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ABSTRACT: Electrochemical intramolecular C(sp*)—H cross-coupling and
dehydrogenative indole synthesis were developed. Both reactions were
initiated by anodic oxidation of the same electron-rich indoline moiety, but
the product selectivity was controlled by different electron-transfer
processes. Intramolecular cross-coupling was achieved by the generation of
a strong electrophilic radical cation intermediate in the MeNO,—HFIP—
LiCIO, system. Indole formation was accomplished through benzylic o
oxidation and continuous deprotonation. We applied these reactions to

the total synthesis of natural pyrrolophenanthridone alkaloids.

A- ryl-aryl cross-coupling is a common strategy in total
synthesis and drug discovery.'® In the field of medicinal

chemistry, palladium-mediated cross-coupling is the most
frequently used."® However, Pd catalysts are expensive and
cytotoxic; hence, alternative methods are required. An electro-
chemical method would be a green and clean way to prepare
bioactive compounds, because it can generate unique reactive
intermediates without any oxidants or reductants.” Most
electrochemical aryl cross-coupling reactions are “intermolecu-
lar” coupling reactions (Figure 1A), because the large oxidation
potential (E,,) gap often causes undesired overoxidation or
polymerization.” Homocoupling reactions are easily handled by
electrochemical methods, because of the E , equivalence. To
overcome the E_ difference, a radical cation pool method was
developed under cryogenic conditions.

We featured an “intra-molecular” cross-coupling reaction as a
key synthetic strategy for naturally occurring alkaloids.
Pyrrolophenanthridone alkaloids, isolated from Amaryllidaceae,
have a heteropolycyclic skeleton containing indole and N-
benzoyl moieties. Because of this simple fused structure, many
researchers have targeted these molecules to demonstrate
various synthetic reactions (Figure 1B)."* For instance, Black
and co-workers reported the first total synthesis of hippadine by
stoichiometric Pd-mediated intramolecular cross-coupling and
continuous 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) oxidation of an indoline ring. Boger and co-workers
accomplished the synthesis of hippadine by a pyridazine-

promoted inverse electron-demand Diels—Alder reaction
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(IEDDA). Kerr and co-workers synthesized hippadine and
pratosine by using hypervalent iodine-mediated oxidative
intramolecular cross-coupling reaction and the same DDQ
treatment. Under these conditions, undesired polymerization
was caused by intermolecular reactions. In all cases, a
stoichiometric coupling reagent or oxidant (DDQ) was
necessary for both the cyclization and indole construction steps.

Another reason for the difficulty in electrochemical intra-
molecular cross-coupling reactions is the E , gap between the
electron-rich indoline ring and the relatively electron-deficient
benzoyl moiety (Figures 1B and 3). We demonstrated a metal-
free synthesis of pyrrolophenanthridones by using anodic
oxidation.

First, we screened additives in order to find appropriate
conditions for the electrochemical cyclization reaction (Table
1). Interestingly, additive-dependent product selectivity was
observed (Table 1, entries 1 and 2). An acid additive gave the
desired cyclization (1a), but a base additive gave the indole
product (1b). In the field of energy engineering, electrochemical
dehydrogenative transformation of indoline to indole was
known as the H, gas source.® Herein, we demonstrated
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A. Electrochemical Strategies for "Inter"molecular Cross-Coupling
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Figure 1. (A) Various approaches for electrochemical cross-coupling.
(B) Difficulty of the intramolecular coupling reaction.

practical example of this reaction in organic synthesis.
Furthermore, replacement of DDQ_oxidation with a greener
and cleaner way is a valuable task in indole synthesis;” thus, we
optimized both reactions.

Next, we optimized the solvent—electrolyte system. In
previous studies, we found the nitromethane—lithium per-
chlorate system was a suitable medium for radical cation-
mediated reactions. " Raman spectroscopy revealed that the
radical cation species was stabilized by the low donor number of
MeNO,, and the Lewis acidic lithium cation increased the
reactivity of the radical cation by trapping the counteranion
species (the perchlorate anion, ClO,”) through solvent
clustering formation.®® 1,1,1,3,3,3-Hexafluoro-2-propanol
(HFIP) was also employed for the oxidative coupling reaction
for the same reason.”® However, these solvent systems were
poorly effective for the cyclization reaction (Table 1, entries 3—
5). Recently, we found that the reaction efficacy of electro-
chemical reactions was affected by an ionic interaction between
the radical cation and counteranion species (Figure 2A).° The
electrophilicity of the radical cation was decreased by anionic
species, such as C1O,~ derived from LiClO,. The anionic species
was trapped by HFIP through strong hydrogen bonding,
enhancing the reactivity of the radical cation. Thus, we tried a

Table 1. Additive Effect for Product Selectivity and
Optimization for Anodic Cyclization and Indole Synthesis

MeO oM .
°Q__OMe  0.08 mA/cm?, RT “ome . M ome

Solvent-Electrolyte O ;

o) 50 mM Additive

[o]

0

Indole product

—_— >
N (+)PPH() N
@ 2.6 F (Entry 1-10) O
5.2 F (Entry 11-20)
N-Bz Indoline (1) Cyclized product

0.1 mmol (10 mM) (1a) (1b)
electrolyte ield
entry solvent (concentration) additive %]“
1 MeCN Bu,NCIO MsOH 8 (1a)
(0.01 M
2 MeCN Bu,NCIO 2,6-lutidine 30
(0.01 M (1b)
Cross-Coupling Reaction
3 MeNO, LiClO, (1.0 M) MsOH 14
(1)
4 HFIP LiClO, (0.1 M) MsOH 20
(1a)
s HFIP Bu,NCIO, (0. MsOH 7 (1a)
M)
6  MeNO,— LiClO, (0.1 M) MsOH 65
HFIP (9:1) (1a)
7°  MeNO,— LiClO, (0.1 M) MsOH 46
HFIP (9:1) (1a)
8  MeNO,— LiClO, (0.1 M) MsOH 56
HFIP (9:1) (1a)
9  MeNO,— LiClO, (0.1 M) TfOH 44
HFIP (9:1) (1a)
10 MeNO,— LiCIO, (0.1 M) MsOH (100 mM) 82
HFIP (9:1) (1a)
Indole Synthesis
11 TFE Bu,NCIO, 2,6-lutidine N.D.
(0.01 M)
12 DMF Bu,NCIO, 2,6-lutidine 13
(0.01 M) (1b)
13 MeCN Bu,NCIO, (0.1  2,6-lutidine 27
M) (1b)
14 MeCN Bu,NCIO, Cs,CO;, trace
(0.01 M) (1b)
15 MeCN Bu,NCIO t-BuOK N.D.
(0.01 M
167  MeCN Bu,NCIO, piperidine 2 (1b)
(0.01 M)
17 MeCN Bu,NCIO, collidine 50
(0.01 M) (1b)
18  MeNO,— LiClO, (0.01 collidine 25
HFIP (9:1) M) (1b)
19  MeCN NaClO, (0.01  collidine 16
M) (1b)
20°  MeCN

Bu,NCIO, (0.1 collidine-MsOH 61

M) (200 mM—100 mM)  (1b)
“Determined by 'H NMR, using pentafluorobenzaldehyde as an
internal standard. *GC anode was used instead of Pt. “Reaction was
performed at 0 °C. “Polymer-supported piperidine (3—4 mmol/ g)
was used in a concentration of 1 M. “Constant potential (+1.6 V vs
Ag) was used.

MeNO,—HFIP mixed solvent, which improved the coupling
yield as expected (Table 1, entry 6). Replacement of the Pt
anode with glassy carbon (GC) did not improve the yield (Table
1, entry 7). This result indicated that the substrate accumulated
on the sp’ surface of the GC electrode, and an undesired
polymerization reaction was promoted.7 Low temperatures were
also ineffective (Table 1, entry 8). Generally, temperature is an
important factor for cyclization reactions. For example, it is
known that the rotamer population of N-benzoyl indoline has a
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Figure 2. Plausible mechanism of (A) intramolecular cross-coupling and (B) indole synthesis.

tendency to favor the trans-conformer at low temperature.” For
this reason, Pd-mediated intramolecular cross-coupling requires
a high temperature (120 °C) to form the desired cis-conformer.
Despite these rotamer problems, our electrochemical cyclization
smoothly occurred at room temperature. Changing the MsOH
additive to TfOH was also ineffective (Table 1, entry 9). We
thought the cathodic-generated base (electrogenerated base,
EGB) was important for deprotonation from the dication
intermediate (Figure 2A). The acidity of TfOH (pK, = —14) is
stronger than that of MsOH (pK, = —2.6), but the basicity of the
corresponding anion (TfO~) is weaker than that of MsO™.
Moderate basicity of EGB is probably needed for deprotonation.
Note that AcOH (pK, = 4.76) and trifluoroacetic acid (pK, =
—0.25) gave trace yields. This indicates that the reactivity of the
radical cation could also be decreased by solvation with the
corresponding anion, such as acetate. Methanesulfonate anion is
suitable for the cross-coupling reaction, because of its weak, but
sufficient, basicity. Finally, we determined that increasing the
acid concentration was effective (Table 1, entry 10).

Next, the indole synthesis reaction was optimized (see Table
1). Trifluoroethanol (TFE) and dimethylformamide (DMF)
were not suitable for this reaction (Table 1, entries 11 and 12),
and increasing the electrolyte concentration was also ineffective
(Table 1, entry 13). Inorganic and polymer-supported bases
were not suitable (Table 1, entries 14—16). The MeCN—
Bu,NCIO, system gave the best yield, while the MeNO,—HFIP
system and inorganic electrolytes did not work well (Table 1,
entries 17—19). Under these conditions, high voltage (between
+2.5 V and +6.0 V) and overoxidation of indole were observed.
To solve this problem, we used a collidine-MsOH (2:1) mixture
(Table 1, entry 20), and the yield was improved. Protonated
collidine acted as a sacrificial reagent in the cathodic reduction,
and low voltage (+1.6 V) was maintained throughout the
electrochemical reaction.

We performed mechanistic studies on both reactions by
means of cyclic voltammetry (see Figure 3, as well as Figures
S1—S4 in the Supporting Information). The reduction waves of
la and 1c were not observed, indicating that overoxidation and
polymerization easily occurred on the electrode surface. The E
value of cyclized product 1a was similar to that of substrate 1, but
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Figure 3. Cyclic voltammogram of 1 and its moieties (2 mM) in
MeCN—Bu,NClO, (0.05 M). Scan rate = 10 mV/s.

the yield of the intramolecular cross-coupling reaction was high.
The basicity of the nitrogen lone pair was increased by structural
strain-induced delocalization breakage of the sp* amide plane,”
and it was indicated by the R;value on TLC (see Figure S$ in the
Supporting Information). This suggests that the interaction of
the amide nitrogen of 1a with the Lewis acid is stronger than that
of 1. The Lewis acidity of the Li cation derived from LiClIO, is
stronger than the tetrabutylammonium cation. A Lewis acidic
lithium cation is an important factor to increase the E_, value of
the cyclized product and suppress undesired overoxidation. To
support this hypothesis, the coupling yield is dramatically
affected by supporting electrolytes (Table 1, entries 4 and S).
For indole synthesis, a neutral benzyl radical (e) is generated
from radical cation (a) via base-mediated deprotonation (Figure
2B). Continuous anodic oxidation and a second deprotonation
from the N-a position give the corresponding indole.

We applied these reactions to the total synthesis of
pyrrolophenanthridone alkaloids (see Scheme 1). The simple
pyrrolophenanthridones—oxoassoanine (la), pratosine (1c),
anhydrolycorinone (2a), and hippadine (2b)—were synthe-
sized from the corresponding 3,4-dimethoxy or 3,4-methyl-
enedioxybenzoyl indolines in one or two steps.

Pratorinine (1d) and pratorimine (1e) were isolated from the
Crinum species.'°*" These compounds exhibit cytotoxic activity
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Scheme 1. Total Synthesis of a Series of Pyrrolophenanthridone Alkaloids
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toward T-cell leukemia and sarcoma cell lines.'* (Please note
that the authors of refs 10e and 10f confuse pratorinine with
pratorimine.) Pelletier and co-workers revised the early
suggested structures of these compounds and accomglished
the synthesis of pratorimine via Pschorr cyclization.'’*" Since
these compounds have phenolic OH groups at vanillyl or
isovanillyl moieties, we first screened O-protecting groups to
prevent anodic generation of reactive phenoxonium cation
species (compounds S1d and Sle). When using benzyl (Bn)
and acetyl (Ac) protection, these were easily decomposed under
electrochemical conditions before cyclization. Unfortunately,
electrochemical cyclization of nonprotected N-vanillyl indoline
gave a poor yield. Finally, we tried regioselective demethylation
of pratosine to synthesize the phenolic pyrrolophenanthridones.
Treatment with AICl; worked well for para-selective demethy-
lation,"" and the first synthesis of pratorinine was accomplished.
Hippacine (1f)'°¢ was also synthesized via BBry-mediated full
demethylation for the first time.

Kalbretorine (6c) was isolated from Haemanthus kalbreyeri. It
possesses antitumor activity toward mouse sarcoma cell line (S-
180).'"" We originally planned a formal total synthesis, followed
by Miki group synthesis."” However, detailed experimental
procedures were not provided in their report, so we designed our
own synthetic route to kalbretorine from 2,3,4-trimethoxyben-
zoyl indoline (3). After full demethylation of 3, regioselective
protection of the trihydroxy benzoyl group was accomplished by
triethyl orthoformate. Note that direct methylenation failed
because of low regioselectivity and difficulty of isomer
separation. Subsequent O-methylation, deprotection, and
methylene protection were smoothly achieved, and kalbretorine
precursor 6 was prepared. Continuous anodic cyclization and
indole formation gave O-methyl kalbretorine (6b). After final
demethylation, the desired kalbretorine was synthesized in a
total of nine steps from indoline.

In conclusion, we established metal-free electrochemical
intramolecular cross-coupling reactions by using the MeNO,—
HFIP-LiClO, system as a strong enhancer for radical cation
reactivity. A DDQ-free dehydrogenative anodic indole synthesis

was also achieved through a different base-mediated reaction
pathway. Seven naturally occurring alkaloids were synthesized
via these reactions.
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