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Tris(indol-3-yl)methanes were synthesized from indoles, CO,, and PhMe,SiH in the presence of BPh, in acetonitrile at 50°C.
This is the first CO, fixation reaction forming the aliphatic methine (>CH—) group. The isotope-labeling experiments clearly
demonstrated that the carbon and hydrogen atoms of the methine group originated from carbon dioxide and dimethylphenylsilane,
respectively. The mechanism for the multicomponent cascade reaction was elucidated by DFT calculations. One of the CO,-
derived products, tris(4-bromo-1-methylindol-3-yl)methane, underwent palladium-catalyzed intramolecular cascade reactions for
the selective formation of two novel polycyclic heteroaromatic compounds, where the methine C(sp®) atom originating from CO,
was converted into aromatic C(sp?) atoms. One is formally produced via double direct C—H arylation, Wacker-type oxidation,
dehydrogenation, and debromination, while the other seems to be produced via the intramolecular homocoupling of aryl bromide,
direct C—H arylation, Wacker-type oxidation, and dehydrogenation. Both of them are new intramolecular cascade reactions that
are useful for the short-step construction of nitrogen-doped nanographenes. On the other hand, one of the CO,-derived products,
tris(1-pentylindol-3-yl)methane, was converted into tris(1-pentylindol-3-yl)methylium methanesulfonate, which is a potential
antitumor drug. This is the first derivatization of CO, to a cationic C(sp*) center.

1 | Introduction

Carbon dioxide (CO,) is an abundant and renewable C1
resource that is increasingly important for sustainable organic
synthesis [1-8]. Among various CO, fixation reactions, reductive
CO, conversions play a key role in synthesizing value-added
chemicals and have attracted much attention from chemists
[9-14]. In particular, reductive CO, conversions with C—H/C—C
bond formation have furnished valuable compounds such as
aldehydes [15-21], alcohols [22-25], alkanes [26-29], alkenes [30],
heterocycles [31-37], and aromatics [38-40]. Hydrogen (H,) [41],
hydroboranes (B-H) [42], and hydrosilanes (Si-H) [43-47] have
been used as reductants, among which hydrosilanes show the
advantage of moderate reactivity and stability in air. The catalytic

hydrosilylation of CO, with hydrosilanes proceeds stepwise,
generating silyl formates, bis(silyl)acetals, methoxysilanes, and
methane, some of which are reactive intermediates (Scheme 1a)
[48-52]. The hydrosilylation of CO, is thermodynamically
favored because of the formation of the strong Si—O bonds.

Some derivatives of tris(1H-indol-3-yl)methanes such as
turbomycin A and trisindoline are known as natural products
(Figure S1) [53, 54], and others are known as drug candidates
[55, 56] and chemosensors [57]. Tris(indol-3-yl)methanes can
be synthesized by the electrophilic substitution reactions of
the indole rings, and several carbon sources such as DMF and
dimethyl carbonate can be used to construct the methine group
[58-60]. However, there are no methods for the synthesis of
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(c) Two-step incorporation of CO, into aromatics
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(d) Two-step incorporation of CO, into a cationic carbon center of a bioactive compound
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(e) Key points of this work

+ BPhs-catalyzed multicomponent cascade reactions
- Conversion of CO, into aliphatic methine (>CH-) group

- Palladium-catalyzed intramolecular cascade reactions
- Two-step conversion of CO, into an aromatic C(sp?) atom
N—CsH14 - Two-step conversion of CO, into a cationic C(sp?) center

SCHEME 1 | (a) Stepwise CO, reduction with hydrosilane. (b) Diverse derivatizations of 1a with CO,. (c) Transformation of CO,-derived 5k into
polycyclic heteroaromatic compounds 6k and 7k. (d) Transformation of CO,-derived 5p into biologically active compound 9p. (e) Key points of this

work.

tris(indol-3-yl)methanes from indoles and CO,. On the other
hand, further transformation of tris(indol-3-yl)methanes into
other compounds is quite rare and unexploited despite the
potentially useful synthetic platform with three indole rings
disposed in proximity [61].

Previously, we synthesized diindolylmethane 2a from 1-
methylindole (1a), CO,, and phenylsilane (PhSiH;) using
triphenylborane (BPh;) as a catalyst under solvent-free
conditions at 30°C (Scheme 1b) [62, 63]. The methylene
bridge between the two aromatic rings was constructed from
CO, and PhSiH;. Recently, we achieved the selective synthesis of
different carbocycles from indoles, CO,, and PhSiH; in organic
solvents at 40°C; indolo[3,2-b]carbazole 3a was produced from
two indoles and two CO, molecules in acetonitrile, while nine-
membered cyclophane 4a was constructed from three indoles
and three CO, molecules in ethyl acetate [39]. Here, we report
the synthesis of tris(1-methylindol-3-yl)methane (5a) from 1a,
CO,, and dimethylphenylsilane (PhMe,SiH) in acetonitrile at
50°C (Scheme 1b). This is the first example of the CO, conversion

into the aliphatic methine (>CH—) group. Here we also report
the two-step incorporation of CO, into functional 7-conjugated
compounds such as fluorescent polycyclic heteroaromatic
compounds (Scheme Ic) and an anticancer drug candidate
(Scheme 1d). The former is a new class of palladium-catalyzed
intramolecular cascade reactions that are useful for the short-step
construction of nitrogen-doped nanographenes, while the latter
is the first derivatization of CO, to a cationic C(sp?) center. The
two-step protocols represent new and powerful ways of forming
r-conjugated C(sp?) atoms from CO,.

2 | Results and Discussion

We noticed the formation of tris(1-methylindol-3-yl)methane (5a)
when PhMe,SiH was used instead of PhSiH; under otherwise
the standard reaction conditions for the synthesis of 3a from
1a in the presence of BPh; in acetonitrile at 40°C under CO,
atmosphere (balloon) (Table 1, entry 1). It should be noted that
the main product was completely switched from 3a to 5a by
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TABLE 1 | Optimization of reaction conditions for 5a.2
\
N
gr(])& (balloon) N ;
Q_§ e SN
T '\#eg N4s h N I ;
1a ’ / e

Entry PhMe,SiH [mmol] BPh; [mmol] T [°C] Yield [%]®
1 1.8 0.25 40 75 (0)°
2 2.0 0.25 40 93

3 2.2 0.25 40 77

4 2.0 0.18 40 94

5 2.0 0.10 40 97

6 2.0 0.06 40 68

7 2.0 0.10 30 43

8 2.0 0.10 50 99 (98)d
9 2.0 0.10 60 91
10 2.0 0.10 70 79

1 2.0 0.10 50 0°
12 2.0 0.10 50 of

2Reaction conditions: 1a (1.0 mmol), CO, (balloon), PhMe,SiH (amount indicated above), BPh; (amount indicated above), MeCN (0.8 mL), 48 h.
"Determined by 'H NMR spectroscopy using mesitylene as an internal standard.
°PhMeSiH,, Ph,SiH,, Ph,MeSiH, Ph;SiH, Et;SiH, (EtO);SiH, or PMHS was used instead of PhMe,SiH.

dIsolated yield.
¢In DMSO, DMF, EtOAc, toluene, THF, or under solvent-free conditions.
fB(C4Fs); instead of BPh;. 1-Methylindoline was obtained in 45% yield.

simply changing the hydrosilane from PhSiH; to PhMe,SiH.
Interestingly, the screening of various hydrosilanes revealed that
5a was produced only when PhMe,SiH was employed. The
reaction conditions for 5a were optimized as follows. The yield of
5a was improved by setting the amount of PhMe,SiH to 2.0 mmol
(entries 1-3). 5a was obtained in 97% yield when the amount of
BPh, was decreased to 5 mol% (based on PhMe,SiH) (entries 2
and 4-6). The reaction temperature was also important, and the
highest yield of 99% was attained at 50°C (entries 5 and 7-10). The
reactions in other solvents or without solvent did not produce 5a
at all with a large amount of 1a (73%-93%) recovered (entry 11).
Because PhMe,SiH was well consumed in all the solvents except
ethyl acetate, the electrophilic aromatic substitution reaction
catalyzed by BPh; is considered to proceed only in acetonitrile,
and the reactive species derived from PhMe,SiH and CO, seems
to be much less reactive than those derived from PhSiH,; and
CO, [39, 62]. A control reaction using B(C4Fs); instead of BPh,
under otherwise the optimized reaction conditions resulted in no
formation of 5a, but 1-methylindoline was obtained in 45% yield
(entry 12) [39, 62].

The substrate scope was investigated under the optimized reac-
tion conditions (Scheme 2). 5a and 5b having the methyl group
at the 5-position were isolated in high yields (93%-98%), whereas
5c—f having the halogen atom or the ester group at the 5-position

were obtained in modest to good yields (41%-79%). Indoles 18-
i with the electron-donating or electron-withdrawing group at
the 6-position were converted into 5g-i in high yields (81%-90%).
These results indicate that the electron-rich indole rings are more
reactive and beneficial for this reaction. 5j was obtained in a
modest yield (65%) as compared to 5b, 5g, and 51 (90%-93%),
which suggests the steric hindrance of the methyl group at the
4-position of 1j. The lower yields of 5k and 5m are due to the
bromine atom at the 4-position that caused steric and electron-
withdrawing effects. The substituent on the nitrogen atom was
modestly influential in reactivity; 5n—q with the alkyl group were
obtained in good to high yields (62%-84%), while 5r with the
phenyl group was obtained in a modest yield (51%) even with
a catalyst loading of 10 mol%. When 1a was allowed to react
with BCO, under otherwise the standard reaction conditions,
5a’ with the *C-labeled methine group was obtained in 97%
yield. The 'H and ®C NMR spectra of 5a’ showed a doublet at
6.16 ppm ("o = 124 Hz) and an intensified signal at 31.0 ppm,
respectively, which indicates that the carbon atom of the methine
group originated from carbon dioxide. The use of PhMe,SiD
under otherwise the standard reaction conditions afforded 5a”
with the D-labeled methine group in 73% yield. The B®C NMR
spectrum of 5a” showed a weak triplet signal at 30.8 ppm, which
demonstrates that the hydrogen atom of the methine group
originated from dimethylphenylsilane. The molecular structures
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CO, (balloon)

~~ PhMe,SiH (2 equiv)
N ]\
BPh, (5 mol%)
N MeCN

R' 50°C,48 h

5a: R' = H, R? = H (98%)

5b: R' = Me, R2 = H (93%)
5c: R'=F, R2 = H (79%)

5d: R' = Cl, R? = H (70%)

5e: R'=Br, R2=H (41%)

5f: R = CO,Me, R? = H (45%)
5g: R' = H, R2 = Me (90%)
5h: R' = H, R? = OMe (89%)
5i: R' = H, R2 = Br (81%)

5j: R' = Me, R? = H (65%)
5k: R' = Br, R2 = H (51%)
51: R' = H, R2 = Me (91%)
5m: R' = Br, R = Me (20%) N

5a' (97% with 3CO,)  5a" (73% with PhMe,SiD)

5n: R = Et (71%)
50: R = Pr (84%)
5p: R = n-CgH4q (74%)
5q: R =Bn (62%) k 1
5r: R = Ph (51%) (BPhg: 10 mol%)

"Jop = 124 Hz

67 66 65 64 63 62 64 6 59 58

'H NMR spectrum of 5a'

SCHEME 2 | Substrate scope and isotope labeling experiments. X-ray crystal structures of 5¢, 5k, and 51 (CCDC 2500296-2500298) are also shown.
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FIGURE 1 | Time course of the standard reaction of 1a.

of 5c, 5k, and 51 were unambiguously determined by X-ray
crystallography.

To gain an insight into the reaction mechanism, we monitored the
progress of the standard reaction of 1a by means of "H NMR spec-
troscopy (Figures 1 and S2). PhMe,SiH was completely consumed
in 6 h with the formation of silyl formate (HCO,SiMe,Ph), which
reached the peak in 12 h without consuming 1a. Subsequently,
1a and HCO,SiMe, Ph were smoothly consumed to afford 5a and
disiloxane (PhMe,SiOSiMe,Ph), and no intermediates containing
the indole ring were detected. The fact that HCO,SiMe,Ph was

temporarily accumulated suggests that the reaction of 1a with
HCO,SiMe,Ph is the rate-determining step.

Several control experiments were conducted to address the
reaction mechanism (Scheme 3). A 1:2 mixture of 3-formyl-
1-methylindole and 1a in acetonitrile was subjected to the
BPh;-catalyzed reaction under N, or CO, atmosphere, which
resulted in no reactions (Scheme 3a,b). These results suggest that
3-formyl-1-methylindole cannot participate in the electrophilic
substitution of 1a even in the presence of BPh;. When the same
reaction under N, atmosphere was performed in the presence of
PhMe,SiH, only 2a was detected (Scheme 3c). These results indi-
cate that 3-formyl-1-methylindole is not an intermediate leading
to the formation of 5a. On the other hand, when a CO, hydrosi-
lylation mixture was hydrolyzed, only formic acid was detected
(66% yield), and neither formaldehyde nor methanol was detected
(Scheme 3d and Figure S3), which suggests that HCO,SiMe, Ph is
the reactive species. When 1a was added to the solution contain-
ing HCO,SiMe,Ph and BPh; under N, atmosphere, the formation
of 5a was confirmed (Scheme 3e). These results strongly suggest
that HCO,SiMe,Ph and BPh; act as a reactive intermediate
and a catalyst, respectively. For comparison, HCO,SiMe,Ph was
prepared by using tetrabutylammonium acetate (TBAA) as a
catalyst (Figure S4), but this mixture showed no reactivity for
1a (Scheme 3f), which demonstrates that BPh; is essential for
the formation of 5a. Control reactions without BPh;, CO,, or
PhMe,SiH resulted in no formation of 5a, indicating that all of
them are essential for this CO, fixation reaction (data not shown).

We performed DFT calculations to clarify the reaction mecha-
nism for the formation of 5a. The energy profile, reaction path-
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standard reaction BPh
1a + CO, + PhMe,SiH ———> 5a
MeCN (98%))
control reactions CHO 50 °C, 48 h
BPh
(a) 1a + % —2 > »5a
MeCN o,
N 0%
I N2
CHO
BPh,
(b) 1a + \ — 2 > 5a
MeCN o,
N co 0%
| 2
CHO BPh,
PhMe,SiH
(c)1a+% ——27 > 5a + 2a
N '\N"eCN 0%  32%
| 2
) 1. BPhg, MeCN
(d) CO, + PhMe,SiH 2 D.0 » HCO,D
3 66%
1. BPhs, MeCN
() CO, + PhMe,SiH 3 > 5a + 1a
2 2
2.1a,N; 55%  37%
(f) CO, + PhMe,SiH 1. TBAA > ba

2.1a,MeCN,N; o,

SCHEME 3 | Control experiments for the standard reaction of 1a.
Isolated yield in parenthesis (otherwise NMR yields).

way, and key transition-state structures are shown in Figure 2,
and all the DFT-optimized structures are given in Figure S7.
The electrophilic aromatic substitution of 1a with HCO,SiMe,Ph
activated by BPh, forms intermediate 12 via TS1 with a AG*
value of 23.5 kcal mol™" and intramolecular proton transfer from
the resulting Wheland intermediate (o complex) I1. 1-Methyl-
3-alkylidene-3H-indolium ion I3 is generated via TS2 by giving
off [HOBPh;]™. The electrophilic addition of I3 to 1a furnishes
I4 via the highest-energy transition state TS3, and the subse-
quent proton abstraction affords I5. [PhMe,SiOBPh,]" leaves to
generate indolium intermediate 16 via TS4 with a AG* value of
23.6 kcal mol~!. The electrophilic addition of 16 to la gives 17
via TS5, and proton abstraction with [PhMe,SiOBPh; ]|~ delivers
5a and PhMe,SiOH with the regeneration of BPh;. PhMe,SiOH
is in equilibrium with PhMe,SiOSiMe,Ph and water (AG 4 = —
3.4 kcal mol™!), the former of which was experimentally observed
(Figure 1). We consider that the formation of PhMe,SiOSiMe,Ph
shifts the whole equilibrium to the right although the energy dia-
gram suggests a reversible catalytic system. This reaction is also
characterized by multiple rate-determining steps such as TS1 and
TS4. The fact that no indole-derived intermediates were detected
during the time-course experiment (Figure 1) supports that TS1
is the rate-determining step, and the multicomponent cascade
reaction with multiple rate-determining steps can account for the
dispersed accumulation of several reaction intermediates that are
difficult to detect.

We explored the potential reactivity of tris(indol-3-yl)methanes
5, taking advantage of the three indole rings juxtaposed in
proximity. As a result, we found that 5k could be converted

into two novel polycyclic heteroaromatic compounds, 6k and
7k, which are constitutional isomers (Table 2). The molecular
structures of 6k and 7k were unambiguously determined by X-ray
crystallography. 6k and 7k have the uniquely fused ring systems,
and the P and M enantiomers are present in the crystalline state,
having slight nonplanarity and helical chirality induced by steric
repulsion between the oxygen atom of the amide group and
the hydrogen atom of the adjacent aromatic ring. We initially
found that 6k was obtained in 54% yield by the reaction of 5k
with Pd(OAc),, PCy;-HBF,, and Cs,CO; in DMF under Ar at
140°C for 18 h (entry 1). The reaction conditions for 6k were
then optimized as follows. Considering the possibility that a trace
amount of water might serve as an oxygen source, we examined
the effect of water on the reaction outcome, and the yield was
increased to 65% in the presence of 100 equiv of water (entries 1-
3). The use of N,N-dimethylacetamide (DMA) in place of DMF
resulted in a lower yield (entry 4). The yield reached 75% at
120°C (entries 3, 5-7). PPh;, PBu;, and (S)-BINAP were almost
comparable to PCy; (entries 6, 8-10). The reaction without the
ligand gave 6k in a moderate yield of 56% (entry 11). Pd,(dba),
and PdCl,(PPh;), were less productive (entries 12 and 13). We
noticed the formation of a trace amount of 7k when PdCl,(PPhs;),
was used (entry 13). The reaction became less productive when
K,CO; or DBU was employed as a base, and a trace amount
of 7k was detected in the latter case (entries 14 and 15). We
searched for reaction conditions suitable for the formation of 7k
(entries 16-18) and noticed that PAClL,(PPh;), and DBU might be a
good combination. In fact, increasing the amount of PdC1,(PPhs;),
led to a significant enhancement in the outcome, and 7k was
obtained in 40% yield when 1 equiv of PdCL,(PPh;), was used
(entries 19-21). DMA resulted in a lower selectivity (entry 22).
Finally, the impact of the reaction temperature was examined,
and 7k was obtained in the highest yield of 44% at 100°C
(entries 23-25).

The selective cascade synthesis of 6k or 7k from 5k poses
fascinating mechanistic aspects. 6k is formally constructed via
double direct C—H arylation [64, 65], Wacker-type oxidation
[66], dehydrogenation, and debromination, while 7k seems to be
constructed via homocoupling of aryl bromide, direct C—H aryla-
tion, Wacker-type oxidation, and dehydrogenation (Scheme Ic).
To gain a mechanistic insight into the cascade reactions, we
performed several control experiments (Scheme 4). Although the
reaction was quenched in 1 h to identify intermediates, only
5k and 6k were detected in 25% and 16%, respectively, and no
intermediates could be found (Scheme 4a). Cascade reactions
driven by aromatization may proceed via different reaction
pathways, or the first rate-determining reaction may be followed
by low-barrier reactions. When bromine-free indole derivative
5a, 2a, or 1la was used as a substrate under otherwise the
standard reaction conditions for 6k, Wacker-type oxidation did
not proceed, and the substrates were recovered (Scheme 4b-d),
which strongly suggests that Wacker-type oxidation takes place at
a later stage in the synthesis of 6k or 7k from 5Kk. In addition, 4-
bromo-1-methylindole (1k) showed no reactivity, which suggests
the importance of the intramolecular reaction (Scheme 4e). In
contrast, when bromine-containing diindolylmethane 2k was
subjected to the same reaction conditions, 8k was obtained
in 78% yield (Scheme 4f), which is formally constructed via
direct C—H arylation, Wacker-type oxidation, dehydrogenation,
and debromination. The structure of 8k was unambiguously
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FIGURE 2 | (a) DFT-optimized free energy profile, where relative AG values at 323 K are shown in kcal mol~!. DFT calculations were performed at
the wB97XD/6-31G(d) level of theory, and the self-consistent reaction field (SCRF) method with the polarizable continuum model (PCM) (acetonitrile)
was adopted to take the solvation effect into account. (b) Reaction pathway. (c) Key transition-state structures, where distances (A) are shown in blue

and red, while natural bond orbital (NBO) charges are shown in black.

determined by X-ray crystallography. Based on these results, we
consider that the intramolecular direct C—H arylation of 5k is
the initial reaction that triggers the cascade reaction leading
to the formation of 6k. On the other hand, the intramolecular
homocoupling of aryl bromides of 5k is likely to a determinant
of the formation of 7k. Apart from the mechanistic aspects, they
are new and powerful synthetic methods for the construction of
nitrogen-doped nanographenes.

We performed DFT calculations to characterize uniquely fused
polycyclic heteroarenes 6k and 7k (Figure 3ab). 6k had a
helicene-like geometry as observed for the crystal structure;
the sum of the three dihedral angles of the inner rim of the
[5]helicenoid moiety of 6k was -27°. In contrast, 7k had a
slightly distorted planar geometry, and 7k was 1.8 kcal mol ™ more

stable than 6k. Nucleus-independent chemical shifts (NICS) were
calculated to gain insight into the local aromaticity of each ring
in 6k and 7k [67], where NICS(0) was employed because the
optimized structures of 6k and 7k were more or less nonplanar.
The seven-membered ring in 7k had antiaromaticity with a
NICS(0) value of +10.91, which might be stabilized by the outer
aromatic rings and the nitrogen atoms of the fused indole rings
[68, 69]. Almost all the five- and six-membered rings except the
lactam rings in 6k and 7k had good aromaticity, but only one
hexagon in 6k had poor aromaticity with a NICS(0) value of -
2.51, which is reasonable if Clar’s aromatic r-sextet rule is applied
to 6k (Figure S8) [70]. The photophysical properties of 6k and
7k were also studied. 6k showed a few absorption bands in
the UV region (250-380 nm) and weaker absorption bands in
the visible region (380-480 nm) in CH,Cl, and exhibited blue
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TABLE 2 | Optimization of reaction conditions for the selective synthesis of 6k or 7k.?

+
(X-ray)
Yield [%]®

Entry Catalyst Ligand Base Solvent T[°C] 6k 7k
1 Pd(OAc), PCy,-HBF, Cs,CO, DMF 140 54 0
2d Pd(OAc), PCy,-HBF, Cs,CO, DMF 140 52 0

3 Pd(OAc), PCy,-HBF, Cs,CO, DMF 140 65 0
4 Pd(OAc), PCy,-HBF, Cs,CO, DMA 140 49 0

5 Pd(OAc), PCy,-HBF, Cs,CO, DMF 160 64 0

6 Pd(OAc), PCy,-HBF, Cs,CO, DMF 120 75 (76) 0

7 Pd(OAc), PCy,-HBF, Cs,CO, DMF 100 67 0

8 Pd(OAc), PPh, Cs,CO; DMF 120 73 0

9 Pd(OAc), PBu, Cs,CO, DMF 120 73 0
10 Pd(OAc), (S)-BINAP Cs,CO, DMF 120 7 0
11 Pd(OAC), — Cs,CO, DMF 120 56 0
120 Pd,(dba), PCy,-HBF, Cs,CO, DMF 120 73 0
13 PdCL,(PPh,), PCy;-HBF, Cs,CO;, DMF 120 42 trace
14 Pd(OAc), PCy,-HBF, K,CO, DMF 120 59 0
15 Pd(OAc), PCy;-HBF, DBU DMF 120 37 trace
16 PdCl,(PPh,), PCy,-HBF, DBU DMF 120 22 trace
17 PdCL,(PPh,), — DBU DMF 120 44 trace
18 Pd(OAc), — DBU DMF 120 26 0
19f PACL,(PPh,), — DBU DMF 120 31 11
208 PdCL,(PPh,), — DBU DMF 120 8 40
21 PdCL,(PPh,), — DBU DMF 120 5 32
208 PdCL,(PPh,), — DBU DMA 120 30 30
23¢ PACL,(PPh,), — DBU DMF 100 8 44 (34)
248 PdCL,(PPh,), — DBU DMF 140 10 34
25¢ PdCL(PPh,), — DBU DMF 80 12 32

#Reaction conditions: 5k (30 umol, 1 equiv), catalyst (6 umol, 0.2 equiv), ligand (15 pmol, 0.5 equiv), base (210 pmol, 7 equiv), H,O (3 mmol, 100 equiv), solvent
(3 mL), Ar, 18 h. X-ray crystal structures of 6k and 7k (CCDC 2500299 and 2500300) are shown.
"Determined by 'H NMR spectroscopy using mesitylene as an internal standard. Isolated yields in parentheses.

°H,0 (no addition).

4H,0 (30 umol, 1 equiv).
€Pd,(dba); (3 umol, 0.1 equiv).
fPdCl,(PPh;), (15 umol, 0.5 equiv).
8PdCl,(PPhs), (30 umol, 1 equiv).
hPdCl,(PPh;), (45 umol, 1.5 equiv).

fluorescence with two peaks at 477 nm and 505 nm (Figure 3c,d).
6k had an absolute fluorescence quantum yield (@5) of 38% and a
fluorescence lifetime of 0.79 ns (Figure S5). On the other hand,
7k showed several absorptions in the 250-500 nm region and
exhibited green fluorescence with a peak at 503 nm (Figure 3c,d).

7k had a @; of 23% and a fluorescence lifetime of 1.30 ns (Figure
S5).

Biologically active derivatives of tris(indol-3-yl)methanes
are known. For example, tris(1-pentylindol-3-yl)methylium
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standard reaction

Pd(OAc),, PCys-HBF,, Cs,CO3, H,O

DMF, Ar, 120 °C, 18 h (76%)
control reactions

standard

conditions
(@ 5k %» 6k

standard

conditions
——— > recovery of 5a

64%

standard

conditions

—— > recovery of 2a
e . 80%
/A

recovery of 1a

standard
d \ conditions
22%

N
1a |
Br
standard
conditions
(e) \\ ———— recovery of 1k
52%
1k |
Br Br
standard
® conditions
I I
N N
/ 2k \

78%)  (X-ray)

SCHEME 4 | Control experiments for the standard reaction of 5k.
Isolated yields in parentheses. X-ray crystal structure of 8k (CCDC
2500301) is also shown.

methanesulfonate (9p) has exhibited higher cytotoxicity for
human tumor cell lines such as HCT116 (colon cancer), K562
(leukemia), and Mel Kor (melanoma) than for normal cells of
peripheral blood lymphocytes [55, 56]. We transformed CO,-

derived product 5p to 9p in 49% yield by air oxidation under
acidic conditions (Scheme 1d). To the best of our knowledge,
this is the first example of the derivatization of CO, into
a cationic C(sp*) center. Interestingly, 9p showed a broad
absorption band at 497 nm and fluorescence at 543 nm in toluene
(Figure S6).

3 | Conclusion

Reductive conversions of CO, into divalent or trivalent groups
such as the methylene and methine groups can lead to new
and fascinating ways for the construction of the frameworks
of organic compounds. Here, we have synthesized tris(indol-
3-ymethanes 5 from indoles 1, CO,, and PhMe,SiH using
BPh; as a catalyst in acetonitrile. This is the first example of
CO, fixation reactions forming the aliphatic methine (>CH—)
group. Isotope-labeling experiments clearly demonstrated that
the carbon and hydrogen atoms of the methine group originated
from carbon dioxide and dimethylphenylsilane, respectively. DFT
calculations indicated that the methine bridge between the three
indole rings in 5 was formed by successive electrophilic aromatic
substitution reactions, which was triggered by the reaction of
1 with the key reactive intermediate, HCO,SiMe,Ph. Novel
polycyclic heteroaromatic compounds 6k and 7k were selectively
synthesized from 5k via the palladium-catalyzed intramolecular
cascade reactions. X-ray crystallography and DFT calculations
indicated that 6k has a [5]helicenoid geometry, while 7k contains
an antiaromatic seven-membered ring. It should be noted that
6k and 7k were synthesized in just two steps from 4-bromo-
1-methylindole (1k) and CO,. This synthetic strategy may be
applicable to the short-step synthesis of other polycyclic aro-
matics such as nitrogen-doped helicenes and nanographenes.
Compound 9p showing cytotoxicity for human tumor cell lines
was also synthesized with CO, in two steps. The two-step proto-
cols for the transformation of CO, into the 7-conjugated C(sp?)
atom via the methine C(sp?) atom are easy and sustainable meth-
ods for the synthesis of m-extended polycyclic heteroaromatic
compounds.

natural
light

0.8

Absorbance
o
o

o
S
Fluorescence (a.u.)

0.2

Wavelength (nm)

FIGURE 3 | (a,b)Top and side views of 6k and 7k optimized at the B3LYP/6-311+-G(2d,p) level. NICS(0) values (in ppm) calculated at the GIAO-
B3LYP/6-311+G(2d,p) level are indicated in the rings. The inner rim of the [5]helicenoid moiety of 6k is shown in orange in the side view. (c) UV-vis
absorption spectra (solid line) and fluorescence spectra (dotted line) of 6k (2 x 107> M) in CH,Cl, (1, = 400 nm) and 7k (2 X 107> M) in CH,Cl, (Aey =

365 nm). (d) Photographs of solutions of 6k and 7k.
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