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1-1. Reactive Intermediate

To get desired products through chemical reactions, a deep understanding of
the reaction mechanism is important. In the chemical reaction that generates
reaction intermediates between reactants to products, its physical properties and
structure are key to elucidating the reaction mechanism because its behavior
dominates the reaction.

Moderately, research methods of reaction intermediates have been shifted
from product-driven methods to accurate identification based on precise
simulation of its physical properties or direct observation concomitant with
progress of theoretical calculations and spectroscopic techniques'. Specifically,
density functional theory (DFT) or complete active space multiconfiguration
second perturbation theory (CASPT2) and laser flash photolysis (LFP),
randomly interleaved pulse train (RIPT), pomp-probe methods or matrix-
isolation technics in theoretical calculations and spectroscopic, respectively.
The development of these research methods has enabled today's researchers to
gain a detail understanding of predicting and demonstrating novel reactivity of

reaction intermediates, and even clarify their dynamics.

1.2 Carbocations

Carbocation 1s positively charged carbon species and one of the important
reactive intermediates in organic chemistry which generates in heterolytic bond
cleavage between carbon and heteronuclear atoms. Historically, in 1901, the
existence of relatively stable carbocation such as triphenylmethyl cation was
indicated by the independent reports by Norris?, Kehrman and Wentzel® that
color changing of triphenylmethyl alcohol by addition of sulfuric acid. However,
for a long time afterwards, its importance in chemistry was not recognized, and
even its existence itself was doubted. The existence and importance of
carbocations had been gradually recognized since pioneering work about Sy1
and E1 reactions by Hans Meerwine, Christopher Ingold, Frank Whitmore et al.
in 1920-1930s. Furthermore, in 1960s, Olah reported isolation technic by using
SbFs/SOFSO;H-SbFs (magic acid)*, which accelerated the research about its
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structure by NMR or IR. Recently, the structure analysis was accomplished by
single crystal X-ray analysis®>®, and it indicates great interest in carbocation
chemistry. Since the 1980s, many attempts were made to observe carbocations
generated by photoreaction by LFP method”, which indicates the importance of
carbocations as reactive intermediate not only in thermal reaction but also in

photoreaction.
heterolytic R
| bond cleavage |
R—CI‘,—X f R—(F@
R R
)(e )
Carbocation
X = OH, OP(O)OH>, Br etc.
1900 s ~ 1920 - 1930 s ~
SN1 R R
R acid | Nu I
Ph Ph ' - -C-
Ph—C-OH e Ph—C® Reex = " A
A r WX R :
Ph M0 Ph E1
2 triphenyl cation R R base R
R-C-X ~o RC® —— R,C:R
R X R
1960 s ~ 5 2000 s ~ .
@
(CH3)3CF + SbF5 —= (CH3)sC~ + SbFg 2AIBrs \ |ALBr; |
1980 s ~ =
hv ® o CHQBI’Q
PhsC-OCOCH; ——> PhsC~  OCOCH3 Br analyzed by
LFP measurements single crystal X-ray analysis

Figure 1. Historical context of carbocation chemistry.

Although carbocation has been intensively studied by many chemists for more
than 100 years, its electronic structure was not so actively discussed. 2 reasons
can be considered. 1) Because carbocations have vacant p orbital (or sp?) but
don’t have lone-pair, electronic structure except for closed-shell singlet has not
been anticipated. 2) The report that the triplet state of methyl cation is 90 kcal
mol! more unstable than the singlet state indicated by theoretical calculation
in 1982 by People'® discourages the consideration of other electronic states.
Recently, however, advances in theoretical calculations have led to the proposal
of the existence of triplet ground state carbocations because of the substituent
effects, opening a new dimension in carbocation chemistry.
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1-3. Triplet ground state ions

Recently, the switching of the electronic ground state of ionic reactive
intermediate including carbocation by substituent effect has been studied with
theoretical calculation and experimental approaches. In the carbocation case,
because it doesn’t have a lone pair, a triplet ground state will be accomplished
with electron-rich substituents.
The first example of such triplet ground state carbocation is phenyl cation.
Phenyl cation which can be generated by the photoreaction of benzene
diazonium salts or chlorobenzene, has a vacant sp? orbital in its singlet state,
and the non-substituted one is singlet ground state. However, when introducing
strong m-donor substituent such as NH, at para-position of vacant orbital,
theoretical calculation and experimental results confirmed that phenyl cation
will be triplet ground state in which one electron supplied from lone pair of NH,
to vacant sp? orbital''"13. Additionally, in the vinyl cation case, which also has a
vacant sp’ orbital, it was found from the theoretical calculation that by
introducing m-donor (F, OMe, NH,, NMe,) at B position of cation, it will be
triplet ground state'®.

Phenyl cation Vinyl cation

vacant sp2
97 ) ' to

— M L =4
O R R R R
NH, gHz X = F, OMe, NH,, NMe,

Figure 2. Triplet ground state carbocations bearing vacant sp? orbital in its
singlet state.

Furthermore, triplet carbocation which has m-xylylene-like electronic
structure has been reported. m-xylylene is known as a non-Kekulé triplet ground
state neutral molecule (Figure 3). Non-Kekulé molecules can be classified into
2 types; non-disjoint, in which singly occupied molecular orbital (SOMO)
overlap spatially, and disjoint, in which SOMO do not overlap. Triplet of non-
disjoint type non-Kekulé molecule can be stabilized by effective spin-spin
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exchange interaction to make it triplet ground state.

Non-Kekulé
m-xylylene 3,3"-dimethylenebipheny
Non-disjoint i disjoint
Triplet ground state i Small |AEgq]

Figure 3. Non-Kekulé, non-disjoint and disjoint molecular structure and singly
occupied MOs (SOMOs) of the triplet state.

Benzyl cations bearing strong m-donor substituent such as NMe, at meta
position of its cation were reported as one of the m-xylylene like triplet ground

15,16

state carbocation (Figure 4). Like benzyl cation, it was suggested from

17,18 15’1921180 have

theoretical calculations that nitrenium ions'"'® and oxenium ions
m-xylylene like triplet ground state (m, n* triplet) when introducing strong n-
donor at meta position of its cation, and also, their triplets were directly
observed by EPR measurements. Since the n-donor and m-acceptor (cation site)
are located at a position where they are not directly conjugated, only the
HOMO energy increases, the HOMO-LUMO gap becomes smaller, and the
open-shell state becomes easier. Additionally, because SOMOs of these cations
are non-disjoint type, exchange interaction can effectively work to make them
triplet ground state. Based on this theory, it was also found by theoretical
calculations that xanthene-based cations and (coumarin-4-yl)methyl cations
bearing strong m-donor such as NMe, at the position where not directly

conjugate with cation have triplet ground state.?’(Figure 4).
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m-xylylene Benzyl cation Nitrenium ion Oxenium ion
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® S
NG =0

0

Figure 4. Triplet state of m-xylylene and triplet ground state ions.
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1-4. Purpose of this research

The triplet carbocation, a novel electronic state carbocation known as an
important reactive intermediate in the various field such as synthetic chemistry,
biology and photo chemistry has been investigated both by theoretical and
experimental approaches to develop new aspect of carbocation chemistry. In
Chapter 2, triplet character of (7-diethylaminocoumarin -4-yl)methyl cation
which is reactive intermediate of photo-induced leaving reaction, which is
expected to be applicable to drug delivery system, was experimentally
demonstrated. In Chapter 3, the novel triplet ground state indenyl cation was
designed, and its substituent effects electronic ground state was investigated by

theoretical calculations.
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Chapter 2.
Experimental Proof of Triplet Ground State
Carbocation; (7-diethylaminocoumarin -4-yl)methyl

cation
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2-1. Introduction

In this section, based on the suggestion in 2015 by DFT calculations that (7-
diethylaminocoumarin -4-yl) methyl cation(C) has 9 kcal mol! more stable
triplet state(C-T), experimental demonstration and consideration of generation
of C-T. (7-diethylaminocoumarin -4-yl)methyl coumarin(DEACM) is known
as photolabile protecting group (PPG) which leaves target molecule introduced
at methyl group at 4-position by photo-induced specific bond cleavage. In this
study, generation of C-T was attempted by leaving Br™ from DEACM-Br, which
introduced bromide (Br) as leaving group, by photoirradiation (Scheme 1).
DEACM-Br was synthesized, and its photoreaction mechanism was detailed
investigated by low-temperature infrared (IR) spectroscopy, electron
paramagnetic resonance (EPR) spectroscopy, and laser flash photolysis (LFP)
measurements and product analysis to experimental demonstration of C-T and

consideration of its generation mechanism.

Br )
N hv
X I —— X
\ o A
Et,N 0”0  Br  EtN 0" ~0 Et,N 0~ "o

DEACM-Br c © cr
Scheme 1. Generation of C-T from DEACM-Br by photoirradiation.

2-2.  Synthesis and absorption spectrum measurement of DEACM-Br
DEACM-Br was synthesized by a known synthetic route?' as shown in Scheme
2. Any purification was not conducted in the steps (a) and (b). The UV-visible
absorption spectrum of DEACM-Br was measured in acetonitrile (ACN)
(Figure 5) and the absorption band was mainly observed at 330 — 460 nm and
below 290 nm. The 355 and 365 nm lights were used for excitation wavelength.
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Z CHO
—_— —_—
Et,N (@) (@) Et,N (@) (@) Et,N (@) O
DEACM a b
OH Br
(c) (d)
_— X - > X
Et,N 0~ ~o EtN 0" "0
c DEACM-Br

Scheme 2. Synthetic route of DEACM-Br; (a) DMF-DMA, DMF, 140°C, 14 h.
(b) NalO4, THF:H,O (1:1, v/v), RT, 2 h. (¢) NaBH4, THF, RT, 2 h, 32%. (d) 1.
NEt;, methane sulfonyl chloride, CH,Cl,, 0°C, 2 h, 2. LiBr, THF, RT, 2.5 h, 60%.

21000 -
18000
15000

12000

e/ Mlecm™

9000

6000

3000

0 | 1 | 1 ]
250 300 350 400 450 500

Wavelength / nm
Figure 5. UV-vis absorption spectrum of DEACM-Br in acetonitrile.

2-3. Low-temperature IR and EPR measurements

To attempt direct observation of C-T, low-temperature IR and EPR
measurements were conducted. IR measurement was conducted by irradiating
365 nm LED at 4 K to DEACM-Br:Ar = 1:1030 Ar matrix sample made at 20
K. After 23 h irradiation, the appearance of new signals was confirmed with
decreasing of signals of DEACM-Br. (Figure 6). The new appeared signals were
compared with simulation spectra of three predicted intermediate, radical
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intermediate D, C, and C-T, obtained by DFT calculation (R/U/ B3LYP/6-
31G(d,p)), which showed well matched with spectrum of D, and assigned to D.

Br . @ i
ke, 365 nm LED 3 S .
Ar matrix, 4 K /\T
23 h irradiation EtoN 0" "0 /EtN 0~ "0 N@ (O]
D c K

Et,N o o
DEACM-Br

Calc. C-T A /\A ANA A JU\ A AA

Calc. C M
Calc. D
| /

Before irradiation

Calc. DEACM-Br

1850 1650 1450 1250 1050 850 650

Wavenumber / cm-!

Figure 6. Low-temperature IR spectra in Ar matrix at 4 K irradiated 365 nm
LED (before irradiation, after 5 h, 9 h and 23 h irradiation), and calculated (DFT
R/UB3LYP/6-31G(d,p), scaled by 0.9613) spectra of DEACM-Br, D, C and C-
T (The signals at 1627 and 1609 cm™!, which correspond to the symmetric and
antisymmetric stretching vibrations of the aromatic ring, decrease with light
irradiation, and the signal around 1630 cm™ increases. The signal at 1630 cm™!
is considered to correspond to the signal at 1611 cm™', which is one of the
characteristic signal in computed IR spectrum of D. Several other signals that
appeared with light irradiation were also in good agreement with the computed
IR spectrum of D)

Low-temperature EPR measurements was conducted by irradiating 355 nm laser (10
mlJ) at 10 K to 5 mM degassed DMSO solution of DEACM-Br. After 19 h irradiation,
increasing of signal derived from radical species was observed (Figure 7). Because
radical intermediate D was observed in low-temperature IR measurements, this signal

1s considered to derived from D (Scheme 4).
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- hefore irradiation
——1h

4h

10 h
—19h

1300 1500 1700

e —

3100 3200 3300 3400 3500 3600
Magnetic field / G

Figure 7. Low temperature EPR spectra in DMSO, at 10 K, irradiated 355 nm
light (before irradiation, after 1 h, 4 h, 10 h and 19 h irradiation). Inset: half-
field region. Parameters; Region: 1000-5000 G, Modulation amplitude: 19 G,
Receiver gain: 60 dB, Power: 0.6325 mW, Conversion time: 2 ms, Number of
points: 16384, Number of scans: 100

Br heterolysis ® +
hv
© /@\)l +/©\)l
Et,N 0”70  Br  EfN o”~o Et,N o~ ~o
DEACM-Br c © C-T
o
}Br
° electron transfer
from Br
[ ]
~ + Br
EtoN (0] (@]

Scheme 3. Plausible mechanism of generation of D.
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2-4. LFP measurements

To get further insight about the photoreaction mechanism of DEACM-Br, LFP
measurements in acetonitrile (ACN) at room temperature (293 K) were
conducted. 355 nm laser (Nd-YAG, 7-8 mJ/pulse, 4 ns pulse width) was used
for pump light. ACN was used due to its polar nature, by which ionic species
are stabilized. Firstly, the measurements were conducted for Ar-, Air-, and O;-
saturated ACN solutions of DEACM-Br (0.1 mM, Abs =0.80 at 355 nm). In the
transient absorption (TA) spectrum of the Ar-saturated ACN solution, peaks
corresponding to transient species were observed at 320 and 550 nm (Figure 8a).
The decay at 320 nm was confirmed as multi-component decay (Figure 8b, blue).
The rise process at 390 nm was observed as multi components kinetics (Figure
8b, green). The decay at 550 nm was fitted with a single exponential decay, and
the rate constant was determined as k = 6.3 X 10* s'!(t = 16 ps) (Figure 8b,
orange). These all decay and rise process at 320, 390 and 550 nm were quenched
in air- and O,-saturated ACN solutions (under air; k= 7.7 X 10° s, under O»; k
=3.3X10°s™) (Figure 8¢). Additionally, because the TA spectrum peaks at 320
and 550 nm are well matched with computed UV-vis absorption spectrum of
excited triplet state (T;) of DEACM-Br, that was identified as T-T absorption.

Because the TA peaks at 320 nm was well matched with calculated UV-vis
absorption spectrum of D, it was considered to be derived from D. The observed
range, approximately 360 — 440 nm, with a peak at 390 nm corresponds to the
absorption region of DEACM-Br. Therefore, the multi components rise
processes were considered to be the ground state recovery from T; to Sy of
DEACM-Br and recombination process following C-Br bond cleavage.

23
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Figure 8. (a) TA absorption spectra in Ar-saturated ACN, (b) time profiles at
320, 390, and 550 nm in Ar-saturated ACN, (c) computed UV-vis absorption
spectrum for T; of DEACM-Br (UB3LYP/6-31G(d,p)), (d) computed UV-vis
absorption spectrum of D (UB3LYP/6-31G(d,p)), (e) time profiles at 320 nm in
Ar-, air-, and O;-saturated ACN.

To further consideration of these identifications, LFP measurements of Ar-
saturated ACN solutions of DEACM-Br (0.1 mM) in the presence of 0.05, 0.1,
and 0.2 mM 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), which is a radical
scavenger, were conducted. TA spectrum obtained in the presence of 0.2 mM
TEMPO is shown in Figure 9a. The spectrum just after photoirradiation was
similar to that in Figure 8a. The 320 nm decay was confirmed as multi-
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component decay, and components observed in the measurements without
TEMPO were completely quenched by TEMPO. Additionally, the single decay
at 550 nm was also quenched by TEMPO; k= 1.3X10°s! 1.8X10°s™!, and
3.6 X10° s! in the presence of 0.05, 0.1, and 0.2 mM TEMPO, respectively. the
multi-rise process at 390 nm were also quenched in the presence of TEMPO.
The quenching of multi-components at 320 and 390 nm and the single decay at
550 nm by TEMPO can be explained by the deactivation of T; of DEACM-Br
was accelerated by TEMPO due to electron exchange process between T; and
TEMPO?, and also, radical D can be trapped by TEMPO. One of the
components of multi-rise processes at 390 nm is the product generation process
generated by trapping of D by TEMPO. This identification was supported by
the UV-vis absorption spectrum after LFP measurements was blue-shifted to
region where slower rise was observed (Figure 9¢), and these generated products
were identified by product analysis shown below.

(dual decay) =34 0.07 - — without TEMPO

a ——0.8 us b
(@) 005 @320 nm ~-15ps (B) 005 |

10 us —0.06 mM
550 nm(decay) —~20Hs 0.08
% gecay)  , sops
/J Ground state recovery 0.02 4
-0.03 /] .
WA
390 nm + | product generation 014 A "”J | u 1y
005 | (dualrise) 0.00 . “ — -
290 340 390 440 490 540 590 640 690 0 0.02 0. 04 0. 06 0. 08 0.1 0.12 0.14
Wavelength / nm Time / ms
(€) 2,

1.8 4
16 1
14 1

124 |

§ 1]

0.8

——Before LFP measurements

——After LFP measurements

0.6
0.4
0.2 4

0

250 300 350 400 450 500 550 600 650
Wavelength / nm

Figure 9. (a) TA absorption spectra in Ar-saturated ACN containing 0.2 mM
TEMPO, (b) time profiles at 320 nm in Ar-saturated ACN containing 0, 0.05,
0.1, or 0.2 mM TEMPO, and (c) UV-vis absorption spectrum of before and after
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LFP measurements of DEACM-Br (0.1 mM) Ar-saturated ACN containing 0.2
mM TEMPO.

2-5.  Product analysis of DEACM-Br

For further understanding of photoreaction mechanism of DEACM-Br,
product analysis was conducted for photoreaction of degassed (degassed by
three freeze-pump-thaw cycles, and sealed NMR tube was used) and O»-
saturated CD;CN solution of DEACM-Br (16 mM).

Photoreaction in degassed CD;CN was monitored by 'H nuclear magnetic
resonance (NMR) measurements. The spectrum after photo-irradiation was
broadening and identification of the product was difficult (Figure 10). The
photoreaction in O,-saturated CD;CN was also monitored by '"H NMR. After
irradiation, although the signal derived from proton of aldehyde product b and
acetaldehyde 3 were observed, other signals in aromatic region were broadening
and difficult to identify other products only from '"H NMR. Therefore, to identify
these products, photolysis of the O,-saturated ACN solution of DEACM-Br (26
mM, 200 mg) was performed on a larger scale under 365 nm LED irradiation.
Trace amount of ¢, 1,2 and b was isolated by silica-gel column chromatography
and identified by 'H and *C NMR and ESI-MS measurements. Compound b, ¢
and 1 were considered to generated by trapping of 4-methyl radical by O,
(Scheme 4b). Because intermediate D and C-T both have 4-methyl radical, it
was difficult to determine whether these products originate from D or C-T. The
generation of compounds 1 and 2 indicate the generation of Br,, and it suggests
homolytic bond cleavage of C-Br bond. The chemical yield of acetaldehyde 3
was determined as 8% from 'H NMR. The formation of acetaldehyde in O,-
saturated CD3;CN can be explained by considering the reaction of singlet oxygen
with the diethylamino group at the 7-position**»?*(Scheme 4b). In the presence
of 2-methyl-2-butene (400 mM) which is singlet oxygen quencher, acetaldehyde
3 was also detected in 10% yield, suggesting singlet oxygen reacts quickly with
the amine moiety to give 3. (Figure 20).
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After 75 min
(d)

hv (365
oo RPN | S
After 30 min
(e)
hv (365 nm)
After 15 min

(b)

I hv (365 nm)

Before irradiation

Y I | .
8 6 5 (opm 4 2

Figure 10. 'H NMR spectra of the photolysis of DEACM-Br (16 mM) by 365
nm LED lamp in degassed CDs;CN solution; (a) before irradiation, (b) after 15
min irradiation, (c) after 30 min irradiation, and (d) after 75 min irradiation.
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Scheme 4. (a) identified products of DEACM-Br in O,-saturated CD3CN (or
ACN), zand (b) generation mechanisms of identified products b, ¢, and 1-3.

2-6. Product analysis of DEACM-Br in the presence of 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO)

To get further insight, product analysis in the presence of TEMPO which is
radical scavenger was conducted. The photolysis in degassed CD3;CN solution
of DEACM-Br(16 mM) in the presence of 32 mM TEMPO in sealed NMR
tube by 365 nm LED was monitored by "H NMR (Figure 21), and confirmed
the generation of compound 3(6.2%) and b(5.2%). To identify other products,
photolysis on a larger scale that in degassed ACN solution of DEACM-Br (16
mM, 80 mg) in the presence of 32 mM TEMPO by 365 nm LED was conducted.
Compounds 4-6 were isolated by silica-gel column chromatography, and
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identified by 'H and “C NMR and ESI-MS measurements. Compounds
4(40%) and 5(25%) were main products, and they were considered to be
generated by trapping 4-methyl radical of D or C-T by TEMPO.

(a)
(32 mM) Et,N o o) EtzN o o)

DEACM-Br 365 nm

(16 mM)  in degassed CD1CN (40% . 25% o
< R= 7(va> EtN EtzN
O
ks
(6. 2% (1 0% (5. 2%)
(b) j}
TEMPO fN@

TEMPO H
2 x TEMPO

< Hydrogen abstractlon

N
* and o o
H BN radical trapping N +
)\rﬁ o~ o )]\H
® N@ © EtN 0" o
e [ ] Lon 4 6 3
N

OH
TEMPO-H

Scheme 5. (a) Identified photoreaction products of DEACM-Br in the presence of 32
mM TEMPO in degassed CD3;CN(ACN) (in the parentheses values under compound

number are chemical yields), and (b) Generation mechanism of compound 6 and 3.

Generation mechanism of compounds 6(6.2%) and 3 should be noted
(Scheme 5b). More specifically, hydrogen abstraction®®?” of the «a -hydrogen
atom of tertiary amine radical cation of the TEMPO-trapped adduct 12 or C-T
occurs to give the iminium ion intermediate I1, and this is followed by
hydrolysis to produce acetaldehyde 3 and the secondary amine, 6. To further

confirm this reaction mechanism, the activation energy of o« -hydrogen
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abstraction from radical cation diethylamino group at 7-position of 12 or C-T
by TEMPO were calculated at UB3LYP/6-31G(d,p) level of theory, and
determined as 1.91 and 1.86 kcal/mol, respectively. Thus, this « -hydrogen
abstraction by TEMPO can easily occur at ~20°C and generate compounds 6
and 3. The formation of compounds 6 and 3 therefore is considered to be the
first strong evidence of the generation of C-T.

2-7.  Mechanism

The proposed photoreaction mechanism of DEACM-Br considered from
experimental results is shown in Scheme 6. Generation mechanism of C-T can
be explained by two pathways. One is generation by heterolytic bond cleavage
of C-Br to generate C and C-T, and second is by single electron transfer from
radical intermediate D to bromine radical to generate C and C-T. To consider
the possibility of second path, firstly, the energy of radical pair [D, Br'], ion
pairs [C, Br™ ] and [C-T, Br™ ] were calculated at the (U or R)B3LYP/6-31G(d,p)
level of theory with solvent effect of ACN by scrf method. [C-T, Br™ ] was more
stable, and [D, Br'] was 16 kcal mol! less stable than [C-T, Br™]. [C, Br™] was
only 0.38 kcal mol! unstable than [D, Br"]. Furthermore, the redox potentials
of D and Br® were calculated at the (U or R) M06-2x/6-31G(d,p) level®® with
solvent effect of ACN by scrf method determined as 1.73 and 1.40 V vs SCE,
respectively. From these values, AG of single electron transfer from D to Br’
was calculated as AGsgr= + 7.6 kcal mol™!. From these results, [C, Br™] can be

generated from [D, Br’] at room temperature, and generate more stable [C-T,
Br].
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Scheme 6. Photoreaction mechanism of DEACM-Br.

2-8.  Conclusion

In this section, detail of photoreaction mechanism of DEACM-Br was
investigated. In the product analysis of photolysis of DEACM-Br in the
presence of TEMPO, first strong evidence of generation of C-T was found.
Furthermore, the full picture of photoreaction mechanism of DEACM-Br was

uncovered.
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2-9. Experimental Section

General Information

All commercially available reagents were purchased from TCI and Wako. NMR
spectra were recorded on Bruker Ascend 400 (‘"H NMR: 400 MHz, *C NMR:
100 MHz) spectrometer at 298 K and referenced to residual solvent peak.
Coupling constants (J) are denoted in Hz and chemical shifts () in ppm. The
abbreviations s, d, t, q, dd and dq stand for the resonance multiplicities singlet,
doublet, triplet, quartet, double of doublets and doublet of quartet, respectively.
IR spectrum was recorded on a JASCO MCT-6000M. EPR spectra were
recorded on a Bruker Bio Spin Elexsys E500. Mass spectrometric data were
measured with Thermo Fisher Scientific LTQ Orbitrap XL. UV-vis spectra were
recorded on a SHIMADZU UV-3600 Plus spectrometer. The spectra were
collected at room temperature using a slit width of 1 nm with middle scan rate.
The excitation source for sub-microsecond laser flash photolysis (LFP) was a
tunable Nd: YAG minilite laser at 355 nm. The monitoring system consisted of
a 150 W Xenon arc lamp as light source, a Unisoku MD200 monochromator
detection and a photomultiplier.

Synthesis
NM62
=
m DMF-DMA X
DMF
Et,N o O reflux, 14 h Et,N @] @]
DEACM a

To a solution of DEACM (2.00 g, 8.64 mmol, 1.0 equiv.) in DMF (10 mL),
DMF-DMA (2.3 mL, 17.3 mmol, 2.0 equiv.) was added. The reaction mixture
was refluxed for 14 h under N, atmosphere (at about 140 °C heated by an oil
bath). Subsequently, conc. NaHCO; and CH,Cl,. The reaction mixture was
separated to aqueous layer and organic layer include compound a was extracted
with CH,Cl,. Organic layer was dried with Mg,SOs, then filtered and the solvent
was removed under reduced pressure. Any purification were not conducted.'H
NMR (400 MHz, CDCls) :6 =7.50 (d, J=8.0Hz, 1H, 5-H), 7.21 (d, J =12
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Hz, 1H, CHCHN), 6.52 (dd, J= 8.0, 2.8 Hz, 1H, 6-H), 6.46 (d, J= 1.2 Hz, 1H,
8-H), 5.82 (s, 1H, 3-H), 5.20 (d, J = 14.8 Hz, 1H, CHCHN), 3.38 (q, J = 4 Hz,
4H, CHQCH3), 297(5, 6H, N(CH3)2), 117(t, J=28 HZ, 6H, CH2CH3)

NMe2
Z CHO
Na|O4
N > X
THF :H,0=1:1
Et,N 0~ 0 rt.,2h Et,N 0~ S0
a b

Residue of compound a was dissolved in THF/H,O (14 mL, 1:1) and NalO4
(5.54 g, 25.9 mmol, 3.0 equiv.) was added and stirred for 2 h at ambient
temperature (~20 °C) under N, atmosphere. The precipitate was filtered off and
washed with EtOAc. Half of solvent was removed under reduced pressure and
added conc. NaHCOj solution. The products were extracted with CH,Cl, and
organic layer was washed with H,O. Then, organic layer was dried with MgSO4
and solvent was removed under reduced pressure. Any purification was not
conducted. '"H NMR (400 MHz, CDCls) :6= 10.02 (s, 1H, COH), 8.30 (d, J =
8.8 Hz, 1H, 5-H), 6.62 (dd, J = 6,2 Hz, 1H, 6-H), 6.52 (d, J =4 Hz, 1H, 8-H),
6.45 (s, 1H, 3-H), 3.42 (q, J = 8 Hz, 4H, CH,CH3), 1.21 (t, J = 8 Hz, 6H,
CH,CH,).

CHO O
X —_— X
THF
Et,N 0~ ~o rt.2h  Et,N 0~ "o

b C

The residue of b was dissolved in THF (12 mL), cooled at 0 °C and added
NaBH4 (0.66 g, 17.3 mmol, 2.0 equiv.). Reaction mixture was stirred for 2 h at
ambient temperature (~20 °C) under N, atmosphere. The reaction was quenched
by adding NaHCOs solution and CH,Cl,. The organic layer was separated, and
the aqueous layer was extracted with CH,Cl,. The organic layer was dried with
MgSO, and solvent was removed under reduced pressure. ¢ was purified by
silica gel chromatography (EtOAc : Hexane = 1:1). ¢ (680 mg, 31.8 % after 3
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steps) was gained as yellow solid. "TH NMR (400 MHz, DMSO-d¢) :8=7.43 (d,
J=8Hz, 1H, 5-H), 6.66 (dd, /=8, 4 Hz, 1H, 6-H), 6.52 (d, /=4 Hz, 1H, 8-H),
6.06 (s, 1H, 3-H), 5.50 (t, J = 4 Hz, 1H, OH), 4.66 (dd, J = 4, 1.2 Hz, 2H,
CH,OH), 3.42 (q, J=5.6 Hz, 4H, CH,CH3), 1.11 (t, J = 8 Hz, 6H, CH,CH,).

OH Br

1. NEt3, methane sulfonyl chloride
AN 2. LiBr A
Et,N 0 o 1. CHCl Et,N 0o
2. THF
N DEACM-Br

¢ (100 mg, 0.404 mmol, 1.00 equiv.) was dissolved in CH,Cl, added NEt; (0.116
mL, 0.808 mmol, 2.0 equiv.) and cooled at 0 °C. Methane sulfonyl chloride
(0.0469 mL, 0.606 mmol, 1.5 equiv.) was added and stirred for 2 h at 0 °C under
N, atmosphere. The reaction was quenched with cooled conc. NaHCOj solution
and washed with cooled conc. NaHCOj3 solution 2 times and dried with MgSOs,.
Solvent was removed under reduced pressure and THF and LiBr (0.14 g, 1.616
mmol, 4.0 equiv.) were added to the residue. The reaction mixture was stirred
for 2.5 h at ambient temperature (~20 °C). Solvent was removed under reduced
pressure and the residue was solved in CH,Cl,. The solution was washed with
brine and dried with MgSQO,. The solvent was removed under reduced pressure.
DEACM-Br was purified by silica-gel column chromatography (CH,Cl; :
EtOAc = 99:1) and yellow solid was obtained(75.1 mg, 60 %). 'H NMR (400
MHz, CDCl;) :6=7.49 (d,J=8 H z, 1H, 5-H), 6.62 (dd, J =4, 2.8 Hz, 1H, 6-H),
6.51 (d, J=4 Hz, 1H, 8-H), 6,14 (s, 1H, 3-H), 4.40 (s, 2H, CH,Br), 3.42 (q, J
=8 Hz, 4H, CH,CHs), 1.22 (t,J =7 Hz, 6H, CH,CH,).

34



Supplementary Information of LFP measurements in Ar-, air-, and O:-
saturated ACN
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Figure 11. UV-vis absorption spectra of before and after LFP measurements; (a)
in Ar-saturated ACN, (b) in air-saturated ACN, and (c¢) in O2-saturated ACN.
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Figure 12. Computed UV-vis absorption spectrum of C-T (UB3LYP / 6-
31G(d,p)).

35



(a) (b)

020 4 320 nm(decay) —-0.18ps U2 320 nm(decay) o
—-0.5ps

——0.5ps 0.10
—1us 0.08
—5pus 0.06
- 0.04 )
N 8 g0 1

0.00
-0.02
-0.04
-0.15 A 0.06

= -0.08
290 300 310 320 330 340 35 360 370 380 290 300 310 320 330 340 350 360 370 380
Wavelength/ nm Wavelength / nm

Figure 13. TA spectra (290-400 nm) of 0.20 mM solution measured in 5 mm
cuvette; (a) in Air-saturated ACN (full time scale; 20 ps), (b) in O,-saturated

ACN (full time scale; 10 ps).
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Figure 14. TA spectra (290-700 nm) of 0.10 mM solution measured in 10 mm
cuvette; (a) in Air-saturated ACN (full time scale; 1 ms), (b) in O;-saturated
ACN (full time scale; 1 ms).

Table 1. Time constants of 0.1 mM Air-saturated ACN solutions measured in 1

ms time scale. (blue : decay, red : rise)
290nm 300nm 310nm 320nm 330nm 340nm 350nm 360 nm

T 150 us 195 pus 152 ps - 12.1 us 204 pus S53.1us  78.6 us
2 122 us 181 us 290 pus 314 ps

370nm 380 nm 390nm 400nm 410 nm
T1 157us 119 pus 199 us 183 us 160 ps
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Table 2. Time constants of 0.1 mM O,-saturated ACN solutions measured in 1
ms time scale. (blue : decay, red : rise)
290nm 300nm 310nm 320nm 330nm 340nm 350nm 360 nm

Ti 155us 144 pus 163 ps - 273 us 13.7us 182 pus
2 413 us 153 us
370nm  380nm 390nm 400nm 410 nm
Tl 127 pus 159 us 200 pus 210 pus 172 us
(a) (b) —300 nm (x (-1))
" —300 nm (x (1)) e Ll i - ; . : T 370 nm
——370 nm |
-0.01
3

-0.02 -

09 003 -
0 0.1 02 03 04 05 06 07 08 09
Time/ms

Figure 15. Time profiles at 300 nm (X (-1)) and 370 nm; (a) in Air-saturated
ACN, (b) in Oz-saturated ACN.
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Figure 16. Computed UV-vis absorption spectra (u/rB3LYP/6-31G(d,p)); (a)
D2, (b) D3.
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Supplementary Information of LFP measurements in Ar-saturated ACN
presence of TEMPQO
(a)
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Figure 17. Transient absorption spectra of Ar-saturated ACN solutions; (a)
without TEMPO, and in the presence of (b) 0.05 mM TEMPO, (c¢) 0.1 mM
TEMPO, and (d) 0.2 mM TEMPO.

Table 3. Time constants of 0.05 mM TEMPO added Ar-saturated ACN solution.

(blue : decay, red : rise)
300nm  310nm  320nm  330nm  340nm  350nm  360nm 370 nm

14.3 us 9.48 us 8.49 us 11.1 ps 10.1 ps 9.77 us
T 411 pus  4.78 us

(69 %) (82 %) (81 %) (72 %) (71 %) (52 %)

84.9 us 86.7 us 81.9 us 76.0 us 89.7 us 71.4 us
() 46.9 us -

(31 %) (18 %) (19 %) (28 %) (29 %) (48 %)

380nm  390nm  400nm  410nm  420nm  430nm  490nm 500 nm
0 11.9 us 15.2 us 11.9 us 11.2 us 5.32 us 59 s 6.89 s 6.71 s
(56 %) (55 %) (80 %) (42 %) (57 %)
77.9 us 92.3 us 91.4 us 74.3 us 68.9 us
" @4%)  (45%) (20%)  (58%) (43 %) ) ) )
510nm  520nm  530nm  540nm 550 nm  560nm 570 nm

Tl 7.42 ps 8.20 pus 8.10 us 7.80 p 7.88 us  8.08 us 11.7 ps
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300 - 330 nm : dual decay, 10 us + 80-90 us (peak : 320 nm (8.5 us + 90 ps))

360 - 420 nm : dual rise, 10 ps + 80-90 us (peak * 390 nm (15 ps +92.3 ps))

490 - 570 nm : decay, 7-8 pus (peak : 550 nm (7.9 ps))

Table 4. Time constants of 0.1 mM TEMPO added Ar-saturated ACN solution.
(blue : decay, red : rise)

T1

%]

T1

%]

T1

300 - 330 nm : dual decay, 5 pus + 20-30 ps (peak : 320 nm (5.0 ps + 28 us))

300 nm
9.15 us
(62 %)
36.6 us
(38 %)
380 nm
10.6 pus
(70 %)
50.3 ps
(30 %)
510 nm
4.59 us

310 nm
4.04 ps
(61 %)
22.6 us
(39 %)
390 nm
7.06 ps
(55 %)
319 ps
(45 %)
520 nm
4.59 us

320 nm
5.03 us
(73 %)
28.0 us
(27 %)
400 nm
5.35 s
(46 %)
22.9 ps
(54 %)
530 nm
4.98 us

330 nm
3.26 ps
(46 %)
22.5 pus
(54 %)
410 nm

11.1 pus

540 nm
548 u

340 nm

2.09 us

12.8 us
420 nm

15.1 pus

550 nm
5.49 us

350 nm
3.40 ps
(61 %)
34.9 pus
(39 %)
430 nm

4.87 pus

560 nm
6.18 us

360 nm
5.69 us
(43 %)
32.5 us
(57 %)
490 nm

4.18 pus

570 nm
5.60 us

360 - 420 nm : dual rise, 5 us + 30 us (peak * 390 nm (7.1 ps + 32 ps))
490 — 570 nm : decay, 5 us (peak : 550 nm (5.5 ps))

370 nm
3.94 us
(41 %)
30.9 ps
(59 %)
500 nm

3.94 us

Table 5. Time constants of 0.2 mM TEMPO added Ar-saturated ACN solution.
(blue : decay, red : rise)

%]

T1

T2

300 nm

10.1 pus

380 nm
10.3 pus

510 nm

310 nm
1.52 us
(44 %)
10.1 ps
(56 %)
390 nm
10.0 ps

520 nm

320 nm
3.03 us
(67 %)
13.7 ps
(33 %)
400 nm
10.1 ps

530 nm

330 nm
3.80 ps
(53 %)
14.8 us
(47 %)
410 nm
10.9 pus

540 nm

39

340 nm

717 ns

7.28 us

420 nm
219 ns

550 nm

350 nm

11.2 us

430 nm

560 nm

360 nm

10.2 us

490 nm

570 nm

370 nm

9.90 us

500 nm
2.17 us



T 3.14 ps 1.79 pus 2.41 ps 240 2.76 us 326 us  4.76 us

300 - 330 nm : dual decay, 2 pus + 10 pus (peak : 320 nm (3.0 ps + 14 us))
360 - 420 nm : dual rise, 10 ps (peak : 390 nm (10 ps)) fast rise could not be fitted.
500 — 570 nm : decay, 2 ps (peak : 550 nm (2.8 pus))

(a) . (b g
0.025 — without TEMPO
~-0.05mM
0.020 0.1 mM
0.2mM
0.03 4 o 0.015
w
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Figure 18. Time profiles of without TEMPO and added 0.05 mM, 0.1 mM, or
0.2 mM TEMPO; (a) at 390 nm, (b) at 550 nm.

Supplementary Information of product analysis of DEACM-Br
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Figure 19. '"H NMR analysis of photolysis of DEACM-Br (16 mM) irradiated
by 365 nm LED in O,-saturated CD;CN.
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Figure 20. '"H NMR analysis of photolysis of DEACM-Br (16 mM) in the
presence of 400 mM 2-methyl-2-butene irradiated by 365 nm LED in O,-

saturated CD;CN.

Characterization of Compound 1 and 2 by 'H, *C NMR and ESI-HRMS
measurements

[Compound 1]

"H NMR (400 MHz, CD3CN) :6=7.72 (d, J= 9.2 Hz, 1H), 6.73 (dd, J=9.2, 2.6
Hz, 1H), 6.54 (d, J= 2.6 Hz, 1H), 4.86 (d, J= 6.0 Hz, 2H), 3.51 (t, /= 6.1 Hz,
1H), 3.44 (q, J = 7.1 Hz, 4H), 1.17 (t, J = 7.1 Hz, 6H). 3C NMR (100 MHz,
CD;CN) :6=206.41, 155.21, 151.80, 127.22, 109.21, 107.53, 104.71, 96.72,
60.88, 44.35, 29.86, 11.71. HRMS (p-ESI, MeOH sol) m/z : Calcd for
Ci14H17O3NBr [M + H]+, 326.03863, found 326.03891.

[Compound 2]

"H NMR (400 MHz, CD3CN) :6=7.56 (d, J=9.2 Hz, 1H), 6.77 (dd, J=9.2, 2.6
Hz, 1H), 6.56 (d, J=2.6 Hz, 1H), 4.73 (s, 2H), 3.45 (q, /= 7.1 Hz, 4H), 1.17 (t,
J = 7.1 Hz, 6H). 3C NMR (100 MHz, CD;CN) :6=158.64, 156.20, 152.29,
127.10, 110.49, 107.09, 106.44, 98.05, 45.45, 28.38, 12.71. HRMS (p-ESI,
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MeOH sol) m/z : Calcd for C14H;50,NBr®'BrNa [M + Na]+, 411.93413, found
411.93430.

Supplementary Information of product analysis of DEACM-Br in the
presence of TEMPO
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Figure 21. '"H NMR analysis of photolysis of DEACM-Br (16 mM) in the
presence of 32 mM TEMPO irradiated by 365 nm LED in degassed CD;CN (4.8
—10.2 ppm).

)
ELe
l_||

Seale 2 0,535

Characterization of Compound 4, 5 and 6 by 'H, *C NMR and ESI-HRMS
measurements

[Compound 4]

"H NMR (400 MHz, CD;CN) :6=7.37 (d, J=9.0 Hz, 1H), 6.64 (dd, J=9.0, 2.6
Hz, 1H), 6.52 (d,J=2.6 Hz, 1H), 6.13 (t, /=14 Hz, 1H),4.97 (d,J=1.4 Hz,
2H), 3.43 (q, /= 7.0 Hz, 6H), 1.66-1.58 (m, 1H), 1.55-1.42 (m, 4H), 1.38-1.92
(m, 1H), 1.21-1.13 (m, 18H). *C NMR (100 MHz, CD;CN) :6=162.56, 157.27,
153.62,151.72,126.26,109.55,106.08,98.18, 75.49, 60.86, 45.28, 40.52, 33.35,
20.66, 17.78, 12.74. HRMS (p-ESI, MeOH sol) m/z : Calcd for C,3H3403N;Na
[M + Na]+, 409.24616, found 409.24622.
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[Compound 5]

'H NMR (400 MHz, CD;CN) :5=7.83 (d, J= 9.2 Hz, 1H), 6.77 (dd, J=9.2,2.7
Hz, 1H), 6.56 (d, J= 2.6 Hz, 1H), 5.21 (s, 1H), 3.48 (q, J = 7.1 Hz, 4H), 1.67-
1.57 (m, 1H), 1.56-1.48 (m, 4H), 1.47-1.41 (m, 1H), 1.26 (s, 6H), 1.20 (t, J =
7.1 Hz, 6H), 1.11 (s, 6H). '*C NMR (100 MHz, CD;CN) :5=157.92, 155.05,
150.87, 150.24, 128.22, 109.03, 107.76, 104.50, 96.58, 77.09, 59.74, 44.35,
39.53, 32.77, 19.52, 16.77, 11.73. HRMS (p-ESI, MeOH sol) m/z : Calcd for
C23H3403N2B1" [M + H]+, 46517473, found 465.17429.

[Compound 6]

"H NMR (400 MHz, CDsCN) :6=7.31 (d, /= 8.8 Hz, 1H), 6.53 (dd, J= 8.8, 2.3
Hz, 1H), 6.42 (d,J=2.3 Hz, 1H), 6.15 (t,J= 1.4 Hz, 1H), 5.12 (s, 1H), 4.97 (d,
J=1.4Hz, 2H), 3.17 (dq, /= 7.2 Hz , 2H), 1.70-1.57 (m, 1H), 1.56-1.40 (m,
2H), 1.39-1.30 (m, 1H), 1.21 (t, J = 7.2 Hz 3H), 1.19 (s, 6H), 1.18 (s, 6H). *C
NMR (100 MHz, CDs;CN) :6=161.42, 156.27, 152.75, 152.34, 125.06, 110.21,
106.93, 105.24, 96.96, 74.42, 59.84, 39.49, 37.52, 32.31, 19.64, 16.75, 13.36.
HRMS (p-ESI, MeOH sol) m/z : Calcd for C,;H3;03N, [M + H]+, 359.23292,
found 359.23282.

Determination of photoproduct chemical yield (compound b and 3-6)

Triphenylmethane (TPM) was used as internal standard.

1. 64.3 mM CD;CN solution of TPM was prepared in 1 mL volumetric flask.

2. 64.3 mM TPM solution was added 0.1 mL to photoreaction solution and
then, "H NMR was measured.

3. From '"H NMR spectrum of the mixture of TPM and photoreaction solution,
we calculated the integral value of DEACM-Br, compound b, 3-6 based on
that of TPM (1H), and then the amount of the unreacted DEACM-Br
(mmol) and the generated compounds were determined from eq. (1) and (3)

respectively. The conversion yield (%) of DEACM-Br and chemical yield

of photoproducts were calculated from eq. (2) and (4) respectively.

(The amount of unreacted DEACM-Br)
= (The amount of TPM (mmol)) X (The integral value of DEACM-Br after photoreaction (1H)) ... (1)
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(The conversion yield (%) )

(The amount of DEACM-Br before photoreaction — The amount of unreacted DEACM-Br (mmol)) 100.(2
= x100...
(The amount of DEACM-Br before photoreaction (mmol)) @

(The amount of photoproduct)
= (The amount of the unreacted DEACM-Br (mmol)) X (The integral value of photoproduct (1H)) ... (3)

(The chemical yield of photoproduct (%) )

(The amount of photoproduct (mmol))

= x100...(4
(The amount of consumed DEACM-Br by photoreaction (mmol)) )
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Chapter 3.
Design of Triplet Ground State Indenyl Cation;

Investigation of Substituent effects
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3-1. Introduction
Cyclopentadienyl cation (CPD") is well known as one of the triplet ground
state carbocation. Due to the Huckel anti-aromaticity in closed-shell singlet
(CS) and Baird aromaticity*>*° in triplet (T) of CPD*, T(T-CPD") is AEgr =
8.7 kcal mol™! more stable than singlet®' . On the other hand, although indenyl
cation (Ind") which fused one benzene ring to CPD" also have Hiickel anti-
aromaticity in its CS and Baird aromaticity in T, CS is ground state (AEst =~
—9.2 kcal mol™")*. The resonance stabilization of the positive charge (22.0 kcal
mol™)* by the fused benzene ring is key in stabilizing the CS state.

R o
@ —~ T.CPD* O —=  Tind*
cPD*

Ind*
triplet ground state singlet ground state

Scheme 7. Ground state of cyclopentadienyl cation (CPD") and indenyl cation
(Ind")

In this study, the substituent effect on the electronic ground state were
investigated about Ind" derivatives 7-17(Table 6) which introduced substituent
R; and R, at C2 and C5 of Ind’, respectively, by density functional theory
(DFT) and complete active space multiconfiguration (CAS) second order
perturbation theory (CASPT2/CASSCEF) calculations to demonstrate strategy
for control electronic ground state of indenyl cation.

Table 6. Investigated cations bearing substituents (R; and R,) at C; and Cs.

cation R, R, cation R, R,
R1 7 H H 13 NO, H
@ 8 Me H 14 4-MeOCH, H
9 OMe H 15 4-NO,CH, H
O 10 Ph H 16 4-MeOCH, NH,
5Rz 11 NH, H 17 4-MeOCH, NO,
12 CN H
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3-2.  Electronic structure and configuration of 7-17

Geometry optimization and vibrational analysis of CS and T of cation 7(=Ind",
Ri, R, = H, H) were performed at B3LYP/6-31G(d,p) level, and the optimized
structure was used for single point calculation of energy at CASPT2/cc-pVDZ
level. These calculations showed singlet is 9.99 kcal mol! (RB3LYP) or 13.1
kcal mol! (CASPT2) more stable than triplet, and this result is well matched
with literature value*. Analysis of the CASSCF reference wavefunction
confirmed domination of only one leading configuration in the wavefunction
for both singlet (weight 83%) and triplet (weight 84%) states. This indicate that
singlet has little open-shell singlet (OS) character (Table 17). To understand
electronic structure of 7, NBO charges and NBO spin densities of CS (CS-7)
and T (T-7) were calculated at (R/U)B3LYP/6-31G(d,p) level (Figure 32(a)). In
CS-7, positive charges are delocalized on benzyl position, C1/C3 and on the
benzene ring C4/C7. On the other hand, in T-7 the positive charge at C2 is larger
than that at C1/C3, and also the considerable positive charge is found at C5/C6.
The spin density of T-7 at C1/C3 is higher than that at C2. From these results,
introduction of substituents at C2 and C5 are predicted to most affect to stability
of triplet. Thus, ground electronic state (singlet versus triplet) of indenyl cation
7-17 introduced the electron-donating group (EDGQG) or the electron-withdrawing

group (EWG) at C2 or C5 were investigated by DFT and CASPT2 calculations.
(a)

NBOQO charges : NBOQO charges NBO spin densities
0021 E 0195 0310
0. 092 Lo 151 0. 233
! 0.095 0.043
CS-7 (Cyy) : T-7 (Cyy) 7 (Cyy)
(b) \ Ne He
9 (O [}

Cs-7 0s-7 T-7

Figure 32. (a) NBO charges of CS-7 and NBO charges and NBO spin densities
of T-7 at the (R or U)B3LYP/6-31G(d,p) level of theory; (b) typical form of CS-
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7, OS-7 and T-7.

Geometries of singlet and triplet of indenyl cations 8-17 were optimized at (R
or U)B3LYP/6-31G(d,p) level, and vibrational analysis was also conducted at
same calculation level to confirm no imaginary frequency. The geometries and
energies were re-evaluated by the broken-symmetry (BS)**>” UB3LYP/6-
31G(d,p) method, resulting cations 9-11(R;,R, = OMe,H; Ph,H; NH,,H) and 14-
17(R1,R; = 4-MeOCsHs,H; 4-NO,CsHas,H; 4-MeOCeH4,NH,; 4-MeOCgHa,
NO,) has more stable OS than CS was confirmed. Single point calculations by
multireference CASPT2 methods by using optimized geometries at (R or
U)B3LYP/6-31G(d,p) level. Wavefunction details and natural occupation
numbers of active orbitals are listed in Table 7. Distinct from parent indenyl
cation 7, almost all singlet wavefunctions of substituted derivatives has
multiconfigurational character, e.g. CS configuration and OS configuration.
Specifically, for cations 9(R;,R, = OMe,H), 11(R;,R, = NH,,H), 14(R,,R; = 4-
MeOCsH4,H), weight of leading configuration corresponds to classical HF
closed-shell configuration was significantly lower than that of unsubstituted
indenyl cation 7, and contribution of second configuration (double excitation)
was more than 10% (weights = 0.19, 0.12, and 0.20 for 9, 11 and 14,
respectively). Natural occupation number of frontier orbital (1.46 and 0.55 for
9,1.62 and 0.41 for 11, and 1.39 and 0.65 for 14) was between 2 to 0 indicates
singlet of these cations has diradical OS character. Whereas, in singlet of cation
8(R1,R; = Me,H), 12(R;,R; = CN,H), 13(R;,R, = NO,,H) and 16(R},R; = 4-
MeOC¢H4,NH>), leading configuration occupied more than 80% same as parent
indenyl cation 7 and second configuration is lower than 6%. Additionally, the
results of their singlets calculated at RB3LYP and UB3LYP showed same results
indicating that these cations have little OS character.

3-3. Singlet-Triplet energy splitting

The energy gap of singlet and triplet was determined using total electronic
energies (E) including zero-point energy corrections as A Erst = AEgrs— AEr
and A Eyst= Eys — Er. Positive values of energy gap mean triplet is more stable.
Singlet triplet energy gap were also determined by the energies calculated by
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CASPT2 (A Esr = AEs — AEr), and confirmed consistency with DFT
calculations. Firstly, cation 8 introducing methyl group at 2-position was singlet
ground state same with unsubstituted indenyl cation 7 (AErst = AEyst = —5.31
kcal mol ™). However, due to weak donor ability of Me, energy gap was smaller
than that of 7 (AErst = —9.99 kcal mol™). This result was confirmed on the result
obtained by CASPT2 that A Est of cation 8 was 3.65 kcal mol! smaller than
that of cation 7. Additionally, in both DFT and CASPT2 calculations, cation 9-
11,14 and 17(R;,R, = OMe,H; Ph,H; NH,,H; 4-MeOC¢H4,H; 4-MeOC¢H4,NO,)
introduced strong EDG at C2 were triplet ground state. On the other hand, cation
12(R;,R; =CN,H), 13(R;,R, =NO,,H) and 16(R,,R, = 4-MeOC¢H4,NH,) which
introduced EWG at C2 and EDG at C5, respectively were singlet ground state.
In the case of cation 15(R,R, = 4-NO,CsH4,H), singlet was 4.33 kcal mol! more
stable in CASPT2, but DFT calculation showed almost same energy between
them. These quantum chemical calculation results suggest EDG/EWG
substituents at C2/C5 are important factor for determining electronic ground
state of indenyl cation derivatives as initially predicted from electronic structure
of unsubstituted indenyl cation 7 such as NBO charges and NBO spin densities.

Table 7. Singlet-triplet energy gaps in kcal mol™! ((AErst = singlet (RS) energy
from RDFT- triplet (T) energy, AEyst = singlet (US) energy from UDFT — T
energy, as calculated using DFT?® and AEst = singlet energy—triplet energy as
calculated using CASPT2/CASSCF? methods).

cation AERsT DET AEst ground state
R! R? DFT CASPT2  CASPT2
(<8*>)¢
7 (= Ind") —-9.994
-9.99 —-13.14 S
H, H (0.00)
8 -5.314
-5.31 -9.49 S
Me, H (0.00)
9 1.13
5.38 0.46 T
OMe, H (0.96)
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10 1.74

5.48 -1.32 S
Ph, H (0.88)
11 6.95
13.15 4.66 T
NH, H (1.05)
12 —6.524
—6.52 —11.25 S
CN, H (0.00)
13 ~11.17¢
-11.17 —14.45 S
NO,, H (0.00)
14 3.31
9.62 7.37 T
4-MeOCgHs, H (1.03)
15 0.38
2.06 -4.33 S
4- NO2CeH4, H (0.70)
16 —2.77
-2.11 —7.65 S
4-MeOCgH4, NH> (0.18)
17 3.67
9.09 6.77 T
4-MeOCgH4, NO2 (1.02)

¥ The closed-shell singlet (CS) and triplet (T) states were computed at the R and UB3LYP/6-
31G(d,p) levels of theory, respectively. Similar substituent effects were also found at the
CAM-B3LPY, ®B97XD, and M06-2x/6-31G(d,p) levels of theory (Table 12, 13). The open-
shell (OS) singlet states were also calculated using the broken-symmetry (BS) unrestricted
singlet method by including ‘“guess=mix,always” in the keywords at the UB3LYP/6-
31G(d,p) level of theory. ® CASPT2/CASCF/cc-pVDZ level of theory. ¢ <§?>: expectation
values of the spin operators in the BS calculations of the open-shell singlet states; <§> = 0
for closed-shell singlet states; <S> = 1.0 for pure open-shell singlet states; <S> = 2.0 for
pure triplet states. ¢ The closed-shell singlet states (<S>> = 0.00) were obtained during the
optimization of the open-shell singlet states, indicating that the closed-shell wavefunctions
(RHF) are more stable than the open-shell wavefunctions (UHF).

3-4.Quantitative evaluation of the substituent effect

To quantitatively explain the substituent effect at C2, isodesmic reactions of
singlet and triplet shown in equation (1) and (2) about cation 7-9(R;,R, = H,H;
Me,H; OMe,H) and 11-13 (R;,R, = NH,,H; CN,H; NO,,H) were calculated at
(R or U)B3LYP/6-31G(d,p). Obtained energies A E were plotted as a function
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of Hammet parameter ( 0 “para, A E versus 0 “par) (Figure 33). Positive A E in
equation (1) and (2) indicates products are more unstable than reactants, and
negative A E indicates products are more stable. The correlation coefficient (R?
= 0.95) and substituent constant ( o = slope = 14) of singlet Hammet plot
(Equation (1)) was smaller than that of triplet (R* = 0.99, p = 19). These
results support a considerably larger substituent effect in the T state compared
to that in the singlet state.

“ﬂ &
o O —

singlet
20 16.8
149 4
15 y =14.007x +4.2795 c'N"'Noz
R? = 0.9503
10
S
E° 128"
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& I I
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A0 37 T
[
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20
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Figure 33. Hammet plots of the (a) singlet (Equation (1)), and (b) triplet
(Equation (2))
3-5. Nucleus-independent chemical shift (NICS) values (NICS(1).,)
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NICS(1),, values of six-membered ring (A) and five-membered ring (B) of
CS, OS and T of cations 7-17 were calculated at (R or U) B3LYP/6-31G(d,p)
level (Table 8). Positive values and negative values were obtained to singlet and
T, respectively. Notably, the NICS(1),, values of the T states are not highly
dependent on the EDGs and EWGs, suggesting that the T ground state if formed
via the energetic stabilization of the positive charge at the C2 position by an
EDG.

Table 8. NICS(1),, values of cations

2

Singlet state Triplet state
RDFT UDFT UDFT
cation R!, R? A B A B A B

7 (= Ind*) H, H 492 | 104 | = 2 =207 | -325

8 Me, H 59.4 121 2 4| —22.5 | —28.8

9 OMe, H 144 243 504 | 98.6 | 243|219

10 Ph, H 165 279 41.0 | 89.7 | —20.3 | —15.3

11 NH», H 1117 | 1608 | 42.4 | 81.0 | —23.7 | —18.2

12 CN,H 61.0 117 -2 -2 —21.3 | —28.8

13 NO, H 48.2 99.0 -2 -2 —-19.2 | —28.9
4-MeOC¢Ha,

14 . 165 310 | 38.1 | 844 | -19.3 | —9.7
4- NO,CsHa,

15 . 91.3 165 | 469 | 98.6 | —20.3 | —17.9
4-MeOC¢Ha,

16 349 | 688 | 30.8 | 623 | -14.5 | -10.1

NH>

4-MeOCg¢Ha,

17 119 233 26.5 | 66.3 | -18.5 | -6.92

NO;

asame results as those obtained in the restricted and unrestricted modes
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3-6. NBO charges and NBO spin densities

NBO charges and NBO spin densities of CS, OS and T of cation 8-17 were
calculated at (R or U)B3LYP/6-31G(d,p) level shown in Table 10, 11 and 9,
respectively). In T state of cation 9(R;,R, = OMe,H) and 11(R;,R, = NH,,H)
introduced strong EDG at C2, positive charges are localized on C2. In cation
8(Ri,R; = Me,H), 12(R,R, = CN,H), 13(R,R, = NO,,H), the positive charges
are localized at C1 and also delocalized to the phenyl ring of indene structure,
indicating that EDG at C2 effectively stabilizes the positive charge of T state.
In the T state of cation 10(R;,R, = Ph,H), 14(R;,R; = 4-MeOC¢H4,H), 15(R,R>
= 4-NO,C¢H4,H), 16(R;,R, = 4-MeOCe¢Hs,NH,) and 17(R;,R, = 4-
MeOC¢H4,NO»), the positive charges are mainly localized at C’2 which is para-
position of the phenyl rings whereas in the singlet state, the positive charges are
localized at C1 position. This indicate that the T state is selectively stabilized by
resonance stabilizing effect of phenyl groups at C2 on positive charge. The
relatively high spin density at C1 and C3 is confirmed in all T cations 8-17.

Table 9. NBO charges and NBO spin densities of T of cation 8-17

NBO charges of triplet NBO spin densities of triplet NBO charges of triplet NBO spin densities of triplet
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3-7. Conclusion

In this study, substituent effect on electronic ground state were investigated for
indenyl cation derivatives introduced substituents at C2 or C5 by DFT and
CASPT?2 calculations. It was found that by introducing electron donating group
at C2, indenyl cation will be triplet ground state from the results of both DFT
and CASPT2 calculations. Whereas, when introduce electron withdrawing
group at C2, indenyl cation will be singlet ground state was suggested by
CASPT2 calculations. These results can be explained by selectively
stabilization of triple state by introducing substituents.
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3-8. Supplementary information

- General Information

Quantum chemical computations in the gas phase have been performed with the
Gaussian 16 (RevisionB.01) suite of programs. Charge, spin multiplicity,
number of imaginary frequencies, energy (in Hartree)and Cartesian coordinates
(in A) of computed geometries at (R or U) B3LYP/6-31G(d,p) level of theory
are listed in the following.

Anisotropy of the induced current density (AICD)* analyses were performed
with AICD®*? 3.0.4 software package. The NMR with CSGT method were
calculated at (R or U) B3LYP/6-31G(d,p) level of theory. POV-Ray 3.7 on
Windows was used for visualization of AICD maps.

The single point CASSCF and CASPT?2 calculations in conjunction with the cc-
PVDZ basis set and using UB3LYP/6-31G(d,p) optimized geometries were

performed by OpenMolcas programme (version 23.06)%4°
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- NBO charges and spin densities

Table 10. NBO charges of singlets minimized with RB3LYP

NBO charges of singlets obtained with RB3LYP
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Table 11. NBO charges of singlets minimized with UB3LYP

NBO charges of singlets
obtained with UB3LYP

NBO spin densities of singlets
obtained with UB3LYP
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- AErst and AEyst with different calculation level

AEgsr = singlet (RDFT) — triplet, AEysr = singlet (UDFT) — triplet.

Table 12. AEgsr in kcal mol™! obtained by using different density functionals.

Structure R B3LYP CAM-B3LYP wB97xd MO06-2X

number 6-31G(d,p) 6-31G(d,p) 6-31G(d,p) 6-31G(d,p)
1 H -9.73 -9.30 -10.0 -12.4
2 CHs -4.98 -4.45 -5.22 -7.56
3 OCHs +4.72 +6.17 +5.40 +3.38
4 CeHs +5.25 +5.54 +4.55 +2.52
5 NH2 +12.2 +14.5 +13.6 +9.12
6 CN -6.42 -6.98 -7.78 -0.1
7 NO2 -10.8 -10.9 -11.5 -13.7
8 4-OCH3CeHa4 +9.50 +11.9 +11.6 +9.03
9 4- NO2CsH4 +2.03 +1.42 +0.0508 -1.78

Table 13. AEysr in kcal mol™! obtained by using different density functionals.

Structure B3LYP CAM-B3LYP wB97xd M06-2X

number : 6-31G(d,p) | 6-31G(d,p) 6-31G(d,p) 6-31G(d,p)
1 H -9.73 -9.30 -10.0 -12.4
2 CHs -5.44 -5.71 -6.02 -7.55
3 OCHs +0.425 -0.94 -0.67 -0.216
4 CeHs +1.05 +0.41 -0.43 -0.0113
5 NH: +0.994 -0.59 -0.23 -2.66
6 CN -6.42 -7.43 -7.79 -10.1
7 NO; -10.7 -10.8 -115 -13.7
8 4-OCH3CeHa +2.51 +2.86 +3.12 +2.88
9 4- NO2CeHa -0.22 +1.42 0.060 -2.55
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* Multireference calculations

Table 14. Calculations of singlet-triplet gaps (AEst/kcal mol™!) for different
indenyl cations using CASSCF and CASPT2 methods in conjunction with cc-
pVDZ basis set. In most cases all w and n* orbitals are included into active space
(See details below).

Cation Active Eiwt/a.u AEst/
space S T kcal mol*

CASSCF single point using DFT optimized geometries

1 CAS(8,9) -344.74360 -344.72304 -12.90
2 CAS(8,9) -383.78880 -383.77243 -10.27
3 CAS(10,10) -458.63277 -458.63272 -0.03
4 CAS(14,15) -574.38648 -574.38474 -1.09
5 CAS(10,10) -399.80807 -399.80044 -4.79
6 CAS(10,11) -436.49013 -436.47070 -12.20
7 CAS(12,12) -548.25256 -548.22948 -14.48
8 CAS(16,16)? -688.27150 -688.28124 6.12

9 CAS(14,15)> -777.87022 -777.86173 -5.32
10 CAS(14,13)¢ -743.31438 -743.28368 -19.26
11 CAS(14,14)* -891.73135 -891.73811 4.24

CASPT2 single point using CASSCF reference wavefunction

O 0 N O U1 A W N =

[y
o

11

CAS(8,9)
CAS(8,9)
CAS(10,10)
CAS(14,15)
CAS(10,10)
CAS(10,11)
CAS(12,12)
CAS(16,16)°
CAS(14,15)°
CAS(14,13)
CAS(14,14)°

-345.76371
-384.95331
-459.97287
-576.10358
-400.98332
-437.74511
-549.76421
-690.31550
-780.12255
-745.56625
-894.32542

-345.74278
-384.93819
-459.97974
-576.10491
-400.99074
-437.72719
-549.74118
-690.33215
-780.11746
-745.55406
-894.34395

-13.14
-9.49
4.31
0.83
4.66
-11.25
-14.45
10.45
-3.20
-7.65
11.63

%) pseudo- & and pseudo- & * on the Me group are not included in active space

®2 x and 1 x* with lowest and highest energies on SCF level, respectively, are not

included in active space
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Y3 m and 3 & * with lowest and highest energies on SCF level, respectively, are not
included into active space
% 4 7 and 3 7« * with lowest and highest energies on SCF level, respectively, are not
included into active space
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Table 15. Definition of active space in CASSCF calculations (molecule’s
symmetry was used wherever possible). Geometries were taken from
UB3LYP/6-31G(d,n) optimisations

Cation State Singlet Triplet
Symm Irep Core Scf Inact. Active State Symm Irep Core Scf Inact. Active

1

1 CAS(89) 1'A, ¢,y a, 5 15 15 0 1B, C a, 5 15 15 0
by, 0 3 0 5 by, 0 3 0 5
a, 0 1 0 4 a, 0 0 4
b, 4 11 11 0 b, 4 11 11 0
2 CAs(89) 1'A' a’ 10 29 29 0 1’A" a' 6 21 17 6
a" 0 5 0 11 a" 4 13 12 4
3 CAS(10,10) 1'A' c, a' 11 32 32 0 1°A' a' 11 32 32 0
a0 6 1 10 a" 0 6 1 10
4 CAS(14,15) 1'A, C,y, @y 9 24 24 0 1B, C,, al 9 24 24 0
by, O 0 9 bl 0 0 9
a, O 0 6 a2 o0 0 6
b, 6 18 18 0 b2 6 18 18 0
5 CAS(10,10) 1'A, C,, a;, 6 17 17 0 1B, C,y a 6 17 17 0
b, 0 0 6 b, 0 0 6
a, 0 0 4 a, 0 0 4
b, 4 12 12 0 b, 4 12 12 0
6 CAS(10,11) 1'A, C, &, 7 19 19 0 1B, C;y a, 7 19 19 0
by, 0 4 0 7 by, 0 4 0 7
a, 0 1 o0 4 a, 0 1 o0 4
b, 4 12 12 0 b, 4 12 12 0
7 CAs(1212) 1A, C,, a, 7 20 20 O 1’6 ¢, a 7 22 20 5
b, 0 4 0 7 b 5 19 15 7

a, 0 2 0 5

b, 5 15 15 0
8 CAS(16,16) 1'A' ¢, a' 17 49 49 0 A" ¢, a 17 49 49 0
a0 9 1 16 "0 9 1 16
9 CAS(14,15)° 1'A ¢, a 11 33 30 7 1B, C,, a, 11 30 30 0
b 7 28 24 8 b, 0 2 8
a, 0 3 0 7
b, 7 22 22 0
10 CAS(14,13) 1'A' ¢, ' 18 52 52 0 °A' ' 18 52 52 0

" 0 10 3 13
' 20 58 58 0 1°A
"0 11 4 14

! 0O 10 3 13
' 20 58 58 0
! 0 11 4 14

11 CAS(14,14) 1'A' ¢,

pseudo- 7 and pseudo- & * on the Me group are not included in active space

®2 x and 1 x* with lowest and highest energies on SCF level, respectively, are not
included in active space

Y3 & and 3 & * with lowest and highest energies on SCF level, respectively, are not
included into active space
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% 4 mand 3 7 * with lowest and highest energies on SCF level, respectively, are not
included into active space
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Table 16. Active orbitals and natural occupation numbers from CASSCF/cc-
pVDZ calculations

Cation State Active orbitals and natural occupation numbers:
1b, 2b, 3b, 4b, 5by 1a, 2a, 3a, 4a,

1 S 1954 1921 1.891 0.080 0.037 1.875 0.147 0.065 0.029
T 1.948 1.905 1.004 0.091 0.051 1.906 1.000 0.063 0.032

1a" 2a" 3a" 4a" 5a" 6a" 7a" 8a" 9a"
2 S 1.953 1917 1.877 1.884 0.153 0.083 0.068 0.035 0.030

19a’ 20a’ 21a’ 22a' 23a’ 13a" 14a" 15a" 16a"
T 1.951 1907 1.002 0.090 0.045 1.905 1.002 0.067 0.032
2a" 3a" 43" 5a" 6a" 7a" 8a" 9a" 10a" 11a"
3 S 1.955 1981 1900 1.884 1464 0.555 0.103 0.098 0.019 0.040
T 1.957 1978 1913 1902 0.998 1.012 0.093 0.084 0.026 0.0356
1by 2b, 3b, 4b, 5by 6b, 7b, 8b, 9b, 1a, 2a, 3a, 4a, 5a, 6a,
4 S 1.953 1961 1920 1.897 1.817 0.108 0.085 0.041 0.030 1.871 1.902 0.208 0.077 0.097 0.033
T 1953 1958 1.920 1.893 0.998 0.107 0.085 0.044 0.031 1903 1901 1.004 0.075 0.094 0.033
1b, 2b; 3b; 4b, 5b, 6b; la, 2a, 3a, 4a,
5 S 1.957 1942 1.888 0.409 0.099 0.039 1904 1.619 0.099 0.044
T 1969 1956 1908 0.995 0.097 0.035 1900 1.015 0.089 0.037
1b, 2b, 3b, 4b, 5b, 6b, 7b, 1a, 2a, 3a, 4a,
6 S 1.954 1941 1914 1.891 0.083 0.067 0.036 1.864 0.155 0.065 0.028
T 1.949 1932 1.893 1.007 0.104 0.072 0.044 1906 1.000 0.062 0.032
1by 2b, 3b, 4b, 5by 6b, 7b, la, 2a, 3a, 4a, 5a,
7 S 1986 1954 1923 1.894 0.156 0.074 0.039 1.860 1.866 0.155 0.065 0.028
21a 22a 23a 24a 25a 16b 17b 18b 19b 20b 21b 22b
T 1.846 1906 1.001 0.061 0.032 1948 1987 1903 1.010 0.166 0.088 0.052
2a" 3a" 43" 5a" 6a" 7a" 8a" 9a" 10a" 11a" 12a" 13a" 14a" 15a" 16a" 17a"
8 S 1957 1992 1950 1914 1898 1918 1876 1.386 0.649 0.104 0.079 0.066 0.103 0.037 0.028 0.043
T 1.96 1.99 1.95 1.93 1.90 191 1.90 1.01 1.00 0.10 0.08 0.07 0.08 0.04 0.03 0.03
31a 32a 33a 34a 35a 36a 37a 25b 26b 27b 28b 29b 30b 31b 32b
9 S 1.870 1.850 1.935 0.181 0.073 0.063 0.032 1954 1941 1905 1.858 0.067 0.084 0.153 0.034
3b; 4b, 5by 6b; 7by 8b; 9b; 10b; 1a, 2a, 3a, 4a, 5a, 6a, 7a,
T 1.953 1940 1.902 1.001 0.068 0.093 0.158 0.037 1903 1.845 1932 1.003 0.071 0.061 0.033
43" 5a" 6a" 7a" 8a" 9a" 102"  11a" 123" 133" 143" 153" 161"
10 S 1.954 1946 1925 1.894 1.865 1.936 1.988 0.169 0.094 0.067 0.070 0.046 0.047
T 1.963 1.950 1.911 1.934 1931 1.012 1.983 1.002 0.094 0.067 0.065 0.047 0.041
5a" 6a" 7a" 8a" 9a" 102" 11a" 123" 133" 142" 15" 163" 173" 184"
11 S 1.952 1935 1.850 1.884 1917 1.785 1.922 0.267 0.072 0.147 0.077 0.099 0.055 0.038
T 1.958 1.940 1.850 1.928 1.931 1.923 1.009 1.007 0.081 0.151 0.059 0.070 0.054 0.037
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Table 17. Leading configurations® and their weights in CASSCF wavefunction
for singlet and triplet states. The order of active orbitals is the same as in Table
15.

Cation Active Singlet state Triplet state
space Leading configurations Coeff Weight Leading configurations Coeff Weight
1 CAS(8,9) 222002000 -0.912 0.831 22u00 2u00 -0.916 0.838
22200 0200 0.130 0.017 2uuOu 2d00 -0.107 0.012
2 CAS(8,9) 222200000 0.909 0.827 22u00 2u00 -0.917 0.841
2u2d u0d00 0.139 0.019 2uuOu 2d00 0.108 0.012
3  CAS(10,10) 22222 00000 0.789 0.622 2222uu0000 0.917 0.842
22220 20000 -0.438 0.192 22u20 20u00 -0.109 0.012
4 CAS(14,15) 222220000 220000 0.838 0.702 2222u0000 22u000 -0.860 0.740
222200000 222000 -0.148 0.022
5 CAS(10,10) 222000 2200 0.825 0.681 222u00 2u00 -0.912 0.832
222200 2000 -0.346 0.120 22u000 22u0 0.108 0.012
6 CAS(10,11) 2222000 2000 0.894 0.799 222u000 2u00 -0.895 0.800
2222000 0200 -0.148 0.022
7 CAS(12,12) 2222000 22000 0.875 0.765 22u00 222u000 0.875 0.766
2222200 02000 -0.236 0.056 02u00 222u200 -0.238 0.057

8 CAS(16,16) 22222222 00000000 -0.720 0.519 2222222u u0000000 0.869 0.754
22222220 20000000 0.453 0.205

9 CAS(14,15) 2220000 22220000 0.837 0.701 222u0000 222u000 -0.850 0.723
2020000 22220020 -0.234 0.055 222u0020 202u000 0.240 0.058

10 CAS(14,13) 2222222 000000 -0.881 0.776 22222u2 u00000 -0.900 0.810
2222022 200000 0.135 0.018

11  CAS(14,14) 2222222 0000000 0.820 0.672 222222uu000000 0.871 0.758
2222202 2000000 -0.215 0.046 220222u u020000 -0.243 0.059
2202222 0020000 -0.199 0.040

4 2- doubly occupied orbital, u — single occupied spin up, d — single occupied spin
down, 0 — unoccupied orbital
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Chapter 4.

Conclusions and Outlook
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Conclusions and Outlook

In this study, novel electronic state carbocation which is known as important
reactive intermediate in organic chemistry, triplet carbocations were
investigated. (coumarin-7-diethylamino 4-yl)methyl cation was succeeded to
experimentally demonstration. Additionally, as a novel triplet carbocation, it
was suggested that the indenyl cation will be triplet ground state by introducing
electron donating group at C2 by theoretical calculations.

Because reactive intermediate is ley for elucidation of reaction mechanism,
this research can give new insights to reaction mechanistic research of organic

chemistry that carbocation involved.
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