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Abstract: Mildly thermal air or HNO3 oxidized activated car-

bons catalyse oxidative dehydrogenative couplings of ben-
zo[b]fused heteroaryl 2,2’-dimers, e.g. , 2-(benzofuran-2-yl)-
1H-indole, to chiral 3,3’-coupled cyclooctatetraenes or carba-

zole-type migrative products under O2 atmosphere. DFT cal-

culations show that the radical cation and the Scholl-type

arenium cation mechanisms lead to different products with
2-(benzofuran-2-yl)-1H-indole, being in accord with experi-
mental product distributions.

Introduction

Carbocatalytic conversions cover a wide range of acid cata-

lysed reactions and oxidative transformations. For example,
acidic or redox centres embedded in the carbon matrix are

known to catalyse reactions such as substitutions, additions,
(de)hydrations, (de)hydrogenations, and couplings of organic

aryl substrates.[1] In many reported carbocatalysed C@C bond
forming reactions the net reaction, i.e. , oxidative dehydrogena-
tive (ODH) conversion, has been reported to proceed via acid

catalysed, Friedel–Crafts (FC) type mechanism.[2] Furthermore,
we[3a,b] and others[4] have demonstrated that carbocatalytic

aryl–aryl couplings can proceed through a SET-based process
as well.[3a] We concluded in our recent experimental—compu-
tational study that in carbocatalysis both mechanisms can op-
erate depending on the substrate and used catalyst.[3b] The re-

action mechanisms, however, cannot always be easily distin-
guished. Abundantly, this has been shown by diverse transition
metal (TM), molecular quinone, and other oxidant, mediated
ODH-aryl couplings, which are known to proceed either

through arenium cation (ac)[5] (Scholl reaction) or radical cation
(rc)[6] pathways.[7]

Our research group has recently been developing new car-

bocatalytic synthetic methods for ODH aryl–aryl couplings that
can be utilised instead of TM mediated analogues. Importantly,

the difficultly accessible cycloocta-1,3,5,7-tetraenes (COTs) re-
cently captured our interest when we managed to catalyse the

synthesis of tetraindole COT via Au/C catalytic cascade reaction
from 1,4-bis-(o-aniline)butadiyne (Figure 1 c).[3c]

Figure 1. Selected one-pot accesses to heteroaryl fused COTs.
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Differently substituted COTs have been synthesised via dif-
ferent TM mediated reactions,[8–10] but, nevertheless, the proto-

cols for heteroarene based COT synthesis remain scarce. This is
surprising since COTs have unique molecular properties,[11, 12]

are present in natural products,[13] and have potential use in
future material chemistry applications.[14] Inspiringly, Fries and
Pfaffendorf reported a one-pot tetramerization protocol of
3(2H)-benzofuranone to tetrabenzofuran COT (Figure 1 a),[15a]

for which the structure was later verified by Bergman and
Egestad.[15b] Analogously, Hiyoshi and co-workers discovered a
one-pot metal-free tetramerization of 5-bromoindolin-2-one to
C2v-symmetric tetraindoles with POCl3 in chlorobenzene,[16a]

while equivalent methodology in neat POCl3 afforded unsubsti-

tuted analogues (Figure 1 a).[16b,c] Both tetraindoles were re-
ceived in modest yields (5.5 %–16 %). For a comparison, Yama-

guchi and co-workers developed a high-yielding (72–84 %)

thermal 8p-electrocyclic protocol for thiazole fused COTs.[17] In
this reaction, a terminal Br leaving group and high tempera-

tures (+260 8C) were necessary to trigger the COT-cyclization
(Figure 1 b). The drawback of this method is the laborious syn-

thesis of the mono-halogenated quaterheteroaryl substrates
that requires eight steps with an overall yield of 16 % in the

case of quaterheteroaryl in Figure 1 b.[17]

We have previously demonstrated that oxidised activated
carbon (oAC) can be utilised as a catalyst in the ODH C@C ho-

mocoupling reaction of different (hetero)aryls.[3] The aryl–aryl
ODH C@C-couplings[7] are generally considered to operate via

reaction mechanism involving an rc[6] or an ac[5] as the key in-
termediate. We previously concluded[3b] that both the mecha-

nisms are energetically close to each other and, therefore, can

co-exist. As a result, the operative mechanism strongly de-
pends on the redox potential and the proton affinity of the

quinoidic catalyst and the substrate. Thus, we reasoned that
we could utilise oxidative carbocatalysis and build the quater-

heteroaryl derivatives in situ from the 2,2’-dimers (Figure 1 d)
and cyclize them to the corresponding COTs. As a research

premise, we chose to first investigate the plausible reaction

mechanisms and use the information to guide us in the reac-
tion development. Herein, we report the mechanism-based

method development for the synthesis of different COT tetra-
heteroaryls and the effect of different mechanisms to the reac-
tion outcome.

Results and Discussion

Electrocyclization and dearomatization

First, we inspected the computational activation free energy

for the 8p-electrocyclization of the quaterheteroaryl dimer 2 a
derived from the 2-(benzofuran-2-yl)-1H-indole monomer 1 a.

We chose 1 a as the model compound because it can be readi-

ly prepared by a two-steps synthesis (SI). Unfortunately, the ac-
tivation free energy barrier for the neutral Mçbius aromatic C@
C bond formation step TS3 was too high in energy for the re-
action to be conducted at typical temperatures used for organ-

ic synthesis : 36.7 kcal mol@1 (Figure 2 and Supporting Informa-
tion). This is in line with what was previously reported for thia-

zoles by Yamaguchi.[17] In addition, Yamaguchi and co-workers
have demonstrated that oxidation of one or more of the thio-

phene rings in thiophene-fused bisdehydro[12]annulene to
thiophene-S,S-dioxides dearomatizes the heteroaryl and pro-

motes the 8p electrocyclization.[18] Since the reaction condi-
tions of our carbocatalysis are both oxidising and acidic,[3] we

inspected whether one-electron oxidation or protonation of

the quaterheteroaryl could achieve similar dearomatization
effect and accelerate the reaction rate (Figure 2).

Indeed, one-electron oxidation (2 a–rc, Figure 2) reduced the
ring-current strength in the pyrrole subrings from 10.9 to

5.6 nA/T while the protonation of one of the furan-rings (2 a–
ac) lowered the ring-current strength in the furan-ring and one

pyrrole-ring from 10.8 to 7.4 nA/T and from 10.9 to 8.3 nA/T, re-

spectively. Subsequently, the activation free energy barriers for
the C@C bond formations were lowered by 16.3 and 15.5 kcal

mol@1 compared to TS3 for TS1 and TS2, respectively. This led
us to the conclusion that it is possible to improve the previous

carbocatalytic methodology for COT synthesis[3c] with oAC and
molecular acid additives since our recent studies have indicat-

ed that acid additives increase the oxidative power of qui-
nones[5, 19] and protonate the substrate.[3b] This could lead to a
significant broadening of the substrate scope and new COT

substrates.

Catalyst screening

We started our study by screening several carbon materials for

the desired ODH catalysis, using 1 a as the model substrate
and the reaction conditions we previously applied for oAC cat-

alysed homocouplings of benzo-fused heterocycles:[3a] 224 mg
of oAC per 1 mmol of SM under O2 atmosphere in toluene at

90 8C (Table 1). We tested first HNO3 oxidized AC (oAC-HNO3)[3a]

and isolated the homocoupling product 2 a exclusively in a

Figure 2. Different mechanisms for C@C bond formation in quaterheteroaryl
2 a and the activation free energies. Left : rc C@C bond formation, centre: 8p

electrocyclization, and right: ac C@C bond formation. Ring current suscepti-
bilities in nA/T. See Supporting Information for further details.
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high yield of 80 % (entry 1). Promisingly, almost as high yield of
2 a (75 %) was obtained with thermally air oxidized and under

argon decarboxylated AC (oAC-air(D))[20] (entry 3) under the
same conditions. Surprisingly, when 3 equiv of methanesulfon-

ic acid (MsOH) was used with oAC-HNO3, a high 79 % yield of
an unexpected cyclized 6-ring dearomatized product 4 a with a

migrated benzofuranyl group was received (entry 2). A variety

of indole transformation methods based on dearomatization
have been reported in the literature,[21] but, however, the acid

co-catalysed oxidative conversion involving aryl migration is
thus far unreported and will be studied in detail elsewhere. Fi-

nally, after screening both oAC catalysts with various loadings
of catalyst and MsOH while varying time (see Table S2, Sup-

porting Information), the increase of both oAC-air(D) (5 equiv)

and MsOH (5 equiv) delivered gratifyingly a 58 % isolated yield
of the desired COT-product 3 a (entry 4).

In addition, we studied several different carbon-based heter-
ogeneous catalysts and homogeneous oxidants that we and

others have found highly suitable for similar reactions
(Table 1). A catalytic trial with graphene oxide (GO)[3b] delivered

only the migratory product 4 a in a 16 % yield (entry 6). Charac-
teristically, GO has a higher amount of carboxylic groups than
carbonyl groups and it is often utilized as an acid catalyst in,

e.g. , FC type reactions.[2, 22]

Recently, we have demonstrated that HNO3-oxidized carbon

nanotubes (oCNTs) can successfully catalyse various intra- and
intermolecular ODH couplings.[3b] However, for substrate 1 a,

oCNT with MsOH additive delivered a mixture of 2 a, 3 a, and

4 a, with 24 %, 9 %, and 7 % yields, respectively.
Previously, molecular quinones such as 2,3-dichloro-5,6-di-

cyano-1,4-benzoquinone (DDQ),[23] 9,10-phenanthrene-quinone
(PQ), and anthraquinone (AQ), have been used to mimic the

C=O/(carbonyl/ quinone) active site of carbocatalysts.[3b, 24] In
our hands, AQ with 1 equiv of MsOH gave the highest yield

(2 %) of monocoupled product 2 a (Table 1, entry 9). Mean-
while, PQ coupled with 1 a’s indole C3-position (Table 1,
entry 8) yielding a dehydrated product, 10-(2-(benzofuran-2-yl)-
1H-indol-3-yl)phenanthren-9-ol (S2, Supporting Information).
Similar couplings between indoles and quinones have been
previously reported with Lewis-acid catalysis at elevated tem-

peratures or by photochemical reactions (SI).[25] Surprisingly,
DDQ decomposed 1 a completely in 1.5 h (entry 10).

In addition to DDQ,[21] iron(III) chloride (FeCl3) is known to
catalyse both Scholl-type couplings,[7] and indole homocou-
plings under oxygen atmosphere.[26] Here, however, FeCl3

(0.1 equiv) monocoupled 1 a to 2 a with a 53 % yield, but failed
to give any COT or migration product (entry 11 in Table 1).

Since molecular quinones in acidic conditions (entries 8 and
9, Table 1) failed to promote the formation of products 3 a and

4 a, we hypothesised that the carbon surface helps to stabilise

the different reactive species during catalysis. Thus, we added
non-oxidized, demetallized AC (2 equiv = 448 g mol@1 (of SM))

to the reaction mixture with PQ (1 equiv) and MsOH (1 equiv)
and after running reaction for 24 h at 90 8C under air we re-

ceived 3 a and 4 a in 32 % and 3 % yields, respectively
(Figure 3). Lowering the AC loading to 1 equiv (224 g mol@1 (of

SM)) produced higher conversion but also higher decomposi-

tion of SM (96 % conversion but overall 30 % yield), with 3 a
and 4 a in 20 % and 10 % yield, respectively. The use of a

0.5 equiv (112 g mol@1 (of SM)) loading of AC delivered no 3 a
and 4 % of 4 a with modest 35 % conversion of SM. Interesting-

ly, with 1 equiv loading of AC and MsOH and replacing PQ
with AQ delivered 4 a and 3 a in 16 % and 13 % yield, respec-

tively. Control reactions demonstrated that AC, PQ, and AC

supported PQ did not catalyse the reaction, while MsOH with
AC (224 g mol@1 (of SM)) was able to deliver some conversion

of 2 a to 3 a and 4 a, 12 % and 8 %, respectively. This back-
ground reaction took place probably due to some residual

oxygen containing functional groups in AC.[20] Nevertheless, it
seems that unmodified AC has a beneficial effect for the reac-
tions carried out with molecular quinones by stabilization of

substrates, intermediates, or products. This may arise either
from functional groups in the carbon material or p-stacking in-
teractions of the graphitic surface with the reactive species.[27]

Overall, the optimization of reaction conditions shows that

the developed oAC-catalysts are far superior for coupling of

Table 1. Screening of carbocatalysts and molecular quinones.

Entry Catalyst/reagent
(equiv)[a]

MsOH
(equiv)

t (h) Yield[b] (%)
2 a :3 a :4 a

1 oAC-HNO3 (1) 0 24 80:0:0
2 oAC-HNO3 (3) 3 5 0:0:79
3 oAC-air(D) (1) 0 24 75:0:0
4 oAC-air(D) (5) 5 1.3 0:58:0
5 oAC-air(D) (5)[c] 5 1.3 0:11:0
6 GO[d] (1) 1 4.5 0:0:16
7 oCNT[e] (5) 5 5 24:9:7
8 PQ (1)[f] 1 20 –
9 AQ (1) 1 24 2:0:0
10 DDQ (1) 0 1.5 –
11 FeCl3 (0.1) 0 23.5 53:0:0

[a] Catalyst equiv = 224 g mol@1 (of SM). [b] Isolated yield after flash
column chromatography. [c] Under Ar. [d] Few Layer modified Hummer’s
(Cheaptubes.com). [e] ref. [3b]. [f] Substrate reacted with PQ (S2 in Sup-
porting Information).

Figure 3. Control tests to explore the stoichiometric quinoidic reactivity of
2 a in presence of AC (1 equiv = 224 g mol@1 (of SM)), PQ or AQ (1 equiv)
and MsOH (1 equiv) performed under air.
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highly sensitive benzofused heteroarenes in comparison to the
other tested catalysts and oxidants, such as FeCl3 and DDQ.

The X-ray photoelectron spectroscopy (XPS) analysis of the re-
covered carbon material indicated that quinoidic content was

retained during the reaction and thus supports the catalytic
nature of the oACs (see Table S4, Figure S4). Additionally,

under argon atmosphere only 11 % of 3 a could be obtained
(entry 5) in otherwise standard reaction conditions. Intriguingly,

the course of reaction is so delicate that different distributions

of COT and migration products were obtained by combina-
tions of oAC-air(D) and oAC-HNO3 with the acid additives.

Interestingly, Nakayama and co-workers[28] have recently
demonstrated how intramolecular hydrogen bonding (HB) in

anthraquinone derivatives effectively inhibits intermolecular HB
between the carbonyl and HB donors. The striking difference

between the oAC-air(D) and oAC-HNO3 is that the latter has

acidic HB donors abundantly present in the material that can
disfavour intermolecular HB and make the protonation of the

substrate more favourable. On the other hand, in oAC-air(D),
the acidic HB donors are removed from the material by heat-

treatment:[20] this subsequently can favour HB between the
carbonyl groups of the material and MsOH and disfavour pro-

tonation of the substrate.

Computed reaction mechanisms

To understand the effect of the catalyst on the product selec-

tivity, i.e. , how oAC-air(D) catalyses the transformation from 1 a
to 3 a (entry 4 in Table 1) while oAC-HNO3 catalyses the trans-
formation from 1 a to 4 a (entry 2 in Table 1), we investigated

computationally how both products are formed via the rc and
ac reaction mechanisms at DFT level in toluene. We recently

found[3b] that ortho-benzoquinone (o-BQ) and AQ serve as
good model structures for carbocatalysts with different redox

potentials and proton affinities and were, therefore, used for

further investigations. The control reactions with PQ and AQ
(see Table 1 and Figure 3) demonstrated that molecular qui-

nones can be used as models for the oACs.
The model quinones are protonated in intermediate A

(Figure 4), which facilitates the comparison of proton affinities
between the quinonium cation and heteroarene system. Also,
the acid additive promotes the oxidative power of the qui-
nones.[6] The absolute protonation energetics, however, highly

depend on the stability of the conjugate base, while at the
same time the anion stabilization effects of the carbon material
are difficult to model. Thus, protonated quinonium cations are

used instead of explicit MsOH. Mechanisms with higher activa-
tion free energies, for example, the rc 6-ring formation, are

presented in Supporting Information.
The computed activation free energies for both pathways

are shown in Figure 4. TS1 is the selectivity determining transi-
tion state for rc mechanism and TS2 correspondingly for the
ac mechanism. These routes compete and thus the operating

mechanism should be the one with a lower activation free
energy, TS1 or TS2. The o-BQ model catalyst is capable of oxi-

dizing substrate 2 a exergonically driving the selectivity to-
wards 8-ring product 3 a while the other pathway is not ener-

getically as feasible. The AQ catalyst, however, protonates the

substrate exergonically and drives the selectivity towards the
6-ring product 4 a. The model thus explains how oAC-air(D)

and oAC-HNO3 catalysts can yield different products, as the
electron affinity and proton affinity of the quinoidic catalyst

determines the operative mechanism and the observed prod-

uct selectivity.

Substrate scope

Next, we screened couplings of other benzofused heteroaryl
dimers with oAC catalysts (Table 2). With 2,2’-biindole 1 b, the

COT 3 b was isolated after 24 h in a 42 % yield with only

1 equiv of oAC-air(D) as catalyst (entry 1). Using MsOH as addi-
tive decomposed 1 b. Without an excess of acid additive, sub-

strate 1 c exhibited similar selectivity than 1 a : 1 equiv oAC-
air(D) and 0.5 equiv of MsOH delivered an 85 % isolated yield
of 2 c (entry 2). With 2 equiv of both oAC-air(D) and MsOH, a
41 % yield of migration product 4 c was received (entry 4). In
addition, a small amount of 3 c (2 %) was received after 6 h

when the loading ratio was changed to 5:2 (entry 3).
Beyond the indole derivatives, both 2,2’-bibenzofuran 1 d

and 2,2’-bibenzothiophene 1 f have been monocoupled to the
respective dimers 2 d in 35 % (entry 6) and 2 f in 37 % (entry 8)
yields. With a high 5 equiv loading of 1:1 oAC-HNO3/MsOH
mixture, 1 d was successfully cyclized to COT 3 d in a 22 %

yield (entry 5) whereas 1 f did not yield any cyclized products

under the same conditions (entry 8). The 2,2’-benzo[b]furan-
benzo[b]thiophene COT product 3 e, instead, was isolated in a

36 % yield from 1 e (entry 7).

Figure 4. Gibbs free energy profiles for rc 8-ring formation (to left) and ac 6-
ring formation (to right) for 2a. Free energies are balanced with o-BQ (solid
blue lines with squares) and AQ (dashed red lines with circles). Thick line is
favoured and thin line disfavoured mechanism. All free energies are based
on PW6B95-D3/def2-TZVPD//PBE0-D3/def2-TZVP level.
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COTs’ properties

In principle, the highly sterically strained COTs can exhibit

enantiomericity with combination of R,R ; S,S ; R,S stereocentres.

For 3 a, we resolved the enantiomers, measured electronic cir-
cular dichroism and computed the spectrum for the Ra,Ra

enantiomer (Figure 5), see Supporting Information for details.
Additionally, the single crystal structure of 3 d shows the dis-

torted tube-conformation of the COT (R*,R*-enantiomer,
Figure 5).

The cyclic voltammetry experiment in Figure 6 revealed two

consecutive reversible one-electron oxidations at 0.14 and
0.37 V (vs. Fc/Fc+) for COT 3 a. In the dicationic state of 3 a the

central COT ring is aromatic (see SI), as has been also reported
in literature for other COT-structures.[29]

Conclusions

In summary, C=O rich oAC materials (oAC-HNO3 and oAC-

air(D)) were prepared and a carbocatalytic cascade method
was devised to synthesize sterically distorted benzofused het-

eroaryl cyclooctatetraenes or 6-ring cyclized partially dearomat-

ized migration product from couplings of benzofused hetero-
aryl dimers. The starting materials can be prepared by estab-

lished synthetic methods, and both the step-economy and
overall yields were improved compared to other metal-free

state-of-the-art synthesis of analogous COTs. The developed
carbon materials exhibited enhanced catalytic performance

compared to other carbon materials as well as to all tested ho-

mogeneous oxidants. Significantly, the different preparation
methods of the catalytic carbon materials alter their surface

properties and thus influence the reaction pathway. Our com-
putational results rationalize the product selectivity of the two

oAC based on the mechanism. The coexistence of the rc and
ac (Scholl-reaction) mechanisms was confirmed as the former

selectively yields the COT and the latter the migration product.

We anticipate that the developed method can be applied to
synthesis of other sensitive substrates as well and we are cur-

rently pursuing this in our laboratory. Particularly, role of the
graphitic surface and residual functional groups in oxidative
catalysis with oxidized carbon materials deserves more in-
depth studies.

Experimental Section

Methods and materials

All reactions with AC were carried out in a Teflon capped vial
equipped with a magnetic stirring bar under O2 atmosphere. Reac-
tions were monitored with thin layer chromatography (TLC) with
SiO2 on aluminium coated plates. Mixtures of EtOAc and n-hexane
(from 1:4 to 1:1) were used as eluents. All oAC-catalysts were pre-
pared from the same batch (Lot. H2430) of AC (100 mesh) ob-
tained from Fluka. The catalytic activity of oACs was tested with
the homocoupling reaction of 2-phenyl-indole as a standard
(Table S1) to control the possible batch variability. NMR yields were
measured with a Bruker 500 spectrometer using 1,3,5-trimethoxy-

Table 2. Carbocatalysed coupling reactions of benzofused biheteroaryls.

Entry 1 X@Y oAC-HNO3/
air(D)Cat (equiv.)[a]

MsOH
(equiv)

T
(8C)

t
(h)

Yield[b]

2 x–4 x

1 1 b NH@NH air(D) (1) – 90 24 42 % 3 b
2 1 c NH@S air(D) (1) 0.5 90 24 85 % 2 c
3 1 c NH@S air(D) (5) 2 90 6 2 % 3 c
4 1 c NH@S air(D) (2) 2 90 16 41 % 4 c
5 1 d O@O air(D) (5) 5 90 24 35 % 2 d
6 1 d O@O HNO3 (5) 5 70 17 22 % 3 d
7 1 e O@S HNO3 (5) 5 90 17 36 % 3 e
8 1 f S@S HNO3 (3) 3 90 24 37 % 2 f

[a] Catalyst equiv = 224 g mol@1 (of SM). [b] Isolated yields after flash
column chromatography.

Figure 5. Above: X-ray crystal structure of tetrabenzofuran COT (3 d). Below:
Experimental and computed (ADC(2)/def2-TZVPPD) electronic circular di-
chroism spectra of 3 a enantiomers.

Figure 6. CV obtained on GCE in a 0.10 m NBu4PF6 solution in acetonitrile
under Ar. Scan rate: 0.5 V s@1.
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benzene dissolved in [D6]DMSO in a sealed capillary as an external
standard. The crude products were dissolved in a measured
amount of solvent and analysed with proton spectra. All the other
NMR spectra were recorded on Varian 300, Bruker 400, and Bruker
500 spectrometers. High resolution mass spectra (EI+) were mea-
sured with MS JEOL JMS-700. Electrochemical tests were per-
formed at room temperature using an Interface 1000 electrochemi-
cal workstation (Gamry Instruments). The set-up cell used for the
experiments was a three-electrode system consisting of a platinum
coil as the counter electrode, a Pt wire as pseudo-reference elec-
trode with Fc/Fc+ as an internal standard and a glassy carbon elec-
trode as a working electrode.

Computational details

Density functional theory (DFT) level computations were carried
out with TURBOMOLE 7.3[30] and ORCA 4.1[31] program packages.
TURBOMOLE was used for geometry optimisations, calculation of
vibrational frequencies, and final single-point energies, whereas
ORCA was used for transition state search. Lowest energy conform-
ers and protomers were searched for using CREST[32] and GFN-
xTB.[33] Structures were optimized with a dispersion corrected
hybrid density functional, PBE0-D3,[34, 35] using def2-TZVP[36] basis
sets. Final single-point (sp) energies were calculated with PW6B95-
D3[37] hybrid functional utilizing diffuse triple-zeta basis sets, def2-
TZVPD.[38] The vibrational frequencies were computed on same
level of theory as the geometries. The multipole accelerated resolu-
tion-of-identity approximation for the Coulomb term[39] was used
with TURBOMOLE with the corresponding auxiliary basis sets.[40]

The grid m4 and default convergence criteria of 10@7 and 10@6

were used for density and energy, respectively. COSMO[41] solvation
model was used in all structure optimizations with dielectric con-
stant of toluene (2.38), and for final energies using COSMO-RS sol-
vation model in COSMOtherm19 program package[42] with BP_
TZVPD_FINE_19.ctd parameter file based on BP86[43]/def2-TZVPD
computational level. The Gibbs free energies in solution were cal-
culated according to published protocol: G = Egas(SCF) + c.p. +
Gsolv,

[44] where Egas(SCF) is the sp-energy in gas-phase at current
level of theory, c.p. is the chemical potential calculated using the
qRRHO approximation by Grimme,[45] and Gsolv is the solvation free
energy of each species in toluene. All thermodynamic functions
were calculated at 298.15 K and vibrational frequencies were used
without scaling. The reference state for Gibbs free energies at
room temperature is 1 bar of ideal gas and 1 mol of liquid sol-
vent.[44]

The electronic circular dichroism (ECD) spectrum of (Ra,Ra)-3 a was
simulated at the ADC(2)[46] level using the def2-TZVPPD[36, 38] basis
sets on a geometry optimized at PW6B95-D3/def2-TZVP level in 2-
propanol (17.9). We computed 40 vertical excitation using the re-
duced-virtual-space (RVS) approach with an energy threshold of
60 eV, which resulted in 846 frozen virtual orbitals in addition to
the 36 frozen core orbitals.[47, 48] The CD spectrum was simulated
by using the computed oscillator strengths as peak heights for the
computed excitation energies, and by applying Gaussian broaden-
ing from following Equation (1):[49, 50]

f ðEÞ ¼ 1

s
ffiffiffi
p
p

X
i

E0i
r0i

exp½@ððE @ E0i
Þ

s

2

A ð1Þ

where Ei are the calculated excitation energies, Ri are the calculated
oscillator rotary strengths, and a s of 0.2 eV was used. The intensity
of the experimental spectrum was scaled to same intensity as the
simulated one.

The ring current susceptibilities (in nA/T) have been calculated
using the GIMIC method[51, 52] for the optimized molecular struc-
tures. The ring currents have been calculated at the B3LYP[53] level
using the def2-TZVP basis set. For the closed shell molecules, the
prerequisite NMR calculations were done using Turbomole 7.41[30]

and for the radicals, the prerequisite NMR calculations were done
using Gaussian16.[54] The ring currents were calculated at specific
bonds by placing an integration plane across the bond halfway be-
tween the atoms. The integration plane goes from the midpoint of
the ring and 10.0 bohr outside the ring. The integration plane is
also extended 10.0 bohr below and above the ring. The magnetic
field is directed perpendicularly to the bond and parallel to the
plane. The spacing between the grid points in the integration
plane was 0.02 a.u.

Preparation of thermally air oxidized AC, oAC-air[20]

The AC was washed with dilute HCl to remove metal impurities.
The carbon (16 g) and HCl (1 m, 128 mL) were loaded into a flask
and the mixture was stirred at 70 8C for 17 h. The mixture was fil-
tered thru (Whatman 5) filter paper in a Bechner funnel and
washed with 3 L of deionized H2O and dried in an oven at 140 8C
for 16 h. The carbon material was then divided into four batches.
Each individual batch (4 g) was placed into a ceramic crucible and
heated in an oven under static air atmosphere for 16 h at 425 8C
(14 8C min@1 heating rate).

Thermal treatment of air oxidized AC, oAC-air(D)[20]

The crucible with oAC-air carbon was cooled down to r.t. and then
heated in a tubular oven under Ar atmosphere for 16 h at 450 8C
(the used heating rate was 8 8C min@1). The resulting oAC was then
cooled down to r.t. and stored into a vial. Residual mass was 63–
66 %.

Preparation HNO3 oxidized AC, oAC-HNO3
[3a]

As above for the air oxidation, AC was washed in the same manner
with dilute HCl to remove metallic impurities. Each 4 g batch was
loaded into a glass flask and conc. (70 %) HNO3 was added drop-
wise until a slurry was formed (8 mL). After HNO3 addition, the
flask was attached with a tube to an empty Dreschel bottle from
which tubing lead the formed gasses into a beaker filled with
dilute NaOH (aq.). The flask was then heated at 140 8C for 16 h and
afterwards kept under vacuum at 140 8C for 2 h. Product was then
cooled down to r.t. Residual mass was 97 %.

General procedure without additive (GP1)

Starting material and oAC catalyst (224 g mol@1 of SM) were loaded
into a vial and toluene was added to reach 0.25 m solution of sub-
strate. Vial was sealed with a septa cap. Reaction container was de-
gassed with three vacuum and refilling cycles from high vacuum
line and O2 balloon. After this the balloon was left attached on vial
thru a needle. The reaction mixture was stirred at 90 8C for 1.5–
24 h and cooled in a water bath to r.t. It was then filtered through
Diatomaceous earth (CeliteS) and the filter cake was washed with
DCM. Solvents were evaporated and the crude products were puri-
fied by flash column chromatography using SiO2 as stationary
phase and mixtures of EtOAc:n-Hex as eluent.
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General procedure with additive (GP2)

Catalysis was performed as GP 1 with 1–5 equiv MsOH as additive.
After the reaction vial was cooled down to r.t. in water bath, and
the reaction mixture was filtered through basic alumina and Celite
and washed with DCM. Solvents were evaporated and the crude
products were purified by a flash column chromatography using
SiO2 as a stationary phase and mixtures of EtOAc:n-Hex as eluent.

Synthesis and characterisation

Synthesis of 3 a : Compound 3 a was prepared following the GP2
with 1 a (29.5 mg, 0.13 mmol), oAC-air(D) (140.1 mg) and MsOH
(40.6 mL, 0.62 mmol) with 1.3 h reaction time. Product was purified
using flash column chromatography with silica as stationary phase
and EtOAc:n-Hex (1:4) as eluent. Yield was 16.6 mg, 58 %. 1H NMR
(500 MHz, [D6]DMSO): d= 11.95 (s, 2 H), 7.75 (d, J = 8.9 Hz, 2 H),
7.49–7.42 (m, 6 H), 7.38–7.32 (m, 2 H), 7.33 (d, J = 8.2 Hz, 2 H), 7.23
(dd, J = 8.2, 7.0 Hz, 2 H), 7.07 (dd, J = 8.1, 7.0 Hz, 2 H). 13C NMR
(75 MHz, DMSO): d= 155.5, 146.9, 138.3, 127.0, 126.4, 125.6, 124.4,
123.6, 123.2, 121.0, 120.8, 119.6, 112.3, 112.1, 111.8, 111.8. HRMS cal-
culated for [C32H18N2O2

+]: 462.1368, found: 494.1377.

Synthesis of 3 c : Compound 3 c was prepared following the GP2
with 1 c (62.7 mg, 0.25 mmol), oAC-air(D) (281.5 mg) and MsOH
(32.6 mL, 0.50 mmol) with 6 h reaction time. Product was purified
using flash column chromatography with silica as fixed phase and
EtOAc:n-Hex (1:4) as eluent. Yield was 1.4 mg, 2 %. 1H NMR
(500 MHz, [D6]DMSO): d= 11.81 (s, 2 H), 8.11 (d, J = 8.1 Hz, 2 H), 7.44
(m, 4 H), 7.38 (d, J = 8.0, 2 H), 7.33 (dd, J = 8.2, 7.2, 2 H), 7.20 (dd, J =
8.2, 7.0, 2 H), 7.1 (d, J = 8.1, 2 H), 7.05 (dd, J = 8.0, 7.0, 2 H). 13C NMR
(75 MHz, [D6]DMSO): d= 140.0, 138.0, 137.7, 134.3, 130.2, 128.4,
126.8, 125.1, 124.7, 124.4, 123.0, 122.8, 120.5, 119.6, 111.9, 110.9.
HRMS calcd for [C32H18S2O2

+]: 494.0911, found: 494.0899.

Synthesis of 3 d : Compound 3 d was prepared following the GP2
at 70 8C with 1 d (44.5 mg, 0.19 mmol), oAC-HNO3 (226.0 mg) and
MsOH (61.7 mL, 0.95 mmol) with 17 h reaction time. Product was
purified using flash column chromatography with silica as station-
ary phase and EtOAc:n-Hex (1:40) as eluent. Yield was 9.8 mg,
22 %. 1H NMR (500 MHz, CDCl3): d= 7.63 (d, J = 8.4 Hz, 2 H), 7.56 (d,
J = 7.9 Hz, 2 H), 7.43 (dd, J = 8.5, 7.2 Hz, 2 H), 7.31 (t, J = 7.3 Hz, 2 H).
13C NMR (126 MHz, CDCl3): d= 157.0, 143.4, 127.3, 126.4, 123.6,
122.1, 115.6, 112.2. HRMS calcd for [C32H16O4

+]: 464.1049, found:
464.1068.

Synthesis of 3 e : Compound 3 e was prepared following the GP2
with 1 e (63.6 mg, 0.25 mmol), oAC-HNO3 (286.0 mg) and MsOH
(82.5 mL, 1.3 mmol) with 24 h reaction time. Product was purified
using flash column chromatography with silica as stationary phase
and EtOAc:n-Hex (1:40) as eluent. Yield was 22.4 mg, 35 %. 1H NMR
(500 MHz, CD2Cl2): d= 7.94 (d, J = 8.2 Hz, 2 H), 7.61 (d, J = 8.2 Hz,
2 H), 7.59 (d, J = 7.7 Hz, 2 H), 7.46–7.37 (m, 4 H), 7.33–7.21 (m, 6 H).
13C NMR (126 MHz, CD2Cl2): d= 156.8, 148.0, 142.2, 138.9, 133.0,
131.9, 128.2, 126.3, 126.2, 125.4, 125.0, 123.9, 123.1, 122.1, 114.6,
112.3. HRMS calcd for [C32H16S2O2

+]: 496.0592, found: 496.0578.

Synthesis of 4 a : Compound 4 a was prepared following the GP2
with 1 a (11.9 mg, 51.0 mmol), oAC-air(D) (33.1 mg) and MsOH
(9.7 mL, 0.15 mmol) with 5 h reaction time. Product was purified
using flash column chromatography with silica as stationary phase
and EtOAc:n-Hex (1:4 ! 1:9) as eluent. Yield was 9.3 mg, 79 %.
1H NMR (500 MHz, [D6]DMSO): d= 12.67 (s, 1 H), 8.41–8.36 (m, 1 H),
8.26 (d, J = 8.2 Hz, 1 H), 8.05–7.99 (m, 1 H), 7.82–7.75 (m, 2 H), 7.57–
7.50 (m, 2 H), 7.50–7.45 (m, 2 H), 7.41 (td, J = 7.5, 1.1 Hz, 1 H), 7.37
(dd, J = 7.7, 1.3 Hz, 1 H), 7.33–7.28 (m, 2 H), 7.28–7.23 (m, 1 H), 7.11
(ddd, J = 8.4, 7.2, 1.5 Hz, 1 H), 7.06 (td, J = 7.4, 1.1 Hz, 1 H), 6.12 (d,

J = 0.9 Hz, 1 H). 13C NMR (126 MHz, DMSO): d= 175.9, 156.6, 156.5,
155.2, 154.2, 153.1, 137.6, 136.8, 129.4, 127.4, 126.2, 126.0, 125.9,
125.8, 125.1, 124.8, 124.3, 123.7, 123.6, 122.9, 121.3, 121.2, 121.1,
121.0, 120.3, 115.5, 113.0, 112.0, 110.9, 110.3, 102.3, 63.7. HRMS
calcd for [C32H18N2O2

+]: 462.1368, found: 462.1382.

Synthesis of 4 c : Compound 4 c was prepared following the GP2 at
70 8C with 1 c (63.5 mg, 0.25 mmol), oAC-air(D) (113.5 mg) and
MsOH (33.1 mL, 0.51 mmol) with 16 h reaction time. Product was
purified using flash column chromatography with silica as station-
ary phase and EtOAc:n-Hex (1:4) as eluent. Yield was 25.8 mg,
41 %. 1H NMR (500 MHz, [D6]DMSO): d= 12.45 (s, 1 H), 8.40 (d, J =
8.0 Hz, 1 H), 8.36 (d, J = 7.4 Hz, 1 H), 8.17 (d, J = 8.2 Hz, 1 H), 8.14 (d,
J = 8.1 Hz, 1 H), 7.83 (d, J = 7.7 Hz, 1 H), 7.64 (d, J = 7.6 Hz, 1 H),
7.59–7.52 (m, 4 H), 7.49–7.44 (m, 2 H), 7.28 (dd, J = 8.1, 7.0 Hz, 1 H),
7.21 (dd, J = 8.1, 7.0 Hz, 1 H), 7.19–7.12 (m, 2 H), 6.67 (d, J = 0.7 Hz,
1 H). 13C NMR (75 MHz, [D6]DMSO): d= 178.8, 155.9, 146.5, 139.5,
138.7, 138.5, 138.3, 137.8, 137.5, 135.6, 129.8, 129.4, 126.7, 126.1,
126.1, 125.7, 125.6, 124.3, 124.3, 124.1, 123.4 (3C), 123.3, 122.1,
121.7, 121.1, 120.0 (2C), 114.9, 112.6, 64.6. 1H NMR (500 MHz,
[D6]acetone): d= 11.36 (s, 1 H), 8.52 (d, J = 7.9 Hz, 1 H), 8.41 (d, J =

7.7 Hz, 1 H), 8.26 (d, J = 8.1 Hz, 1 H), 8.02 (d, J = 8.1 Hz, 1 H), 7.85–
7.80 (m, 1 H), 7.61 (d, J = 7.6 Hz, 1 H), 7.55 (dtd, J = 12.0, 7.9, 1.1 Hz,
3 H), 7.51–7.42 (m, 3 H), 7.28 (dd, J = 8.2, 7.0 Hz, 1 H), 7.23 (dd, J =
8.2, 7.0 Hz, 1 H), 7.18–7.12 (m, 2 H), 6.74 (d, J = 0.8 Hz, 1 H). 13C NMR
(126 MHz, [D6]acetone): d= 180.1, 157.6, 148.0, 141.1, 140.2, 140.1,
139.8, 138.8, 138.6, 137.2, 131.2, 130.1, 127.4, 127.3, 127.1, 126.8,
126.4, 126.0, 125.0, 125.0, 124.8, 124.4, 124.1, 123.7, 122.8, 122.7,
122.1, 121.4, 121.3, 116.9, 113.4, 66.2. HRMS calcd for [C32H18S2N2

+]:
494.0911; found: 494.0893 (Figure 7).
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