction

~

CF3

Fig.1 Suggested mechanism for the formation of 6-(trifluoromethyl)-
phenanthridine from 2-isocyano-1,1’-biphenyl.
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Table 1 Optimization studies

solvent, temperature

T T T T T r T T T J
2 -1 0 1 2 05 00 05 10 15

Potential vs Fc/Fc* [V] Potential vs Fe/Fe” [V]

Fig. 2 Cyclic voltammetry of Togni reagent 2 (left) and ortho-iodobenzoate
(right).

radical anion C is a reducing agent that can sustain the chain by
an intermolecular electron transfer to the Togni reagent yielding
the targeted 6-(trifluoromethyl)phenanthridine 3a. This mecha-
nism was additionally supported by trapping experiments of
the CFsradical with TEMPO.>® Moreover, in a recent study in
collaboration with Gorbanev, O’Connel and Chechik we could
show that the described reaction can be efficiently initiated by a
helium plasma indicating the possibility of an electrochemical
initiation.'® However, the measurement of an electric current and,
confirmation of the electron’s catalytic character
remained unexplored.

Our studies commenced by analyzing both substrates 1a, 2
and the product 3a by cyclic voltammetry. The Togni reagent 2
is irreversibly reduced at a peak potential of —1.58 V against the
ferrocene/ferrocenium redox couple (Fig. 2, left). In the reverse
scan an irreversible oxidation at 0.91 V vs. Fc/Fc¢' is observed.
We ascribe this to the formation of ortho-iodobenzoate, which
is irreversibly oxidized (Fig. 2, right). To support this proposal,
a solution of tetrabutylammonium ortho-iodobenzoate was
freshly prepared by deprotonation of the corresponding acid
with tetrabutylammonium hydroxide. Indeed, CV analysis
revealed a similar oxidation peak at 0.96 V vs. Fc/Fc'.

To examine the dioxane’s electrochemical window, dioxane
was added to an acetonitrile solution containing Bu,NPF,
(0.1 molar, see the ESIt). The CV measurement revealed that
dioxane is oxidized at less positive potentials as compared to
acetonitrile (inset approx. 1.6 V vs. Fc/Fc'). Substrate 1a and
product 3a are irreversibly oxidized at peak potentials of 1.78
and 1.89 V, respectively. To promote solvent oxidation and
prevent substrate or product oxidation a platinum wire anode
was utilized. This way the undivided cell is changed to a quasi-
divided cell and the substrate and product are protected against
oxidation. Since only catalytic amounts of electric charge have
been used, we regard possible losses in yield due to substrate or
product oxidation to be low.

The phenanthridine’s reduction potential could not be deter-
mined due to solvent decomposition in the respective voltage
range (see ESIT). However, it can be assumed to be more negative
than the reduction potential of the Togni reagent, because no
cathodic reduction was detected in a solution of phenanthridine
3a in acetonitrile (0.1 M Bu,NPF,) below —2 V vs. Fc/Fc'. Sustaining
the radical chain is therefore feasible.

Initial reactions were performed under conditions similar to
the established ones” by reacting 2-isocyano-1,1’-biphenyl 1a

therefore,
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7Y re
BusNPFg (0.1 M)
N
NGt @ 0.12 mA .
charge quantity
1a 3a
No. of faraday Temp. Yield®

Entry 2 (equiv.) per mol Solvent (mM) (°C) (%)
1 1.5 0.00 Dioxane (80) 80 3
2 1.5 0.075 Dioxane (80) 80 66
3 1.5 0.075 Dioxane (40) 80 17
4 1.5 0.075 Dioxane (160) 80 61
5 1.5 0.075 Dioxane (80) 80 65”
6 1.5 0.007 Dioxane (80) 80 6°
7 1.5 0.075 Dioxane (80) 80 56
8 1.5 0.11 Dioxane (80) 80 70
9 1.5 0.075 Dioxane (80) 70 71
10 1.5 0.075 Dioxane (80) 60 6
11 1.5 0.11 Dioxane (80) 70 69
12 2.0 0.075 Dioxane (80) 80 77
13 2.0 0.075 Dioxane (80) 70 53
14 2.0 0.0050 Dioxane (80) 80 5
15 2.0 0.0075 Dioxane (80) 80 23
16 2.0 0.010 Dioxane (80) 80 49
17 2.0 0.025 Dioxane (80) 80 64
18 2.0 0.0075 Dioxane (80) 80 58°
19 2.0 0.010 Dioxane (80) 80 65°
20 2.0 0.075 Dioxane (80) 80 66°

“ Yield determined by 'F-NMR using trlﬂuorotoluene as an internal
standard (reactions run with 0.2 mmol of 1a). ® Bu4NBF4 (0.1 M) as
supporting electrolyte. © Constant current of 0.01 mA. ¢ Reaction performed
under air. ¢ I, (12 mol%) were added.

with 1.5 equiv. of the Togni reagent 2 at 80 °C in dioxane.
Tetrabutylammonium hexafluorophosphate was added to
improve the conductivity (see ESIT for a detailed description
of the experimental setup). The electrolysis was performed at a
constant current of 0.12 mA until an overall electric charge of
0.075 faraday per mol was reached and the desired 6-(trifluoro-
methyl)phenanthridine 3a was obtained in 66% yield (Table 1,
entry 2). In a control experiment without electrochemical
initiation product 3a was formed in traces only (Table 1, entry 1).
Hence, an injected electron induced more than 8 catalytic
cycles before termination of the chain reaction occurred, clearly
documenting its catalytic character. Herein, the exclusive
cathodic reduction of the Togni reagent is assumed. Practically,
a fraction of the current might also be consumed by other
components in the reaction mixture implying an actually
higher number of turnovers.

Further reaction optimization was performed by variation of
the concentration (Table 1, entries 3 and 4) and by using tetra-
butylammonium tetrafluoroborate as supporting electrolyte
(Table 1, entry 5), but the yield could not be improved.
Decreasing the charge quantity to 0.007 faraday per mol did
neither improve the yield nor the number of turnovers per
electron (Table 1, entry 6). However, increasing the charge
quantity to 0.11 faraday per mol afforded a slightly higher yield
(70%, Table 1, entry 8). A similar effect on the yield was noted
upon running the reaction at 70 °C (Table 1, entry 9). In this
case, the increase of the charge quantity did not lead to an
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improved yield (Table 1, entry 11). At 60 °C, yield significantly
decreased (Table 1, entry 10). The highest yield (77%), repre-
senting a turnover number of 10, could be obtained by increasing
the equivalents of the Togni reagent to 2 at 80 °C (Table 1, entry 12).
Decreasing the reaction temperature to 70 °C did not improve the
yield (Table 1, entry 13).

Furthermore, we were interested in the number of turnovers
at the onset of the reaction. Hence, we stopped the reaction
after charge quantities of 0.0050, 0.0075, 0.010, and 0.025
faraday per mol were reached (Table 1, entries 14-17). Surpris-
ingly, in the former case a low yield of 5% is observed.
Increasing the overall electric charge to 0.0075 and 0.010 faraday
per mol, however, leads to significantly increased yields of 23%
and 49%, resembling high turnover numbers of about 30 and 49.
The initial early termination of the chain reaction might be
ascribed to the presence of inhibitors or the low concentration of
formed ortho-iodobenzoate. Addition of iodine (12 mol%) as a
redox mediator further improves the efficacy of the catalytic cycle
at the early stage of the reaction and turnover numbers up to 77
are achieved (Table 1, entries 18 and 19). The yield could not be
improved by this means (Table 1, entry 20).

With the optimized conditions in hand, we additionally
explored the generality of the electrochemical initiation by varying
the isonitrile component (Fig. 3). Trifluoromethylation of 4’-methyl
and 4’-fluoro biarylisonitriles 1b and 1c yielded the corresponding
phenanthridines 3b and 3c in slightly lower yields. 8-Chloro-6-
(trifluoromethyl)phenanthridine 3d was obtained in 75% yield.
Note that also 8-iodo-6-trifluoromethyl)phenanthridine 3e could

R 3a, R =H (77%, 62%?)
3b, R = Me (70%)
3¢, R = F (70%)
3d, R = Cl (75%)
3e, R = (73%)

N~ CF,

3 (79%)

3g, R' = CN (72%)
3h, R' = OMe (69%)
3i, R' = CO,Me (77%)
3j, R' = Si(CHa); (75%)
3k, R’ = CF; (80%)

31, R'=H (77%)

O >

O = N
N

3m and 3m’ (75%, combined yield, ratio 3:1)
o -
N N

3n (67%) 30 (63%)

Fig. 3 Various 6-trifluoromethylphenanthridines 3a—3f prepared under
optimized conditions (isolated yield in bracket). ® Reaction performed at
4 mmol scale (see ESIf for additional information).
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be prepared, despite intermediate formation of the corresponding
radical anion that could also react via fragmentation of the C-I
bond. Obviously, the intermolecular electron transfer to the Togni
reagent is faster as compared to the iodide anion fragmentation. A
high yield (79%) was also achieved for 2-fluoro-6-(trifluoromethyl)-
phenanthridine 3f. Various functional groups like cyanides (3g),
ethers (3h), and esters (3i) are tolerated and the respective phenan-
thridines are obtained in satisfying yields of 72%, 69%, and 77%.
A trimethylsilyl substituted phenanthridine (3j) could also be
prepared in good yield (75%). The highest yield (80%) was observed
for 2-methyl-6,8-bis(trifluoromethyl)phenanthridine (3k) revealing
more than ten catalytic cycles per electron. 2-Methyl-6-(trifluoro-
methyl)phenanthridine 31 was obtained in 77% yield. Reaction of
isonitrile 1m resulted in a 3 : 1 mixture of phenanthridines 3m and
3m’. Substituents in different positions of the isonitrile bearing
arene moiety are also tolerated and 3- as well as 4-methyl-6-
(trifluoromethyl)phenanthridine 3n and 3m were isolated in yields
of 67% and 63%. The results suggest that various functional groups
and substitution patterns are tolerated under the applied reaction
conditions.

To examine the possibility of upscaling the cascade reaction,
we performed the transformation at 4 mmol scale. Using a
modified setup (non-optimized, see ESI{ for additional infor-
mation), phenanthridine 3a could be obtained in 62% yield by
initiation with 0.035 faraday per mol of electrons.

In summary, 6-(trifluoromethyl)phenanthridines were prepared
in good yields by electrochemically initiated trifluoromethylation
of isonitriles. The total electric charge of 0.075 faraday per mol
revealed the catalytic character of the electron, reaching turnover
numbers up to 49. CV measurements support the suggested
mechanism.
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