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—~ Chapter 1 -

General Introduction

In principle, any molecule can behave as a "donor" or "acceptor”. For example,
many aromatic compounds are subject to oxidation and reduction to give cation and
anion species, respectively. Addition or removal of electrons to or from a molecule is
well-known to cause the dramatic change of properties; for that matter chemical
reactivity, color, magnetic susceptibility, and so on. However, most of reduced or
oxidized compounds such as radicals, cations, and anions, i.e. redox compounds, are
unstable thermodynamically and/or kinetically, namely highly reactive. This prevents
the detailed investigation of the properties of the redox states. The stability of a given
species will depend not only on its own ionization potential and electron affinity but
also on the distribution pattern of electrons. The most important factor to stabilize
redox states of a molecule should depend on high oxidation and reduction ability, and
highly delocalized structure of electrons.

Recently studies have been accumulated of the redox chemistry which plays an
important role in electroconductors,! photosynthetic systems,2 electrogenerated
chemiluminescence, and so on. Thus the design and the investigation of redox
systems are interesting not only from a purely scientific but also from a material point
of view.

Some conjugated hydrocarbons are known to exhibit the amphoteric redox property
that a molecule is oxidized and reduced by multi-stage electron transfer. The numerical
sum of oxidation potential (E°X) and reduction potential (Ered), j.e. FSum = EoX 4 (-Ered)
, might be used to evaluate the extent of the amphoteric redox property of a given
molecule. Hiinig investigated such amphoteric redox systems as polyene 420 1.1, 1.2,
1.3, and 1.4. These compounds reportedly behave as four-stage amphoteric redox
compounds (Figure 1.1).

=0 R=
=1 R=
=2,R=
=3 R=

Figure 1.1. Four-stage amphoteric redox behavior of 1.1, 1.2, 1.3, and 1.4
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However, these compounds were not designed so as to exhibit high redox ability and
thus gave a relatively high E{Sum valye.

A compound with low ionization potential and high electron affinity, i.e. high
HOMO and low LUMO, will show high redox ability to give stable redox states. In
particular, a compound with NBMO as frontier orbitals will be a potential candidate to
exhibit the highest redox ability, because addition or removal of electrons in NBMO
should not change the magnitude of m-electron energy in the simple HMO
approximation. A representative is phenalenyl radical 1.5°, which has a NBMO with an
occupation number of one. This radical exhibits a relatively small E{54™ value of 1.6 V
among hydrocarbons. Three redox states (1.5*, 1.5°, and 1.5-) of phenalenyl species
are known to be stable thermodynamically and the properties of them have been
investigated in detail.5 However, the open-shell phenalenyl radical suffers from a
serious disadvantage, i.e. lack of kinetic stability. Phenalenyl radical tends to dimerize
or to give oxidized species in the presence of air as ordinary radicals. Thus molecules
with a closed-shell structure retaining the high redox ability of phenalenyl species will
promise to develop the stable redox compounds with a small Esum yalye.

A ce O e 0
GO T OO0 T OO
15
Figure 1.2. Two-stage amphoteric redox behavior of phenalenyl radical 1.5°

On the basis of these concepts, 1,2-bis(phenalene-1-ylidene)ethane 1.6 (BPLA) 4¢
was designed and synthesized. As shown in Figure 1.3, the replacement of two 1,4-
cyclohexadienyl units as essential redox sites in 1.1 with two phenalenyl units leads to
the compound 1.6. Expectedly, 1.6 behaved as a four-stage amphoteric redox system
and exhibited a small E15U™ value of 1.51 V. The two phenalenyl units with higher
redox ability clearly contribute to the smaller £{5UMm value compared to 1.1.

T
fe & &
0 @ o o

1.6%* 1.6() BPLA 1.6 1.606C) 16%

Figure 1.3. Four-stage amphoteric redox behavior of 1.6
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For a smaller E18U™ value, polycyclic aromatic hydrocarbons 1.7 (PDPL) 4d and 1.8
(IDPL) “4¢ were designed and synthesized. These compounds are designed as the
unstable structure in the neutral state should disappear in the oxidation and reduction
states. The compound 1.7 contains a pentalene structure, while an s-indacene structure
is built in the center of 1.8. ¢ They have indeed the considerably small E15U™ values of
0.99 V for 1.7 and 1.10 V for 1.8. The former shows the smallest value among the
closed-shell hydrocarbons reported so far.

IDPL 1.8
R=Hor'Pr

Figure 1.4. Four-stage amphoteric redox behavior of 1.7 and 1.8

Table 1.1 lists the electrochemical data of some redox compounds.

Table 1.1. Cyclic voltammetric data of redox compounds

EpOX E19% Elred Ezred EjSum  posum

1.1 [al +1.04 +068 2,12 -2.64 280  3.68
1.2 [a] +0.68 4060 -195 -2.44" 2.55 3.12
1.3 [a] +0.68 4059 -183 28" 2.51 3.39
1.4 [al +0.60 +0.56 -1.67  -1.99 2.27 3.55

1.5 [b] +07 09 1.6
BPLA16[¢]  +083* 4039 -112  -135 1.51 2.18
BPLE1.9[d  4+078* +051 -083 -1.21 1.34 1.99
PDPL 1704  +1.02* +056° 043  -1.17 0.99 2.19
IDPL 1.8 (Pr) [¢]  +0.84* +0.62* -048 -1.07 1.10 1.91




Chapter 1

[a] Measured against Ag/AgCl in DMF/benzene or CH3Cl3 with ”Bu4NBF4 as supporting
electrolyte at -60 °C; sweep rate 200 mvs-1, [b] Measured against the saturated calomel
electrode (SCE) in CH3CN with 0.1 M "BugNBFy4. [c] Measured against the saturated
calomel] electrode (SCE) in DMF with 0.1 M Et4NClOy4 as supporting electrolyte at -50 °C;
sweep rate 7 mVs-1, [d] Measured against the saturated calomel electrode (SCE) in DMF
with 0.1 M Et4NClO4 as supporting electrotyte at -50 °C; sweep rate 30 mvs1, fe]
Measured against the saturated calomel electrode (SCE) in DMF with 0.1 M EtyNClO4 as

supporting electrolyte at -40 °C; sweep rate 500 mVsL,
The values by an astrerisk correspond to irreversible wave.

An E15U™M value helps to investigate the redox behavior of a given molecule and the
electronic structure of the redox states will also provide significant information on the
development of stable redox compounds with higher amphotericity. Unfortunately, the
instability of the compounds described above left the investigation of such properties
unexplored.

In the following chapters, I will describe the interesting properties of three redox
systems, i.e. TTB-IDPL 1.10, TTB-as-IDPL 1.11, and HTB-TBzD 1.12°*, which are
stabilized kinetically with bulky fers-butyl groups.

1.10 111 112
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— Chapter 2 -

Properties of
tetra-tert-butyl-s-indaceno[1,2,3-cd:5,6,7-c 'd'|diphenalene
(TTB-IDPL)

2.1 Introduction

The recent studies of BPLA,! BPLE,2 and PDPL3 revealed that each of the multi-
stage amphoteric redox compounds containing phenalenyl units show a high
amphotericity as expected and the phenalenyl units play an important role in developing
the amphoteric redox property. In particular, PDPL exhibited much smaller Eqsum
value (0.99 V) than those of BPLA (1.51 V) and BPLE (1.31 V). This finding suggests
that the concept shown in Figure 1.4 occupies an importmat position to develop higher
amphoteric compounds. On the basis of the concept, IDPL 2.1 containing unstable s-
indacene structure in neutral state was designed and studied by Sasaki,4 Masui,3 and
Ohashi® (Figure 2.1.1).

a':1,39,11
o?:4,8,12,16

o3 : 5a,6b,13a,14b
pl:2,10
B%:5,7,13,15

21 R'=R2=H
22 R'=/Pr,R2=H
23 R'=H,R2=1Buy

Figure 2.1.1. Four-stage amphoteric redox of IDPL 2.1

In comparison with PDPL, IDPL was expected to exhibit smaller E 18UM value
because the charge and the spin of IDPL could be delocalized over more sp? carbons.
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Theoretical consideration (HMO calculations, Figure 2.1.2) supported this assumption.
The HOMO-LUMO gap of IDPL (0.248) is smaller than that of PDPL (0.36B).

Contrary to expectation, electrochemical experiment of IDPL exhibited larger E{Sum
values (1.10 V for 2.2, 1.16 V for 2.3) than that of PDPL (0.99 V).

-0.7798
-0.709p8 &M LUMO (w47)

’

Vg (byy)
vig (&)

4
’,

/ - HOMO (y16)
Y17 (bsg) 0.0008

’,
’

vie (ay) —-H— 0.241[5"’

{8{%8} NHOMO (w15)
wsibzg —H— oso3p -
V4 (b3g) —-H'— 0.7958 y

|

Figure 2.1.2. Selected molecular orbitals of 2.1 calculated by the HMO method.

Primary interest of potentially amphoteric redox compounds is evaluation of the
magnitude of E15U™ value. Another prominent feature is that these compounds may
expectedly give stable reduced and oxidized states. A compound is not unusual to give
plural redox states. For example, neutral naphthalene is known to give radical anion
and radical cation species. However, limited examples give five redox states.

Sasaki, Masui, and Ohashi revealed the properties of dication, dianion, and neutral
states of IDPL. The properties of the remaining radical cation and radical anion are
also important. Furthermore, there are many other interesting properties in neutral
IDPL. As described in Chapter 3 and 4, tetra-fert-butyl IDPL is extremely stable
compared to TTB-as-IDPL 3.2 and HTB-TBzD 4.3°. These considerations dictated us
to study the properties of TTB-IDPL.

2.2 Synthesis of TTB-IDPL

TTB-IDPL 2.3 was recently synthesized by Ohashi.6 The synthetic procedure of 2.3
is shown in Scheme 2.1.2. TTB-IDPL was found to be stable in the solid state for a
year but gradually decomposed in solution. The solid was found to remain unchanged
even at 300 °C in a sealed degassed tube. In comparison with unsubstituted or
diisopropyl IDPL, 2.3 showed higher solubility and stability due to the bulky terz-butyl
groups. Recrystallization from benzene gave so pure green prisms that its elementary
analysis data was in good agreement with the calculation.
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Calcd for CqgHag: C 92.26%, H 7.74%; found C 92.29%, H 7.79%.

Scheme 2.1.1. Synthetic procedure of 2.3

R1=Bf, R2=H

i’ . b) C) E: R' =CH R2 =H R2
e) R?

R = CH,, R2 = OH

o focon o AN
SR Y

R4
o R = COOEL, R*=CH, R3 = H, R* = CH,Br E
n
R =COOH,Ré=CH; /| " [ R®=H, R*= CH,CH(COOEY), R4 )-R®
/ o)
. 27, R3=H, R* = CH, [ R® = H, R* = CH,CH,COOH l

p) R4
S A P
5 5 8 /“)r 230
coVINse \\‘
’ O " 2.3%
28 23

Reaction conditions : a) BuCl, AlClg, CHoCly, rt, 3h, 64%. b) NBS, DMF, 1, 2 d,
43%. ¢ 1) "Buli, 2) CHgl, THF, -75°C to nt, 12 h, 94%. d) PbgO4, AcOH +
benzene, reflux, 2.5 h, 78%. e) KOH, EtOH + H,0, reflux, 1 h, 94%. f) cat. p-
toluenesulfonic acid, benzene, reflux, 20 min, 91%. g) Jones reagent, acetone,
n, 2 h, 2% h NBS, DMSO, 50°C, 3 h, 80%. i) Diethyl acetone-1,3-
dicarboxylate, EtgN, THF + MeOH, rit, 12 h, 46%. j) 1) 2.6, reflux, 1 h 20 min, 2) p-
chloranil, reflux, 3 h 30min, xylenes, 99%. 4 Lil, DMF, reflux, 4 d, 99%. /) Cux0,
quinoline, reflux, 3 h, 95%. m) NBS, benzoyl peroxide, benzene, reflux, 25 min.
n) NaOEt, CHp(COOEt), EtOH + benzene, i, 3d, 77%(2 steps). o) 1) aqueous
KOH, EtOH, reflux, 20 h, 2) 4 N HCI, 3) reflux, H,O, 84 h, 98%. p) 1) (COCI)s,
benzene, reflux, 2 h, 2) AICl3, CHxCly, -50°C, 3 h, 82%. q) LAH, THF, rt, 2 h, 83%.
r) cat. p-toluenesulfonic acid, benzene, reflux, 5 min, 81%. s) p-chloranil,
benzene, reflux, 40 min, 78%. t) D2SO4 or excess SbCls, CHoCly. u) 1 eq SbCls,
CHaCla. v) K-mirror, under vacuum, THF or DME. w) K-mirror, under vacuum, THF-
dg.
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The cyclic voltammetry of 2.3 gave rise to four reversible redox waves (E2°% =
+0.84 'V, E1°X=+0.48 V, Ejred = 0,67 V, Epred = —1.25 V; ESum = 1,16 V, Epsum =
2.09 V).

2.3 NMR spectroscopy

2.3.1 Neutral

1H and 13C NMR spectra of TTB-IDPL 2.3 were recorded at -30 °C. Figure 2.3.1
shows the aromatic region of the !H NMR spectrum of 2.3. The !H and 13C NMR
chemical shifts are given in Figure 2.3.2. Assignments of individual !H and 13C
resonances are comfirmed by NOESY, HMBC, and HMQC experiments.

M

7l 7' 74 72 7.0 as 0

Figure 2.3.1. 'H NMR spectrum of 2.3 in acetone-dg + CS2 (1:4) at 30 °C.

6.98
125.40

'H and '3C NMR data Charge density
(HMO calculation)

Figure 2.3.2. NMR data and charge density of 2.3
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Examination of the pattern of 'H and *C signals suggests that 2.3 possesses an
molecular flamework with D,, symmetry but not the localized bond structure with Cyy,
symmetry. At elevated temperatures, progressive line broadening was observed (Figure
2.3.3). The line broadening is reversible upon a temperature change of the sample
solution.

|

Figure 2.3.3. Temperature dependance of '"H NMR spectrum of 2.3

i P

-30°C 0°C 30°C

Most indicative are that 1) a trace of unidentificable radical species was detected by
ESR spectroscopy at such higher temperature that the broadening of 'H NMR spectra
was observed; 2) the solid 2.3 gave triplet signal which increased in intensity with
higher temperature. These observations lead to two possible explanations for the
behavior of the 1H NMR spectra. The first one is that paramagnetic species may be
present; for that matter those can be easily formed from 2.3 by oxidation or abstraction
of a hydrogen atom from solvents. The radical species prefers dimerization at low
temperatures as normal radical species. At higher temperatures, the dimers dissociate
to paramagnetic monomers, which cause line broadening of the NMR signals. Another
is that 2.3 can be thermally accessible to the triplet species. Most closed-shell
compounds are in ground state singlet and require high energy (light absorption) for
electronic excitation. However, compounds with a small HOMO-LUMO gap are
capable of producing the excited singlet or triplet states by supply of low energy (heat).
The ground state singlet 2.3 with small E{Sum, j.e. a small HOMO-LUMO gap, may be
in equiliblium with thermally accessible triplet state, which cause line broadening of the
NMR signals.

Comparison of the 13C NMR spectra and the HMO calculations of 2.3 with those of
2,5,9,12-tetra-tert-butylacenaphtho[1,2;k]fluoranthene 2.4 (Figure 2.3.4) reveals only
minor differences in the charge distribution for equivalent carbon atoms. However, 1H-
signals at the B2, C6, C14 positions of 2.3 appear in higher field than those of 2.4.

10
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1.55

7.82

Charge density
'H and 13C NMR data (HMO calculation)

Figure 2.3.4. NMR data and charge density of 2.4

It is well established that major effect which governs the 13C chemical shifts of a set
of sp? carbons is the charge density at the relevant carbon atom. However, proton
chemical shifts are sensitive to both charge density and ring current effects. The up
field shifts of 2.3 can be attributed to a paramagnetic ring current effect. Ring current
calculations 7 indicate that weakly paramagnetic ring current is formed in s-indacene
unit of 2.3. In contrast, strongly diamagnetic ring current is formed in two naphthalene

and central benzene rings of 2.4 (Figure 2.3.5).
Unit : Jpenzene

0.66
( 1.00

diatropic < strongly
0.47 0.47  diatropic] 0.98

0.44 \ / 0.44

weakl strongly 072
paratrgpic 0.06 ( > 0.06 diatropic 0’72< >

ey ey

23 2.4

0.98

“~
r

Figure 2.3.5. Ring current calculation of 2.3 and 2.4

11
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2.3.2 Dication 2.32+

Dication species 2.32+ were obtained as a purple solution by dissolving 2.3 in
concentrated D2SO4 or as purple needles by treating 2.3 with excess SbCls in
dichloromethane. Figure 2.3.6 shows the aromatic region of the !H NMR spectrum of
the purple solution. The 1H and 13C NMR chemical shifts are given in Figure 2.3.7.

y T T Y T T
LN (X} [ R} s [X] 1.8 T2

Figure 2.3.6. 'H NMR spectrum of 2.32+ in D,SOy4 at 60 °C.

™y ™y

TH and 3C NMR data Charge density
(HMO calculation)

Figure 2.3.7. NMR data and charge density of 2.3%*
The total 13C chemical shift change (£A8,) of sp? carbons on going from 2.3 to 2.32+

is 369 ppm, i.e. 185 ppm per electron. This value is in good agreement with the
Spiesecke and Schneider correlation predicting a total 13C chemical shift of 160 — 200

12
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ppm per unit of charge.8 A comparison of the 13C NMR spectra of two phenalenyl units
of 2.32+ with those of phenalenyl cation species 9 reveals only minor differences in the
chemical shifts for equivalent carbon atoms except for o2-carbons of 2.32+ deshielded
by the tert-butyl groups. This finding suggests that the positive charge is delocalized
mainly over the two phenalenyl units with the charge distributions similar to that in
phenalenyl cation species, in accordance with HMO calculations which indicate the
total charge density of +1.82 on the two phenalenyl units (Figure 2.3.7). However, Hg 1,
Hp1, and Hp, of 2.32+ are more shielded than the protons of phenalenyl cation species.
The upfield shifts can be related to the formation of paramagnetic ring current.
London-McWeeny ring current calculations support the idea that 2.32+ should show

strong and weak paratropism at the central s-indacene and the terminal benzene rings,
respectively (Figure 2.3.8).

Unit : Jpenzene

0.09 1.13

weakly 1.00 4
paratropic
w_eakly. 0.93 0.93
diatropic strongly

- diatropic '<

0.94 \ / 0.94

strongly ¢ 1.32 ( ) 1.32
paratropic

\

Ny Ny
2.3%-

Figure 2.3.8. Ring current calculation of 2.3%* and 2.3%

2.3.3 Dianion

Treatment of dihydro compounds 2.8 with a potassium mirror in THF in a sealed
degassed tube at —~78°C yielded dianion species 2.32- as a deep blue solution. Figure
2.3.9 shows the aromatic region of the 1TH NMR spectrum of the blue solution. The 1H
and 13C NMR chemical shifts are given in Figure 2.3.10.

13
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A I JLL

els @.0 ..s alo 7's 7.0

Figure 2.3.9. 'H NMR spectrum of 2.32- in THF-dg at 30 °C.

7.42
121.63

'H and '3C NMR data Charge density
(HMO calculation)

Figure 2.3.10. NMR data and charge density of 2.3%

The 13C NMR spectrum of dianion 2.32- reveals reasonably the dianionic nature
with a total upfield shift of 388 ppm (Figure 2.3.10). The 13C chemical shift for sp2
carbons changes largely at the al, 02, a3, C6, and C14 positions, but slightly at other
positions, on going from 2.3 to 2.32~, This result is consistent with HMO calculations,
which indicate that the LUMO of 2.3 has a NBMO character, possessing coefficients of
+0.071 or ~0.071 at the al, 02, a3, C9, and C14 positions, and of zero at other positions
(Figure 2.1.2). Despite the shielding effect of the negative charges, all protons appear
considerably in downfield region. In particular, the largest downfield shift is observed
for HS and H14, although C6 and C14 appear in the highest field among the sp2 carbons

14
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of 2.32-. Tt is well established that the 13C chemical shift of a sp? carbon is influenced
sensitively by the charge density at the carbon atom, but slightly by ring current effects.
The 13C NMR spectrum and HMO calculation reveal that the charge densities at C6 and
C14 are more negative in 2.3%- than in 2.3. These findings clearly suggest that the
opposite effect of the diamagnetic deshielding relative to the shielding due to the
negative charges is even more significant in 2.3%~, The ring current calculations suggest
the formation of a strongly diamagneﬁc ring current along the periphery of 2.32- with
the contribution of a peripheral 28C-30n conjugate system 10 (Figure 2.3.8).

Both dication and dianion species are stable at room temperature. On the basis of the
HMO calculation, two phenalenyl units have 91% of the total positive charges and 81%
of the total negative charges in the dication and dianion states, respectively. This

finding suggests large contribution of the type 2.3b structure to the stability of both
doubly charged species.

structure 2.3b

2.4 ESR spectroscopy
2.4.1 Introduction

Because the E15UM value to estimate the amphotericity of a molecule is the numerical
sum of oxidation potential (E1°X) and reduction potential (Ejred), the electronic states of
monocation or monoanion species give important information to develop higher
amphotericity. As shown in section 2.3, information for the electronic states of closed—
shell compounds such as dication 2.32* and dianion 2.32- could be obtained from 13C
NMR data. In the case of monocation 2.3((*) and monoanion 2.3()(-), however, the
unpaired electron prevents the studies of the electronic states by NMR spectroscopy.
The most powerful means to investigate the spin distribution is ESR spectroscopy.

ESR spectra of radical species give hyperfine structures due to the interaction of the
unpaired electron with the magnetic nuclei of the radical. In most cases involving
hydrocarbon radicals, all of the readily observed hyperfine splitting are caused by
protons, since the only abundant isotope of carbon is nonmagnetic. The hyperfine
coupling constants ayy of a proton is proportional to the -spin population py on the
neighboring carbon, known as the McConnell relation. 11

aup = 9*Pp

The proportionality factor Q has a value of 23 — 30 gauss and a negative sign, as
shown both by theory and experiment. The most useful and convenient method to
estimate a theoretical 7-spin population is HMO-McLachlan calculations.!2
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McLachlan has developed a convenient perturbation procedure which is formally
equivalent to the CI method, but which uses only HMO quantities plus one additional
parameter A. The formula is

.2 2
Pu=Cjyu + l;”u,vcj,v

U : the given center

v : all the remaining center

J : singly occupied orbital \

¢j,u - molecular orbital coefficient

Ty,v : HMO atom-atom polarizabilities
The additional parameter A is usually taken as 1.2, although the absolute magnitudes of
negative spin populations calculated with this value are frequently too large.

Phenalenyl radical is known to exhibit a well-resolved ESR spectrum,!3 from which
two hyperfine coupling constants are obtained (6.3 G and 1.8 G). In general, only the
absolute values of agy can be determined from an ESR spectrum. Theoretical T-spin
populations calculated by HMO-McLachlan method (A = 1.2) are 0.229 at a-position
and -0.073 at B-position. Application of the McConnell relation with 0 =-27 G gives
calculated coupling constants (6.18 G at o-position and —~1.97 G at B-position). On the
basis of the calculated coupling constants, the experimental coupling constants are
assigned ; 6.3 G at o-position and 1.8 G at B-position. These analysis are confirmed by
computer simulation of the ESR spectrum. In conclusion, absolute values of T-spin
populations for phenalenyl radical are found to be large at a-position and small at B-

position.

(a) (b) simulation

1.8 1.97

)

Figure 2.4.1. (a) ESR spectrum of the radical cation of phenalenyl radical in
toluene at 240 K and (b) the simulated spectrum.
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Thus the information about the electronic states of radical species can be extracted
by use of ESR spectroscopy. In section 2.4.2 and 2.4.3, I will discuss the electronic
states of 2.3¢)+) and 2.3(*)(-) extracted from the ESR spectra.

2.4.2 Radical cation 2.3()(+)

The low first oxidation potential (E1°%) and the high first reduction potential (£ 1red)
indicate that TTB-IDPL 2.3 should be easily oxidized to the radical cation 2.3(")(+) and
reduced to the radical anion 2.3((-). Furthermore, the reversible redox waves in the
cyclic voltammogram for 2.3 suggest both the radical species to be stable.

The reaction of 2.3 with SbCls in CH2Cly generated the radical cation 2.3("(4),
which was found to be stable at room temperature and gave rise to the well-resolved
ESR spectra as shown in Figure 2.4.2. No detectable changes were observed in the
spectra in the rangc of 213 -273 K.

The coupling constants of the ring protons are given in Figure 2.4.3 along with the
spin density calculated by the HMO-McLachlan method (A = 1.2). The assignment of
the coupling constants is based on the calculated spin density and is confirmed by
studies of the radical cation of the 2,10-dideuterated derivative 2.5. The deuterated
compounds were synthesized following Scheme 2.4.1.

(a) 2.3+ (b) 2.5()(+)

() simulation (bY) simulation

p—

Figure 2.4.2. ESR spectra of (a) the radical cations of 2.3 and (b) deuterated
derivative 2.5 generated with SbCls in CH,Cl, at - 20 °C, and the correspondig
simulated spectra (a') and (b"), respectively.
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0.725 (d: 0.111) 0.752
-2.51
0.118
0.494
gvalue = 2.0025
Spin density and
Experimental Theoretical (A = 1.2, Q =-23.5)

Figure 2.4.3. Experimental and theoretical hyperfine coupling constants (in G)
along with spin density of 2.30® and 2,500, In parentheses, a coupling
constant of deuteron. Open-circle and closed-circle represent positive and negative
spin density, respectively.

Scheme 2.4.1

Reaction condition : a) CF3COOD, CHuCly, 1, 1 d, 87%. b) LiAlH,, THF, rt, 2 h, 78%. ¢) p-
toluenesulfonic acid, benzene, reflux, 5 min, 78%. d) p-chloranii, benzene, reflux, 1 h.

2.4.3 Radical anion 2.3(%()

The radical anion 2.3()) was obtained by the treatment of 2.3 with a potassium
mirror in THF. The radical anion was also stable and gave rise to the well-resolved
ESR spectra as shown in Figure 2.4.4. No detectable changes were observed in the
spectra in the range of 213 — 273 K.

Figure 2.4.5 shows the hyperfine coupling constants and the calculated spin density
of 2.3(0),
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2.3006) (b) 2 50)6)

simulation (b") simulation

(a)
(awv\“

Figure 2.4.4. ESR spectra of (a) the radical anions of 2.3 and (b) deuterated
derivative 2.5 generated with K—mirror in THF at - 20 °C, and the correspondig
simulated spectra (a) and (b"), respectively.

0.732 (d: 0.113) 0.729

g value = 2.0024

Spin density and
Experimental Theoretical (A = 1.2, Q = - 23.5)
Figure 2.4.5. Experimental and theoretical hyperfine coupling constants (in G)
along with spin density of 2300 and 2.5, In parentheses, a coupling
constant of deuteron. Open-circle and closed-circle represent positive and negative
spin density, respectively.

The liner relationship between the coupling constants observed and the calculated
values supports the idea that the unpaired electron is not confined to one limited
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phenaleny] unit but is delocalized over the entire molecule in 2.3(Y®) and 2.3()&. On
the basis of the HMO-McLachlan calculations, 86 percent of the ®-spin population
resides on the two phenalenyl units in both the radical species. These findings suggest
that the two phenalenyl units, which cause the delocalization of an unpaired electron
over the entire molecule, contribute largely to the stability of both the radical species.

The m-charge distribution of dianion 2.32- should relate closely to the m-spin
distribution of 2.3(")(-), because the unpaired electron in 2.3() occupies, in principle,
the same orbital (LUMO of 2.3) as the two paired electrons in 2.32-. An analogous
statement should hold for the m-spin distribution in the radical cation 2.3(*)*) and £-
charge distribution in 2.32+, Comparison of the coupling constants of 2.3()-) with !13C
chemical shift changes on going from 2.3 to 2.32- reveals good correlation that these
values are large at C*1, C6, and C!4, and small at CB! and CB2. For 2.32+ and 2.3(9(#),
large coupling constants and chemical shift changes are found at C®! and small ones at
CP1, CB2, C6, and C!4. Both the radical species exhibit larger coupling constants at
C! than those at CB! and CB2 in the two phenalenyl units. The similar T-spin
distribution pattern is found in phenalenyl radical species exhibiting larger (6.5 G) and
smaller (1.8 G) coupling constants at o and B position, respectively. Futhermore, as
shown in section 2.3.2, the charge distributions in phenalenyl units of 2.32* are similar
to that of phenalenyl cation. These similarities support the idea that HOMO of 2.3
retain a NBMO character to some extent. On the other hand, the LUMO of 2.3 has a
purely NBMO character. Thus the small E (5™ value of 2.3 can be attributed to the
NBMO character of the frontier orbitals (HOMO and LUMO) of 2.3.

2.4.4 Neutral 2.3

As described in section 2.3.1, the toluene solution of neutral 2.3 gave rise to weak
ESR signals (Figure 2.4.6). The species to give this ESR spectrum was unidentifiable,
but should be generated by oxidation or hydrogen atom abstraction from solvents.
Although the solid 2.3 also gave the ESR signal, the spectral width was nearly 10 times
larger than that observed in the solution. The spectrum can be regarded as typical of a
triplet state and had zero-field parameter of D =96 G and E<2 G.

The following will describe our way of finding the reason why one paramagnetic
compound was observed in solution and another in the solid state. The species to give
the ESR spectrum in the solution should be a monoradical resulting from oxidation or
hydrogen atom abstraction from the solvent by the reactive thermally excited triplet
state. The triplet spectrum is generally broadened by fast relaxation in solutions. In the
solid state, the doublet impurities gave an intence and narrow peak in the center of the
spectrum, whereas the wider signal can be easily distinguishable, which was triplet
signal observed at the wings of the free-radical signal.
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@) (b) e

(© (d)

Figure 2.4.6 ESR spectra of doublet species at room temperature in (a) toluene
solution and (b) solid state. Triplet signal in solid state at 130 °C with (c) low and
(d) high gain.

These pieces of behavior are typical.of a biradicaloid. The designation biradicaloid
asserts that a given molecular structure has two approximately nonbonding electronic
configuration(s) in the ground state.14 Biradicaloids are highly reactive compounds
exhibiting a strong paramagnetic shift in the 1H NMR signals and a high propensity
toward both oxdation and reduction. Such properties are characteristic for compounds
with a small energy gap between the frontier orbitals. Kolc and Michl 15 studied
extensively pleiadene and several of its derivatives. Pleiadene can be written with the
Kekulé structure or as the biradicaloid canonical structure. The actual molecule is
obtained as a highly reactive hydrocarbon which can be only studied at low
temperatures frozen in a glass and which dimerizes at normal temperatures. Such
behavior is consistent with MO calculations indicating a small HOMO-LUMO gap.
Chichibabin's hydrocarbon 16 can also be written in quinoidal or diradical form.
Although this compound is so stable as to give the green single-crystal with metallic
luster,16b the blue-violet solution is sensitive to air.
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=0 HOC

pleiadene chichibabin's hydrocarbon

The zero-field parameter, D, provides a measure of the average distance between the
unpaired spins in the triplet, whereas the other parameter, E, reflects the deviation of the
wave function from 3-fold or higher symmetry. These quantities can be calculated

using eq (1) and (2),17 where the brackets are averages over the electronic wave
function.

D =0.75g2R<(r2 - 3z2)/r5> ¢))
E =0.75g2B2<(2 — x2)/r5> 2)
The average distance between the two interacting spins in 2.3 could be estimated
from D to be 6.6 A,!8 which was smaller than the distance between the center of
phenalenyl unit (9.5 A). This finding suggests that an unpaired electron is not
localized' on a phenalenyl unit, but can delocalize on the central benzene and another
phenalenyl unit. ‘
Unfortunately, the forbidden AM; = * 2 half-field absorption could not be observed.
A triplet-state signal at half field is known not to be observable for large separation of
two electrons.!9 The variation of the signal intensity of the triplet with temperature
indicated that the triplet is a thermally excited state. The signal 1ntens1ty, I, was plotted
against temperature in Figure 2.4.7,
A generated least-squares computer program led to a best fit of expressiion (3) 20
I o< 1{T13 + exp(J/kpD)]} - 3)
to the data with J = 4.66 * 0.08 kcal/mol, which is the energy separation between the
ground singlet state and the excited triplet.
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Figure 2.4.7. Temperature dependence of the spectral intensity of
the triplet. The solid line is from eq (3).

2.5 UV/Vis/NIR
2.5.1 Neutrtal 2.3

Although all precursors for TTB-IDPL 2.3 showed yellow color, dehydration of the
dihydro derivatives caused a dramatic change of the color. The solution of 2.3 shows a
green color. The deep color is apparently responsible for the small HOMO-LUMO gap
of 2.3. As the HOMO-LUMO energy difference decreases, so also does the spectral
excitation energy; thus the absorption band would be shifted to longer wavelength.
Figure 2.5.1 shows the electronic absorption spectra of the five redox states of 2.3,
while Table 2.5.1 lists the wavelengths of the band maxima.

Table 2.5.1. Maxima, Amax (in nm) (g, cm-1M-1), of electronic bands for
the five redox states of 2.3

2.3+ 2.3()(+) 23 2.3()) 2.3
330 (76200) 351 342 (69100) 320 294
378 (22400) 393 352 (75100) 372 330
401 (21100) 660 370 (124000) 430 376
534 (35700) 683 405 (7900) 596 456
578 (61200) 1440 448 (7500) 630 582
620 7204 1832 687 (16000) 1248 660

755 (369000) 1288
1488
1546

@ weak shoulder absorption
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Figure 2.5.1. Electronic absorption spectra of the five redox states of 2.3
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The green color of 2.3 can be readily ascribed to a highly intense band at 755 nm.
Another intense band at 350 — 370 nm can not contribute to the color because of the
high transition energy (UV region). In order to assign the electronic bands to
transitions between orbitals, MO calculations by the INDO/S CI method were
performed (Table 2.5.2). In each case, the ten highest occupied and ten lowest
unoccupied orbitals were used for configuration interaction.

Table 2.5.2. Selected electronic transition data for five redox states of 2.3
calculated by the INDO/S CI method and assignments of the observed
electronic bands.

theoretical experimental

symmetry AE,eV  oscillator substantial contribution ¢, % A, nm; AE.eV

label 4 strength
232 By (y) 1.60 0.02 ay (W16), < bag (¥15), 90 b
230 B3 (x) 065 041  b3g(y17) < ay (V16,91  1832;0.68
2.3 Big 1.08 0.00 b3g (W17) & bag (V15),94  1030; 1.20°
Bau(x) 165 2.27 bag (W17) < ay (V16), 93 755, 1.64
2300 Bay(0) 0.73 0.32 b3g (W17) < au (Y16), 84 1546;0.80
ay (y18) < b3g (¥17), 6
232~ Bju 2.44 1.37 ay (Y18) < bag (¥17),84 6607, 1.88?

b3g (Y20) < ay (Y16), 10

@ In parentheses, the molecular orbitals calculated by the HMO method. See Figure 2.2.
b Could not be assigned due to the weak and broad peaks. ¢ Observed in high concentration of
benzene solution. ¢ In parentheses, the direction of the induced transition dipole. The choice

of the axes in D7y, symmetry is specified in Fiugre 2.1.2.

~ Figure 2.5.2 presents schematically the calculated SCF energy levels of the six
relevant highest occupied or lowest unoccupied orbitals for the five redox states of 2.3.
On the basis of the calculation, the intense band at 755 nm could be assigned to a
symmetry-allowed B3y transition, which is HOMO — LUMO excitation. In addition to
this long-wavelength bands, the INDO/S calculations predict a symmetry-forbidden
transition in near-infrared (NIR) region. The low solubility of 2.3 in cyclohexane
prevents the detection of predicted weak bands in NIR region. However, the NIR bands
could be observed in high concentration of benzene solution (Figure 2.5.3).
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Figure 2.5.2. Energy levels of several occupied and unoccupied
MOs in the five redox stages of IDPL 2.1, as calculated by the
MOPAC6/PM3 method. The optimized structures are in Cyp, symmetry
for neutral state and in D,, symmetry for other states. The bold lines
represent HOMO and LUMO of neutral state.
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Figure 2.5.3. Electronic spectrum of 2.3 in high concentration of benzene solution

The calculations predict that NHOMO-LUMO transition should contribute largely
to the longest wavelength absorption. Clearly, the transition with larger energy gap
(NHOMO-LUMO) appeared at longer-wavelength region than that with smaller energy
gap (HOMO-LUMO). In order to remove this discrepancy, the electron correlation
should be considered. When the spectral excitation energy is described by a transition
from MO y, to MO y, the singlet-singlet excitation energy AE,p, is, to a close
approximation, given by eq (2-1).21
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AEqp = €, — €a— Jab + 2Kab (2-1)
where (&, — £,) is the energy difference between the Yt andyy, Jab is the molecular
Coulomb repulsion integral, and Kyp, is the exchange integral. The exchange integral
Kap is a measure of the repulsion of the overlap charge density ya(1)*yp(1) with
identically distributed overlap charge density ya(2)*yp(2). If the two orbitals, y; and
Vb, spread over different region of space, their overlap density will be small and then
Kap can hardly be large. The HMO calculations indicate that HOMO and LUMO of 2.3
occupy similar region in space, and Kgomo,LuMo should be relatively large. In
contrast, NHOMO and LUMO are localized largely in different parts of space. As a
result, the overlap density as well as KNgomo,LUuMoO should be quite small. Small
KNHOMO,LUMO Values lead to the longer-wavelength absorption. 22

This assumption was borne out by the weak intensity of the NIR transition. The
intensity of a transition is proportional to the square of the transition dipole moment of
the overlap density Wa(1)*wp(1). The small overlap ygomo(1)*wiLumo(1) of 2.3
should be responsible for the small transition dipole moment, and the NIR transition
should be fairly weak.

The green compound 2.3 shows no emission spectra at >755 nm, although the large
extinction coefficient for absorption at 755 nm suggests a large rate constant for
emission. Emission is usually known to occur from S state for most organic molecules
(Kasha's rule).23 For 2.3, the absorption at 755 nm produces not S but S; excited state,
which undergo rapid S; — Sj internal conversion. Thus the absence of emission

supports the presence of Sy state at > 755 nm.
2.5.2 Radical cation 2.3((*) and radical anion 2.3(°-)

Oxidation or reduction of aromatic hydrocarbons such as naphthalene and
anthracene results in formation of a deeply colored solution. The following statements
are accepted for these observations. The species responsible for these colors are
undoubtedly radical ions. Additional long-wavelength bands, which are not observed
for the neutral aromatic compounds, are due to the transition in which singly occupied
MO (SOMO) participates; SOMO — LUMO, HOMO — SOMO excitation, etc.
However, when green compound 2.3 was oxidized or reduced with SbCls or K mirror,
the color of the solution did not change dramatically. The resulting green and greenish
blue color of the solution containing 2.3()*) and 2.3(*)) can be reasonably attributed
to absorption bands at A < 683 nm and 630 nm, respectively. In addition to these long-
wavelength absorption, 2.3 and 2.3¢)) gave the lower energy bands in near-
infrared (NIR) region (Figure 2.5.1). The INDO/S calculations indicate that the NIR
band of 2.3()®) and 2.3()©) should be due to the excited configuration corresponding
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to b3g (Y17) < ay (y16) excitation (symmetry-allowed B3, transition), which is SOMO
— LUMO excitation for 2.3()*) and HOMO — SOMO for 2.3()) (Table 2). These
low energy transitions in the NIR region implies the small HOMO-LUMO gap of 2.3,
because the MO w16 and w17 correspond to the HOMO and the LUMO of 2.3,
respectively. This may well be because a green colored neutral hydrocarbon, hexacene,
also gives a NIR band in the radical anion state due to HOMO - SOMO excitation 24

In NIR region, intramolecular charge-transfer bands are commonly observed. For
example, bis(TTF) radical cations 25 and polyacene diquinone radical anions 26
exhibited a broad absorption band in NIR region.

(0] 0
S S S S
=X ~=1 (210
S S S S
o] 0]
bis TTF polyacene diquinone

These compounds are thought to be mixed-valence species (class IT) 27 containing two
weakly interacting redox sites and an odd electron localized on a redox site. However,
the sharpness and the vibrational structure of the NIR bands for 2.3()*#) and 2.3()®) are
incompatible with the characteristics of a charge-transfer band. The intensity of the
NIR bands follows Beer's law over the concentration range of 10-5 to 104, indicating
that these absorption are not due to a CT transition in any aggregated forms of these
radicals. As mentioned above, the ESR studies suggest the delocalization of the charge
and the spin over the whole of the molecule. Furthermore, the cyclic voltammogram of
2.3 shows four one-electron waves with quite more largely separate values for the
corresponding half-wave potentials (E,°X — E10% = 0.35V, Eqred — Fored = 0.58V) than
those of class II species. In accordance with the classification of mixed-valence
species, 2.3()®) and 2.3()0) can be regarded as class III species containing two
strongly interacting redox sites, phenalenyl units. Completely delocalized molecules
should be placed in the class III category. These considerations support the idea that
formula B is a better description for the singly charged paramagnetic species, 2.3()(*)
and 2.3()(-), than formula A.

ety

A

k=+0r—
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2.5.3 Dication 2.32* and dianion 2.3%2-

The absorption maxima of 2.3%* and 2.32- appear at shorter wavelength than those
of other redox states of 2.3 (Figure 2.5.1). In particular, the absorption of 2.32-
terminates at the shortest-wavelength. This finding suggests the large HOMO-LUMO
gap for 2.32-, which is consistent with the HMO calculations. Because a large HOMO-
LUMO gap causes a small contribution of a paramagnetic ring current effect to the
molecule in question,28 the hypsochromic shifts of 2.32- support the idea that low-field
shifts of IH NMR spectrum for 2.32- should be caused by a strong diamagnetic ring
current effect.

The assignment of the first absorption bands in 2.32+ and 2.32- remains still
questionable. For 2.32+, the weak transitions were observed at 620 — 720 nm, but the
absorption maxima could not be determined due to the broadness and the weakness of
the absorption. The INDO/S calculations predict the symmetry-forbidden HOMO-
LUMO transition at 775 nm, which may correspond to the absorption at 620 — 720 nm.

2.6 X-ray crystallography
2.6.1 TTB-IDPL 2.3

Cryatals suitable for X-ray diffraction were successfully obtained as crystals of m-
difluorobenzene solvates by recrystallization from a m-difluorobenzene solution at
room temperature. The crystal selected for X-ray analysis was 0.2 x 0.3 x 0.3 mm in
size and sealed in a glass capillary containing glass fibers impregnated with m-
difluorobenzene. The compound was found to crystallize in space group Cpyca With
four molecules in the unit cell. The atomic parameters are given in Table 2.6.1 and
2.6.2.

The crystal structure of 2.3 determined at room temperature shows effective Dy,
symmetry (Figure 2.6.1), which is consistent with the presence of only five !H NMR
signals even at —60 °C. In comparison with 7,14-di-n-propylacenaphtol[1,2-
k]fluoranthene, 29 2.3 gives shorter bond length between C2 and C3 by 0.032 — 0.033
A. This must be due, at least in part, to increased m-bonding between C2 and C3. In
the canonical forms, no double bonds appear between naphthalene units and a benzene
unit in acenaphthofluoranthene, while 2.3 retains double bonds in C2-C3 bonds. The
increased m-bonding is also supported by the simple HMO calculations indicating a
larger 7-bond order (0.457 for 2.3; 0.402 for acenaphthofluoranthene).

The large degree of n-bonding between C2 and C3 of 2.3 supports the idea that two
phenalenyl units should not function independently but largery interact with each other.
This is consistent with only a very small contribution from the type 2.3¢ structure.
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Cr oD
2.3c
Bond lengths and angles of s-indacene unit in 2.3 are found to be similar to those of
tetra-tert-butyl-s-indacene. 30
The packing diagram in Figure 2.6.2 reveals that the molecules 2.3 form "lattices"
with cavities large enough to accommodate two molecules of m-difuorobenzene. The
tortional angle between two molecules 2.3 are 78°.

Figure 2.6.1. (a) The moleculer structure of 2.3, (b) the stereoscopic view of
the molecular packing with solvent, (c) and the molecular packing without
solvent. Displacement ellipsoids are drawn at the 50% probability level.
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Figure 2.6.2. (a) The molecular packing of 2.3 in the bc-plane, (b) the crystal

structure of 2.3 along the c-axis.
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Table 2.6.1. Experimental X-ray data of 2.3.

Crystal data

Ce60Hs4F4

M, =851.08
Orthorhombic
Cmnca

a=32.602(3) A
b=11.768(3) A
c=12.1993) A

V =4680(2) A3
Z=4

Dy =1.208 Mg m—3

Data collection

Rigaku AFC7R
diffractometer

/28 scans

Absorption correction:
refined from AF

3002 measured reflections

3001 independent reflections

Refinement

Refinement on F

MoK radiation

A=0.71069 A

Cell parameters from 25 reflections
0=27.7-29.8°

4 =0.079 mm—1

T=296K

Prismatic

0.20 x 0.30 x 0.30 mm
Green

1163 observed reflections
[1>3.000(D)]

zelnax = 550‘

h=0->15

k=0-41

=015

3 standard reflections monitored
every 150 reflections
intensity decay: —-0.51%

(A/G)max =0.06

R=0.054 Apmax =0.15¢ A3

wR =0.057 APmin =-0.29¢ A-3

§$=2.14 Extinction correction: none

3002 reflections Atomic scattering factors

174 parameters from International Tables for

w= 1/62(Fo) X-ray crystallograpy (1974, Vol. IV)

Table 2.6.2. Fractional atomic coordinates and equivalent
isotropic displacement parameters (A2) of 2.3.

Beg = (BR213)U 1 1(aa*)2+U22(bb*)2+U33(cc*)2+2 U12aa*bb*cosy+2U13aa*cc*cosB+2U23bb*cc*cosoc)

X y z By
F(1) 0.0295(2) -0.1197(5) 0.8146(6) 11.1(2)
F(2) 0.0876(2) 0.0779(7) 0.9089(8) 14.7(3)
C(1) 0.0000 0.0945(4) 0.5743(4) 2.6(1)
C(2) 0.03668(9) 0.0474(2) 0.5371(2) 247(6)
Cc@(3) 0.07908(9) 0.0762(3) 0.5598(2) 2.54(7)
C@) 0.09921(10) 0.1585(3) 0.6234(3) 3.05(8)
C(5) 0.14180(9) 0.1643(3) 0.6283(3) 2.95(8)
C(6) 0.16620(9) 0.0836(3) 0.5659(3) 2.83(D
(6¢)] 0.20944(10) 0.0793(3) 0.5631(3) 3.70(9)
C(8) 0.2296(2) 0.0000 0.5000 4.2(1)
c® 0.1033(1) 0.0000 0.5000 2.37(9)
C(10) 0.1459(1) 0.0000 0.5000 2.34(9)
c(an 0.16202(10) 0.2554(3) 0.7010(3) 4.12(9)
C(12) 0.1302(1) 0.33214) 0.7566(4) 7.1(1)
C(13) 0.1866(1) 0.1987(4) 0.7942(3) 6.6(1)
C(14) 0.1893(1) 0.3355(3) 0.6325(4) 5.8(1)
C(15) 0.0206(2) -0.0226(5) 0.8499(5) 11.2(3)
C(16) 0.0417(2) 0.0757(6) 0.8672(6) 10.8(2)
camn 0.0209(2) 0.1760(6) 0.8858(5) 9.6(2)
H(1) 0.0000 0.161(4) 0.625(3) 3(1)
H(2) 0.0826(9) 0.210(3) 0.662(3) 4.809)
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H(@3) 0.2255(10) 0.129(3) 0.609(3) 5.1(10)
H4) 0.261(1) 0.0000 0.5000 5(1)

H() 0.1145 0.3700 0.7022 8.5265
H(6) 0.1126 0.2871 0.8010 8.5265
H() 0.1439 0.3866 0.8010 8.5265
H(8) 0.1685 0.1554 0.8389 7.9302
H() 0.1995 0.2556 0.8374 7.9302
H(10) 0.2069 0.1501 0.7637 7.9302
H(11) 0.1730 0.3737 0.5796 6.9341
H(12) 0.2019 0.3898 0.6794 6.9341
H(13) 0.2099 0.2925 0.5963 6.9341
H(14) 0.040(1) 0.243(5) 0.886(4) 10(1)

Table 2.6.3. Selected geometric parameters (A, °) of 2.3

F(1)—C(15) 1.256(7) C(15)—C(15*) 1.34(1)
F(2)—C(16) 1.581(9) C(15)—C(16) 1.361(8)
C(H—C(2) 1.394(3) C(e)—C(1m 1.379(7)
C(H)—C(2*) 1.394(3) C(17)—CQA7*) 1.36(1)
C(2)—C2*%) 1.437(5) C(1)—H(1) 1.004)
C(2)—C(3) 1.450(4) C4)>—HQ) 0.94(3)
C(3)—C4) 1.404(4) C(7—H@3) 0.97(3)
C3)>—CH 1.399(4) C(8)—H4) 1.01(4)
C(4)—C(5) 1.3914) C(12)—H(5) 0.950
C(5)—C(6) 1.453(4) C(12)—H(6) 0.950
C(5)—C11) 1.540(4) C(12)—HM) 0.950
C(6)—C(7N) 1.411(4) C(13)—H(8) 0.950
C(6)—Ca0) 1.433(3) C(13)—H(©) 0.950
C(N—C(8) 1.377(4) C(13)—H10) 0.950
CO—C(10) 1.389(5) C(14)—H(11) 0.950
C(11)—C12) 1.533(5) C(14)—H(12) 0.950
C(11)—C(13) 1.542(5) C(14)—H(13) 0.950
C(11)—C(14) 1.543(5) C(17)—H(14) 1.01(5)
C)—C(1)—C(2*) 118.1(4) C(3)—C(9)—C(10) 124.3(2)
C(H—C2)y—C(2)* 120.9(2) C(6)—C(10)—C(6%) 125.0(4)
C(H—C2)—C3) 131.5(3) C(6)—C(10)—C(®) 117.5(2)
C2*)—C(2)—C(3) 107.6(2) C(5)—C(11)—C(12) 112.0(3)
C2)—C(3)—C4) 135.4(3) C(5)—C(11)—C(13) 110.2(3)
C()—C(3)—C9) 106.8(3) C(5)—C(11)—C(14) 111.1(3)
C(4)—C(3)—C(©9) 117.8(3) C(12)—C(11)—C(13) 106.3(3)
C(3)—C@)—C(5) 121.6(3) C(12)—C(11)—C(14) 105.6(3)
C(4)—C(5)—C(6) 119.4(3) C(13)—-C(11)—C(14) 111.4(3)
C(4)—C()—C(11) 119.1(3) F(1)—C(15)—C(15%) 103.3(5)
C(6)—C(S)—C(11) 121.5(3) F(1)—C(15)—C(16) 135.3(7)
C)—C6;)—C(N) 125.7¢3) C(15%)—C(15)—C(16) 12034
C(5)—C(6)—C(10) 119.3(3) F(2)—C(16)—C(15) 122.1(7)
C(1H)—C(6)—C(10) 115.0(3) F(2)—C(16)—C(17) 113.5(7)
C(6)—C(—C(8) 121.0(4) C(15)—C(16)—C(17) 120.3(7)
C(NH—C@B)—C(7%) 122.9(5) C(16)—C(7)—C(17*) 119.4(4)
C(3)»—C(O—C(3*) 111.3(4) :

The data was corrected for Lorentz and polarization factors. The structure was
solved by direct methods and refined by full-matrix least squares calculations with
anisotropic displacement factors for C-atoms. The ring H atoms in the molecule were
located experimentally and the positions of the tert-butyl H atoms were calculated from
an idealized geometry with standard bond length and angles. Calculations were carried
out using the MITHRIL90 programs.
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2.6.2 TCNQ complex of TTB-IDPL 2.3

The 1:1 complex formed between 7,7,8,8-tetracyanoquinodimethane (TCNQ) and
2.3 crystallized as deep green needles in space group P1 with one molecule in the unit
cell by recrystallization from a CH,Cl; solution at 5 °C. The solvents entered the
composition in a disordered way. The crystal structure consisted of infinite columns of
alternate TCNQ and 2.3 molecules stack in a plane-to-plane manner in columns along
to the ¢ axis of the unit cell. A TCNQ molecule lay on the phenalenyl unit
corresponding to the redox site of 2.3 with an interplanar distance between TCNQ and
2.3 rings of 3.33 A. The bond lengths and angles of 2.3 and TCNQ were found to be
similar to those of neutral 2.3 and neutral TCNQ, 30 respectively.

Degree of charge transfer for TCNQ complexes can be estimated from the ratio ¢/(b
+ d) (Figure 2.6.4). 31 The application of this equation to the 2.3 — TCNQ complex
leads to the value of 0.474, which is identical with that of neutral TCNQ. A frequency
of the CN stretching mode can also estimate the charge on TCNQ. 32 The IR spectra of
the 2.3 — TCNQ complex exhibited a peak at 2214 cm~!, from which the charge on
TCNQ could be estimated to be about 0.3. The electronic absorption spectra of the
complex gave intense peaks at 790 and 364 nm, which were assignable to local T—m*
transitions of neutral 2.3. In addition to these intense bands, weak charge-transfer
bands were observed in 1200 — 2600 nm. In a CH;Cl; solution of the complex, any
charge-transfer bands could not be observed (Figure 2.6.5). The weak charge-transfer
interaction suggests that the each comporient molecules in the complex should retain a
similar structure to that of neutral state. Thus the ground state of the complex should be
nearly neutral.

(a)
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(b)

(c)

Figure 2.6.3. (a) The moleculer structure of 2.3 — TCNQ complex, (b) the
molecular overlap in columns of alternating 2.3 and TCNQ, and (c) the
stereoscopic view of the molecular packing. Displacement ellipsoids are
drawn at the 50% probability level.

\\ a / 74
d b
[
/4 W
N N
a b c d c/(b+d) CT%
TCNQO 1.346(3)  1.448(4) 1.3743) 1.441(3) 0.476 0
TMPD—~(TCNQ)2 1.353(2) 1.431(2) 1.394(2) 1.423(3) 0.488 50
TCNQ™ 1.373(4)  1.423(4) 1.420(4) 1.416(4) 0.500 100
2.3-TCNQ 1.34 1.45 1.37 1.44 0.474 0

Figure 2.6.4. TCNQ molecular geometry.
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Figure 2.6.5. Electronic absorption spectra of the 2.3~TCN Q complex.
(2) In KBr pellet and (b) in CH,Cl,.

Table 2.6.4. Experimental X-ray data of the 2.3-TCNQ complex.

Crystal data
Ce62Hs56N4Cly
M, =998.96
Triclinic
P1
a=11.570(3) A
b=12.697(4) A
c=10.722(2) A
o =103.12Q2)°
B=112.18Q1)
¥=69.02(2)°
V=1354.1(6) A3
Z=1
Dy =1.225Mgm3

Data collection
R-Axis CS diffractometer
16 exposures @ 30 min
Absorption correction: none
2745 measured reflections
2736 observed reflections
7> 3.000(D]

Refinement
Refinement on F
R=0.102
wR = 0.105
S=2.84
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MoK, radiation
A=0.71070 A
Cell parameters from

3 stills @ 5 min
Detector distance = 143.2 mm
Detector swing angle = 0.00°
Pixel mode = 0.1 mm
#=0.261 mm~!
T=288K
Prismatic
0.20x0.10x 0.10 mm
Green

29[nax = 59.7°

(A/ O')max =0.06

Apmax =044¢e A_3
APmin =-0.51 e A3
Extinction correction: none
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2736 reflections Atomic scattering factors
349 parameters from International Tables for
w= 1/02(Fo) X-ray crystallograpy (1974, Vol. IV)

Table 2.6.5. Fractional atomic coordinates and equivalent isotropic
displacement parameters (A2) of the 2.3-TCNQ complex.

Beg = (81!:2/3)(U1 1(aa*)2+U22(bb='= )2+U33(cc* )2+2 U12aa*bb* cos‘y+2U13aa*cc* cosP+2 U23bb*cc* cosol)
X y z B,

<q
Ci() 0.1406(3) 0.4066(2) 0.4342(3) 8.77(8)
Cl(2) -0.013(2) 0.436(2) 0.168(2) 15.1(6)
CI(3) -0.0776(9) 0.4393(9) 0.1772(10) 10.7(2)
N(D) 0.1587(6) 1.1137(5) 0.1841(6) 5.4(2)
N(®2) 0.4132(7 0.7637(6) 0.2132(6) 6.4(2)
Cc) 0.5943(5) -0.1119(5) 0.5080(5) 2.4
C2) 0.6004(5) -0.0302(4) 0.4449(5) 2.5(1)
C(3) 0.5058(5) 0.0805(4) 0.4354(5) 2.4(1)
C4) 0.6924(6) -0.0350(4) 0.3803(5) 2.6(1)
C(5) 0.8072(6) -0.1146(5) 0.3619(6) 2.9(1)
C(6) 0.8789(5) —0.0908(5) 0.2997(5) 2.8(1)
cn 0.8301(6) 0.0189(5) 0.2447(5) 3.0
C(8) 0.8874(6) 0.0526(5) 0.1726(6) 3.2(2)
C®) 0.8345(7) 0.1583(5) 0.1268(7) 3.6(2)
C1o) 0.7270(6) 0.2396(6) 0.1549(6) 3.6(2)
C(11) 0.6609(6) 0.2150(5) 0.2259(5) 2.9(1)
C(12) 0.5468(6) 0.2938(5) 0.2634(6) 3.1(D)
C(13) 0.4891(6) 0.2563(5) 0.3299(6) 291
C(14) 0.5396(6) 0.1449(5) 0.3654(5) 2.6(1)
C5) 0.6503(5) 0.0708(4) 0.3328(5) 271
C(16) 0.7150(6) 0.1020(5) 0.2674(5) 2.9(1)
can 1.0497(7) -0.2791(6) 0.3735(7) 5.6(2)
C(18) 1.0108(6) —-0.1795(5) 0.2928(5) 3.1(1)
C(19) 1.1219(7) ~0.1267(6) 0.3571(7) 49(2)
C(20) 1.0003(7) -0.2297(6) 0.1444(7) 5.4(2)
c2n 0.4907(6) 0.4185(5) 0.2297(6) 3.4(2)
CQ2) 0.3762(8) 0.4881(5) 0.2857(7) 5.4(2)
C(23) 0.4317(7) 0.4234(6) 0.0752(7) 5.0(2)
Cc4) 0.5963(8) 0.4785(6) 0.2948(7) 5.1(2)
C(25) 0.3921(6) 1.0876(5) 0.0201(6) 3.3(1)
C(26) 0.4300(6) 0.9796(5) 0.0721(5) 3.0(1)
c@27) 0.5417(6) 0.8924(5) 0.0461(6) 3.5(2)
C(28) 0.2485(7) 1.0448(6) 0.1637(6) 3.92)
C(29) 0.3602(6) 0.9583(5) 0.1370(6) 3.5(2)
C(30) 0.3905(7) 0.8505(7) 0.1818(6) 4.1(2)
C@31n 0.0044(9) 0.3684(8) 0.3177(9) 7.93)
H) 0.663(4) -0.183(4) 0.521(4) 1.2(9)
H(2) 0.832(4) -0.182(4) 0.398(4) 0.909)
H(3) 0.961(5) 0.004(4) 0.152(4) 1.3(10)
H4) 0.876(6) 0.180(5) 0.088(5) 3N
H(5) 0.698(5) 0.3104) 0.1194) A1)
H(6) 0.413(5) 0.306(4) 0.348(4) 2(1)
H(7) 0.4065 0.4886 0.3814 6.5452
H(8) 0.3447 0.5636 0.2630 6.5452
H(®) 0.3074 0.4543 0.2469 6.5452
H(10) 0.6243 0.4799 0.3905 6.1468
H(1D) 0.6688 0.4385 0.2635 6.1468
H(12) 0.5616 0.5538 0.2709 6.1468
H(13) 0.3998 0.5001 0.0564 6.0265
H(14) 0.4973 0.3820 0.0345 6.0265
H(15) 0.3618 0.3911 0.0396 6.0265
H(16) 1.2013 -0.1813 0.3499 5.9359
H(17) 1.1032 —0.0635 0.3115 5.9359
H(18) 1.1308 -0.1023 0.4499 5.9359
H(19) 0.9359 —-0.2682 0.1097 6.4391
H(20) 0.9761 ~0.1701 0.0910 6.4391
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H2D 1.0825 -0.2814 0.1417 6.4391
H(22) 0.9838 —-0.3160 0.3379 6.7920
H(23) 1.1304 -0.3314 0.3666 6.7920
H(24) 1.0593 -0.2518 0.4658 6.7920
H(25) 0.5684 0.8198 0.0761 4.1161
H(26) 0.3174 1.1459 0.0335 3.9989

Table 2.6.6. Selected geometric parameters (A, °) of the 2.3-TCNQ complex.

CI(1)—C(31) 1.751(9) C(10)—C(11) 1.407(7)
Cl(2)—CI(3) 0.77(2) C(11)—C(12) 1.476(8)
Cl(2—C31) 1.90(2) C(11)—C(16) 1.443(7)
CI(3)—C@31) 1.70(1) C(12)—C(13) 1.386(7)
N(1) —C(28) 1.152(8) C(12—C(21) 1.551(7)
N(2) —C(30) 1.137(8) C(13)—C(14) 1.403(7)
C(1) —C(2) 1.395(7) C(14)—C(15) 1.405(7)
C(1) —C(3%) 1.399(7) C(15)—C(16) 1.393(7)
C(2) —C(3) 1.440(7) C(17)—C(18) 1.531(9)
C(2) —C(4) 1.453(7) C(18)—C(19) 1.522(9)
C(3) —C(14) 1.452(7) C(18)—C(20) 1.549(8)
C(4) —C(5) 1.404(7) C1—C(22) 1.555(8)
C(4) —C(15) 1.398(7) C(21)—C(23) 1.542(8)
C(5) —C(6) 1.382(7) C(21)—C(24) 1.530(9)
C(6) —C(7) 1.472(7) C(25)—C(26) 1.454(8)
C(6) —C(18) 1.556(8) C(25)—C(27%) 1.338(8)
C(7) —C(8) 1.401(7) C(26)—C(27) 1.443(8)
C(7) —C(16) 1.439(8) C(26)—C(29) 1.370(7)
C(8) —C(9) 1.379(8) C(28)—C(29) 1.441(9)
C(9) —C(10) 1.387(9) C(29)—C(30) 1.434(9)
CI(1)—CB1)—CI(2) 98.3(7) C(26)—C(29)—C(30)  123.5(6)
CI(1)—CB1)—CIB3) 116.7(6) CI)—C(12)—C@21)  120.8(5)
ClI2)—CB1H—CI3) 23.9(8) C(13)—C(12—C(21)  119.5(5)
C@)—C(1)—C(3*) 117.4(5) C(12)—C(13)—C(14)  121.0(5)
C(1)—C(2)—C(3) 121.4(4) C(3)—C(14)—C(13) 134.8(5)
C(1)—C(2)—C(4) 130.6(5) C(3)—C(14)—C(15) 105.9(5)
C(3)—C(2)—C(4) 107.9(4) C(13)—C(14)—C(15)  119.2(5)
C(1*)—C3)—C(2) 121.2(4) C(4)—C(15)—C(14) 112.5(5)
C(1%)—C(3)—C(14) 131.0(5) C(4)—C(15)—C(16) 124.0(5)
C(2)—CB3)—C(14) 107.8(4) C(14)—C(15)—C(16)  123.4(5)
C(2)—C(4)—C(5) 135.8(5) C(H—C(16)—C(1 1) 124.6(5)
C(2)—C(4)—C(15) 105.9(5) C(N—C(16)—C(15) 117.6(5)
C(5)—C(4)—C(15) 118.2(5) CAD—C(16)—C(15)  117.8(5)
CA)—C(5)—C(6) 122.0(5) C(6)—C(18)—C(17) 111.9(5)
C(5)—C(6)—C(7) 119.2(5) C(6)—C(18)—C(19) 110.5(5)
C(5)—C(6)—C(18) 119.2(5) C(6)—C(18)—C(20) 110.6(5)
C(7)—C(6)—C(18) 121.6(5) C(IN—C(8)—C(19)  105.3(5)
C(6)—C(—C(8) 125.9(5) C(17)—C(18)—C(20)  107.0(6)
C(6)—C(7)—C(16) 118.8(5) C(19)—C(18)—C(20)  111.3(5)
C(8)—C(7)—C(16) 115.3(5) C(12)—CQRD—C@2) 11215
C(7)~—C(8)—C(9) 121.2(6) C(12—C2D—C@23)  110.6(5)
C(8)—C(9)—C(10) 122.8(6) C(12)—CQ21)—C(24)  110.4(5)
C(9)—C(10)—C(11) 120.9(6) C(22)—CQ21)—C(23)  105.3(5)
C(10)—C(ID—C(12)  126.2(5) C(22)—CQ1)—C(24)  106.4(5)
C(10)—C(1)—C(16)  115.1(5) C(23)—CRIH—C(24)  111.9(5)
C(12)—C(I1—C16)  118.7(5) C(26)—C(25)—C(2T)  122.4(5)
C(1D—C(12)—C(13)  119.7(5) C(25)—C(26)—C(27)  116.9(5)
C(25)—C(26)—C(29)  122.3(6) C(28)—C(29)—C(30)  115.3(6)
C@N—C(26)—C(29)  120.7(5) N(Q2) —C(30)—C(29)  177.9(7)
C(25%)—C2N—C(26)  120.7(5) C(26)—C(29)—C(28)  121.2(6)

N(1)—C(28)—C(29) 179.6(7)

The data was corrected for Lorentz and polarization factors. The structure was
solved by direct methods and refined by full-matrix least squares calculations with
anisotropic displacement factors for C-atoms. The ring H atoms in 2.3 were located
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experimentally. The positions of the tert-butyl H atoms of 2.3 and ring H atoms of
TCNQ were calculated from an idealized geometry with standard bond length and
angles. Calculations were carried out using the MULTANSS8 programs.

2.7 Conclusion

As expected, IDPL was found to behave as a four-stage amphoteric redox
compound. In particular, tetra-tert-buty! derivative (TTB-IDPL, 2.3) showed enough
stability to give many reliable data for five redox states of 2.3. The 13C NMR and ESR
spectra suggested that the charges and spin of four charged species of 2.3 are
delocalized over the whole of the molecules and distribute like phenalenyl species on
the two phenalenyl units of 2.3. The similarity of the distribution pattern supports the
NBMO character for HOMO and LUMO of 2.3. The NBMO character of frontier
orbitals should be responsible for the small HOMO-LUMO gap, i.e. the small E{Sum
value, which is consistent with low-energy transition at 755 nm observed in
UV/Vis/NIR spectrum of neutral 2.3. In conclusion, phenalenyl units contribute largely
to higher amphotericity of 2.3 and the stability of the five redox states of 2.3.

2.8 Experimental

General remarks. All experiments with moisture- or air-sensitive compounds were
performed in anhydrous solvents under argon atmosphere in flame-dried glassware.
Solvents were dried and distilled according to the standard procedures. Column
chromatography were performed with silicagel [Wako gel C-200 (Wako)] or basic
alumina [200 mesh (Wako)]. Infrared spectra were recorded on a Perkin Elmer FT
1640 IR spectrometer. Electronic spectra were measured at room temprature in a 10
mm-pathlength quartz cell by a Shimadzu UV-3100PC spectrometer. 'H and 13C NMR
spectra were obtained on JEOL EX-270, JEOL GSX-400, JEOL GSX-500, and Varian
UNITY plus 600 spectrometers. Chemical shifts are reported relative to TMS (0.00
ppm) as an internal standard. Positive EI, FAB, and FD mass spectra were taken by
using JEOL JMS SX-102 and Shimadzu QP-5000 mass spectrometers. ESR spectra
were obtained with a JEOL JES-FE2XG spectrometer. The g-value was determined
by the use of Li-TCNQ (g = 2.0026) as external standard. = Cyclic voltammetric
measurements were made with a Yanagimoto P1100 spectrometer. Cyclic
voltammograms of the compound were recorded with glassy carbon working electrode
and Pt counter electrode in CH,Cl, containing 0.1 M (n-Bu)4NClOy4 as the supporting
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electrolyte. The experiments employed a SCE reference electrode. Electrochemical
experiments were done under an argon atmosphere at 0 °C.

4,8,12,16-tetra-tert-butyl-s-indaceno[1,2,3-cd:5,6,7- 'd'|diphenalene (2.3).6 A
mixture of 2.8 (41.6 mg, 66.4 umol) and p-chloranil (18.1 mg, 73.6 umol) in benzene
(70 mL) was refluxed for 40 min. The mixture was cooled on ice-bath and concentrated
in vacuo. The crude product was purified by column chromatography on silica gel
[benzene/hexane (1:4, v/v)] to give 2.3 (32.2 mg, 78%): mp >300 °C. 1H NMR [400
MHz, CS; / acetone -dg (4:1, v/v)] § 7.69 (d, J = 8.4 Hz, 2H), 7.10 (s, 2H), 7.04 (s, 4H),
6.98 (t, J = 8.4 Hz, 4H), 1.51 (s, 36H). FD MS m/z 624 (M*). Anal. Calcd for
C48Hysg: C, 92.26; H, 7.74. Found: C, 92.29; H, 7.79.

Dication (2.32*). The hydrocarbon 2.3 (Smg, 8 umol) was added to 0.5 ml of

concentrated D3SOy to give a dication species. A reddish purple color appeared
immediately. The dication was also obtained by the reaction of 2.3 (22.5 mg, 36 pumol)
with excess SbCls (0.05 M, 2.88 ml, 144 pmol) in 22.5 ml of CH,Cl,.

Radical cation (2.3()). Radical cation was generated by the reaction of 2.3 (22.5
mg, 36 umol) with an equimoler amount of SbCls (0.05 M, 0.72 ml, 36 umol) in 22.5
ml of CH2Cly. A solution turned to greenish blue immediately.

Radical anion (2.3()(). Radical anion was generated under vacuum (ca. 104 torr)
in sealed cell B (Figure 2.8.2) by the reaction of 2.3 with a potassium mirror in DME or
THF. For the detailed procedure, see below.

Dianion (2.32-). The reaction of dihydro compounds 2.8 (7.5 mg, 12 pmol) with a
potassium mirror in THF-dg (0.5 ml) in a sealed degassed tube afforded dianion
species. The dianion was also obtained by the reaction of 2.3 with a potassium mirror
in THF in a sealed degassed tube. For the detailed procedure, see below.

2.3-TCNQ complex. The solution of 2.3 (11.4 mg, 18.3 umol) and TCNQ (7.3 mg,
36.5 umol) in CHyCl, (11 mL) was allowed to stand at 5 °C for 4 days. The resulting
green needles (10.5 mg, 70%) were collected: mp >300 °C. IR (KBr) 2214 cm-!.
Anal. Caled for CoHsaNy: C, 86.92; H, 6.32; N, 6.76. Found: C, 86.31; H, 6.14; N,
6.83. The material for elemental analysis was dried under vacuum at 100 °C for a day.
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NMR spectroscopy.
Dianion (2.32-). Figure 2.8.1 shows the cell used for the generation of 2.3,

L)

20

NMHA tube

b

U X

Figure 2.8.1. Cells for NMR measurements of dianion.

A clean peace of potassium was passed into the side arm and sealed at a. The
dihydro compounds 2.8 was introduced into NMR tube b. A test-tube containing 1 mL
of THF-dg with a drop of Na-K alloy was attached to ¢ and the cell was connected to a
vacuum line at d. The solvent was degassed by a repeated freeze-pump-thaw method (5
times) and distilled into by 0.5 mL. The side arm was warmed with a luminous flame
to distill the metal as a mirror onto the walls at e. Finally, the cell was sealed at f. The
contact of the solution with a potassium mirror at — 78 °C for a week gave a deep blue
solution, whose NMR spectrum supported the generation of 2.32-,

ESR spectroscopy.

Neutral (2.3). The cell A (Figure 2.8.2) was used for the ESR measurement of 2.3.
The compound 2.3 was purified by column chromatography (silica gel) and then
recrystallized from benzene to give green prisms. For the solution state studies, a
soltion of 2.3 (2 x 104 M, 0.2 ml) in toluene was introduced into the cell a by a

syringe. The cell was connected to a vacuum line at b and the solvent was degassed by
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a repeated freeze-pump-thaw method (5 times). The cell was sealed at ¢ and the ESR
spectra of 2.3 were recorded. For the solid state studies, the solid 2.3 (5 mg) was
introduced into the cell a and the cell was connected to a vacuum line at b. The cell
was sealed at ¢ and the ESR spectra of the solid 2.3 were recorded.

Radical cations (2.3)(+)). The cell A (Figure 2.8.2) was used for the ESR
measurement of 2.3¢)(+). A soltion of 2.3()*) (2 x 104 M, 0.2 ml) in CH,Cl, was
introduced into the cell @ by a syringe. The cell was connected to a vacuum line at b
and the solvent was degassed by a repeated freeze-pump-thaw method (5 times). The
cell was sealed at ¢ and the ESR spectra of radical cations were recorded.

Radical anions (2.3(C)). The cell B (Figure 2.8.2) was used for the generation of
2.3()0). A clean peace of potassium was passed into the side arm and sealed at a. A
solution of 2.3 (5 x 104 M, 0.2 ml) in DME was introduced into the cell & by a syringe.
The cell was connected to a vacuum line at ¢ and then the solvent was degassed by a
repeated freeze-pﬁmp—thaw method (5 times). The side arm was warmed with a
luminous flame to distill the metal as a mirror onto the walls at d. The side arm was
removed by sealing at e. Finally, the cell was sealed at f. The contact of the solution
with a potassium mirror at d at room temperature gave the radical anion.

Call A Celi B

8¢ 8¢)
5d ¢ 20 54 f
20 15
d
8 ———20 3 15 %Y
20 e
a / 15
-— 5 .
H 40 ; glass filter, No.1
54 S
ESR tube ESR tube
(JEOL, No. 193) (JEOL, No. 193)
a b
U v

Figure 2.8.2. Cells for ESR meaurements.
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UV/Vis/NIR specroscopy.

Dication (2.32+). The quantitative electronic spectrum of 2.32+ was obtained by the
dissolution of the solid 2.3 (1.0859 mg, 1.7377 pmol) in D2SO4 (100 mL) at room
temperature.

Radical cation (2.3()®)), The qualitative measurement was carried out in the
CH,Cl, solution of 2.3(*)*+) at room temperature.

Neutral (2.3). The compound 2.3 was purified by a column chromatography (silica
gel) and then recrystallized from benzene to give green prisms. The pure 2.3 was
dissolved in a mixture of CH»Cl, and cyclohexane (100 mL, 1:100) and the quantitative
measurement was carried out at room temperature.

Dianion (2.32-) and radical anion (2.3()(). Figure 2.8.3 shows the cell used for
the generation of 2.32- and 2.3(")(-).

8¢ 30
Fi | 2
20
20 0
i {
E 10
il 25
20 € 7 1 e —]
a S oo I ]
8¢
glass filter, No. 1 _—
—————— UV cell
40
90
100
b
\/

Figure 2.8.3. Cells for UV/Vis/NIR measurements of anions.

A clean peace of potassium was passed into the side arm and sealed at a. The soltion
of 2.3 in THF was introduced into the cell b by a syringe. The cell was connected to a
vacuum line at ¢ and then the solvent was degassed by a repeated freeze-pump-thaw
method (5 times). The side arm was warmed with a luminous flame to distill the metal
as a mirror onto the walls at d. The side arm was removed by sealing at e. Finally, the
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cell was sealed at f. The contact of the solution with a potassium mirror at d at room
temperature exhibited the gradual decrease of absorption of 2.3 and the new absorption
attributable to 2.3()() appeared. Further contact with a potassium-mirror caused the
gradual decrease of the absorption of 2.3()() with the gradual increase of the
absorption of 2.32-,
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— Chapter 3 -

Synthesis and Properties of
tetra-tert-butyl-as-indaceno[1,2,3-cd;6,7,8-c'd’] diphenalene
(TTB-as-IDPL)

3.1 Introduction

In chapter 2, I discussed the properties of TTB-IDPL 2.3 as a four-stage amphoteric
redox compound. As shown in Figure 3.1.1, as-IDPL 3.1 containing an unstable as-
indacene structure in the neutral state is also expected to exhibit a high amphotericity
and to behave as a four-stage amphoteric redox system. This idea is supported by the
HMO calculations (Figure 3.1.2), which indicate the smaller HOMO-LUMO gap than
that of 2.1; higher HOMO and lower LUMO in comparison with 2.1. The LUMO with
no longer maintaining NBMO character becomes weakly bonding.

o-position : 1,3,4,5a,7b,9,10,
12,13,14a,14d,16
B-position : 2,5,8,11,14,15

Figure 3.1.1. Four-stage amphoteric redox behavior of as-IDPL 3.1

On the basis of the calculations, the following properties will be expected in
comparison with 2.1.

1. Smaller E15U™ value due to the smaller HOMO-LUMO gap.
2. Instability due to higher oxidation and reduction abilities.
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3. Upper-field shifts in !H NMR spectrum of neutral state due to a larger
paramagnetic ring current effect.

The as-IDPL 3.1, which is an isomer of IDPL 2.1, has Cy, symmetry, while 2.1

belongs to higher symmetry, Dop. In this chapter, I will compare the properties of

TTB-as-IDPL 3.2 and TTB-IDPL 2.3 from the view point of the symmetry differences.

V1o (a2) -0.734p LUMO (v
s (b) = 0717p K
’
III
'l
7
:'I ‘ HOMO (y46)
vi7 (by) 0.1208° .-~
V6 (a2) 0.1358-
w15 (ag) 0.650B -~ - _ _ NHOMO
w1s (b7) o7iop T Wie)

LI

Figrure 3.1.2. Selected molecular orbitals of 3.1 calculated by the HMO method.

3.2 Synthesis

TTB-as-IDPL 3.2 was synthesized following scheme 3.1.1. The key intermediates
are 3.5, which were comprised of three isomers by the reaction of 2.5 with sulfur,
followed by the Diels—Alder reaction and decarboxylation. ! The hydrocarbons 3.5
were pale yellow and had a lighter color than 2.7. The dihydro derivatives 3.10 were
obtained readily by the synthetic procedure similar to that for TTB-IDPL 2.3. The
reaction of 3.10 with an equimolar p-chloranil afforded the target hydrocarbon 3.2 as a
greenish brown oil. The hydrocarbon 3.2 was found to be extremely unstable compared
to 2.3. FAB MS (NBA) spectra supported the generation of 3.2 to give a peak at m/z
624 (M+). However, an unexpected additional peak was found at m/z 640, which would
arise from the oxidation of 3.2. Unfortunately, 'H NMR spectra could not give any
important information about the structure of 3.2 due to the absence of signals in the
aromatic regions.
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Scheme 3.1.1. Synthetic procedure of 3.2

3.5,R=CH,
9 !:3.6, R = CH,Br

® L_>3.7, R = CH,CH(COOE),
» [:3.8, R = CH,CH,COOH

Reaction conditions : a) Sg, DMF, 135°C, 3 h, 65%. b) maleic anhydride, 225°C,
0 min, 79%. ¢ basic CuCOj3, quinoline, reflux, 6 h, 75%. d) NBS, benzoyl
peroxide, benzene, reflux, 10 min. e) NaOEt, CH2(COOEt),, EtOH + benzene, n,
1d, 82% (2 steps). f) 1) aqueous KOH, EtOH, reflux, 3 h, 2) 4 N HCI, 3) reflux,
H20, 8 h, 91%. g) 1) (COCI),, reflux, 2 h, 2) AICl3, CHoCly, -40°C, 3 h, 80%. h)
LAH, THF, rt, 1 h, 97%. j} cat. p-toluenesulfonic acid, benzene, reflux, 3 min,
80%. j) pchloranil, benzene, reflux, 10 min. K D280, or excess SbCls, CHyCly. )
1 eq SbCls, CHaClp. m) K-mirror, under vacuum, THF. n) K-mirror, under vacuum,
THF-ds.

3.3 Electrochemistry

The cyclic voltammogram of 3.2 exhibited four reversible redox waves as shown in
Figure 3.3.1. This behavior provides the evidence for the formation of the stable singly
and doubly charged species. Expectedly, TTB-as-IDPL 3.2 was also found to behave
as a four stage amphoteric redox compound. Table 3.3.1 lists the electrochemical data
for 3.2 obtained by the CV measurement along with those of 2.3.
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Figure 3.3.1. Cyclic voltammogram of 3.2

compound E® E* Elred Efed  Esum pysm

TTB-as-IDPL 3.2 +0.75 +042 -0.58 -0.96 1.00 171
TTB-IDPL 2.3 +0.84 +048 -0.67 -1.25 1.16 2.09

Table 3.3.1. Cyclic voltammetric data (V vs SCE) of 3.2 and 2.3 in
dichloromethane with 0.1 M ("Bu)4NClO4 as supporting electrolyte at
room temperature; sweep rate = 100 mv/s.

The oxidation potentials (E1°X and E°%) of 3.2 appear in more negative regions than
those of 2.3. In contrast, the reduction potentials (Ejr¢d and Eored) of 3.2 are more
positive than those of 2.3. Compared to 2.3, the higher oxidation and reduction ability
of 3.2 cause the smaller E{su4m (1.00 V) and Epsum (1.71 V). The EqUm of 3.2 is
comparable to that of PDPL with the smallest E1SU™ (0.99 V) among the closed-shell
hydrocarbons, whereas the Eos'm of 3.2 is the smallest value among them. These

findings are consistent with the HMO calculations.

The compound 3.2 are extremely sensitive to oxygen relative to the isomer 2.3. The
instability of 3.2 should be caused by the larger extent of biradicaloid character due to
the smaller HOMO-LUMO gap relative to 2.3. In the cannonical forms of 3.2, not only
p-quinoid but also o-quinoicf structure appear in the central as-indacene unit, while 2.3

has only p-quinoid structre in the s-indacene unit.

) . () o )
5SS

p-quinoid o-quinoid p-quinoid
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Although both o- and p-quinodimethane are known to be highly reactive compounds,
the heat of formation of o-quinodimethane (53 kcal/mol) is slightly larger than that of
p-quinodimethane (50 kcal/mol). 2 Furthermore, the HMO calculations indicate the
smaller HOMO-LUMO gap of o-quinodimethane (0.598) relative to p-quinodemethane
(0.62B). These findings suggest the contribution of the o-quinoid structure to the
smaller £15Y™ and the instability of 3.2.

3.4 NMR spectroscopy
3.4.1 Neutral 3.2

The 'H NMR spectra of 3.2 gave rise to no peaks in aromatic region and showed .
only broad peaks at 1 - 2 ppm (Figure 3.4.1). At lower temperature, even —90 °C, these
peaks were not changed dramatically. These broadening would be caused by the
paramagnetic species formed by the oxidation of 3.2. Mass spectroscopy supported the
presence of the oxidized species giving a peak at m/z 640 (M* + 16). Unidentifiable
radical species are also detected by ESR spectroscopy.

® conet,

JLLJM\L_

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0.0 18 5.0 2.5 0.0 -5 ;

Figure 3.4.1. 'H NMR spectrum of 3.2 in CD,Cl; at -90 °C.

- 3.4.2 Dication 3.22+

Dissolution of 3.2 in concentrated D,SO4 gave dication species 3.22+ as a red purple
solution. Figure 3.4.2 shows the aromatic region of the !H NMR spectrum of the
solution. The 1H and 13C NMR chemical shifts are given in Figure 3.4.3.
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AR T T T T T T
7.8 7.6 7.4

T T T T T T TrrreT T T T T T ™ T —rr
7.2 pom

9.4 9.2 9.0 8.8 8.5 8.4 8.2 8.0

Figure 3.4.2. 'H NMR spectrum of 3.22+ in D,SO4 at 60 °C.

'H and '3C NMR data Charge density
(HMO calculation)

Figure 3.4.3. NMR data and charge density of 3.22*

The 13C NMR spectra reveals only minor differences in chemical shifts in
comparison with those of 2.32+. This finding suggests the similar charge distribution in
both dication species and a large contribution of the two phenalenyl units to the stability
of 3.22+. In contrast, the ring protons of 3.22+ are more deshielded by about 0.5 ppm
than those of 2.32+ except for H14 and H!5, which move to more downfield by the
steric compression effect. The ring current calculations indicate the more weakly
paramagnetic ring current on the as-indacene unit and the more strongly diatropic ring
current on the two phenalenyl units than those of 2.32* (Figure 3.4.4). The reason for
the downfield shifts of the ring protons of 3.22+ compared to 2.32+ will be discussed in
section 3.4.4.
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Unit : Jbenzene

0.21 1.21
r
1.00
weakly
diatropic 0.99
strongly
diatropic
strongly <
paratropic
.

3,22+

Figure 3.4.4. Ring current calculation of 3.2%* and 3.2%

3.4.3 Dianion 3.22-

Treatment of dihydro compounds 3.10 with a potassium mirror in a sealed degassed
tube at —78 °C yielded dianion species 3.22- as a deep yellowish red solution with
yellow fluoresence. Figure 3.4.5 shows the aromatic region of the lH NMR spectrum
of the solution. The 'H and 13C NMR chemical shifts are given in Figure 3.4.6.

I T I 1 I T 1 I I ] T I 1 1 I ! T I 1 I
8.0 8.5 8.0 it

Figure 3.4.5. 1H NMR spectrum of 3.22- in THF-djg at 30 °C.
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H and '3C NMR data Charge density
(HMO calculation)

Figure 3.4.6. NMR data and charge density of 3.2%

The total 13C chemical shift change of the sp2 carbon on going from 3.22+ to 3.22- is
725.68 ppm (or 181.42 ppm per electron), which supports the idea of complete
generation of the dication and the dianion. Figure 3.4.7 shows the shift changes for the
individual carbons on going from 3.22+ to 3.22- and from 2.32+ and 2.3%~.

3.2%* t03.2% 2.3%* 10 2.3*

Figure 3.4.7. 13C chemical shift changes on going from
3.2% t0 3.2% and from 2.3%* and 2.3%.

The shift changes for 3.2 are similar to those for 2.3 : large at a-position and central

benzene ring, and small at others. This finding clearly suggests that the charges mainly
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reside on the oi-position of the phenalenyl units, which largely contribute to the stability
of not only 3.22+ but also 3.22-.

3.4.4 London—-McWeeny ring current calculations 3
Ring current calculations were performed by the computer software programmed by

J. Aihara based on the equation (1), which gave the induced bond current, Jij, in a bond
ij.

G
Jim = 91y/Sy [KipP 1mdIm + Klm(l,Zm,)Kl'm'ﬂ’.lm,l'm'sl'm'] (1)
Gimagnete e

G : an entire conjugated system of a planer mono- or poycyclic molecule

K : resonance integral in bond I-m

Pim : bond order in bond 1-m

Sim : signed area

Tm'm' : Mutual imaginary bond-bond polarizability between bonds 1-m and I'-m'’

Tmtm' = Tmrm' — Tmmt + T im — ol my (2)

0OCC CIJC KCI'KC 'J
M = 2 22 = = 3)
’ JIken Ej-E

J : occupied orbital
K : unoccupied orbital

Equation (1) means " in any given molecules, the net ring current effect on a
particular proton chemical shift may be a combination of both a paramagnetic and a
diamagnetic contribution”". Coulson and Mallion 4 applied this ring current model to
test Trost's experimental deduction that the upfield shifts of pyracylene relative to the
corresponding dihydro derivatives are due to a net paramagnetic current or, at least, a
greatly diminished diamagnetic one.

Here I will apply this model to the 1H NMR chemical shifts observed in IDPL and
PDPL.

In general, paramagnetic ring current is known to be sensitive to the HOMO-LUMO
gap, which is derived from the equation (3). Figure 3.4.8 shows the IH NMR spectra
and the selected energy levels of diisopropyl IDPL 2.2 and PDPL. Clearly, PDPL
exhibited 'H NMR signals in higher-field region than 2.2. However, the HOMO-
LUMO gap of PDPL is larger than that of 2.2.
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711,720  6.99,7.01 442 523
H H H H
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Figure 3.4.8. 'H NMR spectra and the selected energy levels of diisopropyl
IDPL. 2.2 and PDPL

To remove contradiction to the "general rule" — smaller HOMO-LUMO gap is
responsible for more strongly paramagnetic effect, the numerator of the equation (3)
must be taken into consideration. The numerator, CjyCyk Cr'k Cmyy, should represent the
degree of the "movement" of an electron to a next atom in a transition from J to K; in

other words, the degree of the deformation of electronic clouds in the transition (Figure

3.4.9).
(b)

uonisuen

Figure 3.4.9. "movement" of an electron to a next atom
in a transition from J to K

For IDPL and PDPL, since HOMO and LUMO retain NBMO character and spread
over similar region in the phenalenyl units [corresponding to Figure 3.4.9 (b)], an
electron can hardly "move" to neighbor atoms. In contrast, because NHOMO and
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LUMO is localized largely in different parts of space [Figure 3.4.9 (a)], the deformation
of electronic clouds should be large. Thus the transition with a large contribution to a
paramagnetic ring current in IDPL and PDPL should be not HOMO—LUMO but
NHOMO—-LUMO accompanied with a large deformation of electronic clouds. The
ring current calculations also support the evidence that TH NMR signals of PDPL with

a smaller NHOMO-LUMO gap appear at higher field region than those of IDPL
(Figure 3.4.10).

Unit : Jpenzene

0.66
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weakly 0.06 )
paratropic 3 ;t;f:trgcl)};’)ﬁ 1.45 1.45
) e R

PDPL

IDPL

Figure 3.4.10. Ring current calculation of IDPL and PDPL

This model also can help to understand the lower-field shifts of the ring protons of
3.22+ compared to 2.32+ (Section 3.4.2). The larger HOMO(y5)-LUMO(y16) gap of

0.515B for 3.22+ should be responsible for a small contribution of paramagnetic effect
than those of 0.352p for 2.32+.

3.5 ESR spectroscopy
3.5.1 Radical cation 3.2(°)(+)

The CV data for 3.2 suggested the stability of 3.2()#) and 3.2(0) as the radical
cation and the radical anion of 2.3. The reaction of 3.2 with SbCls in CH,Cl, generated
the radical cation 3.2()*), which was found to be stable even at room temperature and
gave rise to the well-resolved ESR spectra as shown in Figure 3.5.1. No detectable
changes were observed in the spectra in the range of 213 — 273 K.
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(a) 3.2(9+) (b) 3.5(%+)

simulation

@) simulation

Figure 3.5.1. ESR spectra of (a) the radical cations of 3.2 and (b) deuterated
derivative 3.3 generated with SbCl in CH,Cl, at - 70 °C, and the correspondig
simulated spectra (a') and (b"), respectively.

0.85 ( d: 0.13)

0.57 or 0.61

g value =2.0025 Spin density and

Experimental Theoretical (A = 1.2, Q = - 23.5)

Figure 3.5.2.Experimental and theoretical hyperfine coupling constants (in G)
along with spin density of 3.2® and 3.3®), In parentheses, a coupling
constant of deuteron. Open-circle and closed-circle represent positive and negative
spin density, respectively.

The coupling constants of the ring protons are given in Figure 3.5.2 along with the
spin density calculated by the HMO-McLachlan method (A = 1.2). The assignment of

the coupling constants is based on the calculated spin density, although the relatively
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small magnitudes of agp make such an assignment somewhat uncertain. However, the
constants of H2 and H!! could be confirmed by studies of the radical cation of the 2,10-

dideuterated derivatives 3.3. The deuterated compounds were synthesized following
Scheme 3.5.1.

Scheme 3.5.1

Reaction condition : a) CF3COOD, CHyCly, 1t, 1 d, 97%. b) LiAlH,4, THF, it, 1 h, 73%. c) p-
toluenesulfonic acid, benzene, reflux, 3 min, 90%. d) p-chloranil, benzene, reflux, 10 min.

3.5.2 Radical anion 3.2(%()

The radical anion 3.2(*)(-) was obtained by the treatment of 3.2 with a K-mirror in
THF. The radical anion was also stable and gave rise to the ESR spectra as shown in
Figure 3.5.3. No detectable changes were observed in the spectra in the range of 213 —
273 K.

(a) 3.20%-)

(b) 3.3()(-)

NYA

(a) simulation (b") simulation

Figure 3.5.3. ESR spectra of (a) the radical anions of 3.2 and (b) deuterated
derivative 3.3 generated with K~mirror in THF at - 30 °C, and the correspondig
simulated spectra (a') and (b'), respectively.
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Figure 3.5.4 shows the hyperfine coupling constants and the calculated spin density of
3.2(90),
0.43(d: 0.07) 0.585

-2.13 -217

0.56 or 0.71

0.71 or 0.56 0.247 0.689

-1.65

gvalue = 2.0024

Spin density and
Experimental Theoretical (A= 1.2, Q=- 23.5)

Figure 3.5.4. Experimental and theoretical hyperfine coupling constants (in G)
along with spin density of 3.2 and 3.390), 1n parentheses, a coupling
constant of deuteron. Open-circle and closed-circle represent positive and negative
spin density, respectively.

In both radical species, the large coupling constants can be assigned to the o-
positions, and the small ones to the B-positions; these are comparable to those of radical
ions of 2.3. However, uncertain assignments of the small coupling constants at the 3-
positons prevent the discussion about the electronic states of 3.2()+) and 3.2()) in
detail. On the basis of the HMO-McLachlan calculations, 87% and 77% of the w-spin
resides on the two phenalenyl units in 3.2(Y+) and 3.2(0), respectively. Although -
spin density of 3.2()() is slightly smaller than that of 2.3()(-), the similalities of spin
distribution between 3.2(*)(+) and 2.3(*)(+) or between 3.2()) and 2.3()(-) suggest
that HOMO and LUMO of 3.2 should also retain a NBMO character to some extent.

3.5.3 neutral 3.2

The benzene solution of 3.2 gave rise to an intense ESR signal. The mass spectrum
of 3.2 suggests that the species giving the ESR spectrum should be oxidized compounds
of 3.2. The computer simulation for this spectrum yielded three kinds of coupling
constants, 4.70 G (2H), 1.58 G (4H), and 1.00 G (2H). Although ESR spectroscopy can
not give any information to determine the structure of the radical in question, the
radical observed may be generated by oxidation on a phenalenyl units of 3.2 (Figure
3.5.5). The spin distribution pattern will be similar to that of phenalenyl radical; 4.70 G
at o-positon, and others at 3-postion and central benzene ring. |
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Figure 3.5.5. Suggested structure of paramagnetic species
to give ESR signal in benzene solution of 3.2

3.6 UV/Vis/NIR

3.6.1 Neutral 3.2

As described in section 2.4.1, TTB-IDPL 2.3 shows a beautiful green color and
relatively simple electronic absorption spectrum. The simplicity of the spectrum
suggests that allowed-transitions led to fobidden-ones due to the high symmetry,
because many energy levels generally give a large number of transitions and make
electronic spectrum complicated. In contrast to 2.3, TTB-as-IDPL 3.2 was found to
show a dark greenish brown color and the complicated UV spectrum. The lower
symmetry of 3.2 would cause changes from forbidden to allowed transitions and give
rise to many transitions in the UV spectrum. Figure 3.6.1 shows the electronic

absorption spectra of the five redox states of 3.2, while table 3.6.1 lists the wavelengths
of the band maxima.

Table 3.6.1 Maxima, Ayax (in nm), of electronic bands for the five
redox states of 3.2

3.22+ 3.20)(+) 3.2 3.2(96) 3.22-
419 361 270 280 276
495 469 304 328 320
535 625 326 374 370
664 787 352 514 484
752 880 406 578 520
~1120 442 628
~1250 496 706
572 862
618 ~940
658
726
1054
1242
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Figure 3.6.1. Electronic absorprion spectra of the five redox states of 3.2
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The electronic spectra of 3.2 contains the broad and weak terminal absorption at
1242 nm, which should correspond to the HOMO-LUMO transition. In order to assign
the electronic bands to transition between orbitals, INDO/S CI calculations were
performed (Table 3.6.2). In each case, the ten highest occupied and ten lowest
unoccupied orbitals were used for configuration interaction. Figure 3.6.2 presents
schematically the calculated SCF energy levels fo the six relevant highest occupied or
lowest unoccupied orbitals for the five redox states of 3.2.

Table 3.6.2. Selected electronic transition data for five redox states of 3.2 calculated
by the INDO/S CI method and assignments of the observed electronic bands.

theoretical experimental

symmetry AE,eV  oscillator substantial contribution 4, % A, nm; AE,eV

label € strength
3.22+ B2 (y) 2.05 0.00 b1 (y17), < a2 (y15), 64 b
a2 (¥16), « b1 (y14), 26
Ay (2) 2.09 0.06 a2 (y16), < 22 (y15), 72 b
by (¥17), « b1 (y14). 16
320# ¢ 0.86 0.00 b1 (y17) & a2 (y16), 78
b1 (y17) < b1 (y14), 12
32 B2 (y) 1.05 0.31 b1 (y17) < a2 (y16), 86 1242; 1.00
b1 (y17) < b1 (y14). 9
B2 (y) 2.02 0.09 b1 (y17) « a2 (y15), 91 726; 1.71
32000 ¢ 0.79 000 b1 (y17) < a2 (y16), 76
b1 (¥17) ¢~ b1 (y14), 6
3.22- B> (y) 2.62 0.94 b1 (¥18) « a2 (y16), 74 520;2.38
B2 (y) 2.70 0.58 a2 (¥19) < by (y17), 66 d
A1 (2) 2.73 0.09 b1 (¥18) « b1 (y17), 53 d

a3 (y19) « a2 (y16), 34

@ In parentheses, the molecular orbitals calculated by the HMO method. See Figure 3.1.2.

b Could not be assigned due to the weak and broad peaks. ¢ The optimized strucure routine of
INDO/S predicted the deviation of the strucuture from Cpy and localization of the unpaired
electron on a phenaleny! unit. ¢ Could not be observed due to the intense band at 520 nm. €In
parentheses, the direction of the induced transition dipole. The choice of the axes in Cpy

symmetry is specified in Fiugre 3.1.2.

Although the NHOMO-LUMO transition should correspond to the absorption at 726
nm on the basis of the calculations, the presence of many weak absorption at 490 — 730

nm prevents the certain assignment of the peak. In contrast to 2.3, the longest-
wavelength absorption is due to HOMO—LUMO excitation and NHOMO—LUMO
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absorption with larger energy differences appears in shorter wavelength region.
Compared to 2.3, the smaller HOMO-LUMO gap of 3.2, which is supported by the
smaller Esum, should be responsible for the bathochromic shift of HOMO-LUMO
transition, while the hypsochromic shift of NHOMO-LUMO transition would be
caused by the larger ovelap integral, i.e. larger K,p, between yis and yi7 due to the

lower symmetry; large overlaps are mainly found at the central benzene unit.

az
ai

ai
az

a b
2 womem 0
—C— Dy a, 2eV
a st =8 B
a —C— 3
» az . -
a by =8 b} Dianion
a2 ——— weCmmmOus 32
33 33 ;g 8 ==5= 2 Radical
‘ ! anion
=6==0= Neutral
a Radical
=0—0=? .
cation
Dication

Figure 3.6.2 Energy levels of several occupied and unoccupied MOs in
the five redox stages of as-IDPL 3.1, as calculated by the MOPAC6/PM3
method. The optimized structures are in C,, symmetry for all states. The
bold lines represent HOMO and LUMO of neutral state.

3.6.2 Radical cation 3.2((*) and radical anion 3.2(%-)

Although 2.3()+) and 2.3(")() gave rise to intense absorptions in considerably long-
wavelength region, the absorption of 3.2()(*) and 3.2(Y¢) terminated at relatively
shorter-wavelength region as shown in Figure 3.6.1. On the other hand, the INDO/S
calculations predicted relatively weak absorptions near 1500 nm. However, this
prediction remains still questionable, because optimized structure by the INDO/S
calculations deviated from Cp, symmetry and the unpaired electron "localized" on a
phenalenyl unit, which contradicted the ESR studies suggesting the delocalization of
the spin over the entire molecule. In contrast, the PM3 calculations predicted the Cpy
structure and the delocalization of the spin over the entire molecule. The CI
calculations by the INDO/S method using the structure optimized by the INDO/S
method indicated that the NIR band should be a "forbidden" transition (oscillator
strength, f = 0.00), while those using the structure optimized by the PM3 method
suggested a "partially allowed" NIR transition (f = 0.05).

In conclusion, the ESR studies of 3.2(®) and 3.2()-) at 210 — 273 K indicate that

these radicals should have an effective Co, symmetry, whereas no or considerably weak
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absorptions near 1600 nm support the idea that the spin should essentially "localize" on
a phenalenyl unit and the time-averaged C,y structure might give the ESR spectra
observed. At present, we must await detailed studies for further discussions.

3.6.3 Dication 3.22*and dianion 3.22~

The divalent species, 3.22+ and 3.22-, exhibited the relatively simple absorption
spectra as shown in Figure 3.6.1. However, the assignment of each absorptions with
unresolved spectra remains still uncertain.

The intense band of 3.22+ at 535 nm is flanked on the long-wave side by weak bands
at 550 — 900 nm, which terminate at longer-wavelength region than those of 2.32+, The
INDO/S calculations predict two nearly degenerate transitions at 593 and 606 nm; the
former is due to HOMO (y15) — LUMO (y16) transition and the latter HOMO (y1s)
— NLUMO (y17). Although this prediction is also supported by the PPP CI methods,
the assignment of the longest-wavelength absorption to the HOMO — NLUMO
transition remains still questionable. However, the small energy differences between Sy
and S state suggest the small gap between W16 and W7, which correspond to HOMO
and LUMO of neutral 3.2, respectively.

The THF solution of 3.22- exhibited a bright orange color and an intense band at 520
nm. These absorptions terminated at the shortest-wavelength among five redox states of
3.2. This finding suggests the large HOMO-LUMO gap for 3.22- and is consistent
with the down-field shifts of the ring protons in the IH NMR spectrum.

On the basis of the calculations, the NHOMO—LUMO transition should contribute
largely to the longest wavelength absorption. The calculated oscillator strength (f =
0.91) will make this assignment undoubted, because the calculated intensity is generally
a good guide for the identification of the observed bands. Furthermore, the calculations
indicated that the transition in which both HOMO and LUMO of 3.22- participate
should be z-polarized and partially allowed (f = 0.09). In contrast, the longest-
wavelength bands of 2.32- due to the HOMO-LUMO transition is x-polarized and fully
allowed (f = 1.37) as shown in Table 2.5.2. The HOMO (b1)>LUMO (bj) transition of
3.22- is theoretically predicted to be polarized parallel to the short axis of the molecule
(z-polarized), and thus the transition dipole moment will hardly be large.
Unfortunately, the weak absorption predicted could not be observed due to the intense
first band.

3.7 Conclusion

In chapter 2 and 3, I discussed the properties of TTB-IDPL 2.3 and TTB-as-IDPL
3.2 as four-stage amphoteric redox systems. In spite of differences in the shape and
symmetry (D2p and Cyy), the feature of the basic Tt-electronic structure in ground state
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was essentially maintained on going from 2.3 to 3.2. The physical and chemical
properties as redox systems primarily depended on the NBMO character of the frontier
orbitals. The NBMO character was shown by the charge or spin distributions extracted
from 13C NMR or ESR studies, respectively. These studies indicated that the charges
and the spin mainly resided on o-position in phenalenyl units and the distribution
pattern of them was similar to that of phenalenyl species.

The small E1S¥™ value of 3.2 was also related to the NBMO character of the frontier
orbitals, because the large extent of NBMO character would be responsible for the
small HOMO-LUMO gap.

However, the electronic spectra exhibited the large differences between 2.3 and 3.2.
The five redox states of 2.3 gave the relatively simple spectra and the assignment of the
peaks is undoubted. In contrast, those of 3.2 showed complicated spectra, which make
the assignment of the peaks uncertain. The occurrence of many weak and broad
absorptions was in line with the lowering of the symmetry (Dap — Cay), which caused
the change from "forbidden" to "allowed " or "partially allowed" transitions.

Thus in spite of the differences in the symmetry, both 2.3 and 3.2 were found to
behave as four-stage amphoteric redox systems, in which phenalenyl units played a
most important role in exhibiting amphoteric redox properties. The both compounds
showed similar properties in ground state. However, in the case of mixing a ground
state configuration with some excited state configurations, the both compounds
exhibited largely different properties.

3.8 Experimental section

Scheme 3.8.1 shows the synthetic procedure for 4,7-di-trert-butyl-5-
methylacenaphthylene (2.5).

Scheme 3.8.1. Synthetic procedure of 2.5

L __"’_. O 9,
¥

Reaction conditions : a) ‘BuCl, AICl3, CH,Clp, 11, 3 h, 64%. b) NBS, DMF, t, 38 h,
43%. ¢ 1) "™BuLi, 2) Mel,THF, -78°C to i, 12 h, 94%. d) Pb304, AcOH+benzene,
reflux, 2 h, 93%. e) KOH, EtOH+H50, reflux, 1 h, 94%. flcat. p-toluenesulfonic
acid, benzene, reflux, 20 min, 91%.
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2,7-Di-tert-butylacenaphthene. To a mixture of acenaphthene (50.0 g, 324 mmol)
and fert-butyl chloride (76 mL, 699 mmol) in dichloromethane (200 mL.)) was added
AlCl3 (7.6 g, 57 mmol) and the mixture was stirred for 90 min at room temperature.
Additional terr-butyl chloride (5 mL, 46 mmol) was added and the mixture was stirred
for 90 min. The mixture was poured into ice-water and the organic layer was separated.
The aqueous layer was extracted repeatedly with CHCl,. The combined organic layers
were washed with saturated aqueous NaHCO3, dried over MgSOy4 and filtered. After
the solvent was removed, pure di-tert-butylacenaphthene (54.9 g, 64%) was obtained
by column chromatography on silica gel [benzene/hexane (1:4, v/v)] and subsequent
recrystallization (ethanol + hexane). 'H NMR (270 MHz, CDCl3) 8 7.51 (s, 2H); 7.32
(s, 2H); 3.37 (s, 4H); 1.40 (s, 18H).

4,7-Di-tert-butyl-5-bromoacenaphthene. A suspension of N-bromosuccinimide
(36.2 g, 203 mmdl) and di~teri—butylacenaphthene (44.9 g, 168 mmol) in DMF (900
mL) was stirred for 26 h. Additional N-bromosuccinimide (10.4 g, 58 mmol) was
added and the mixture was stirred for 12 h. The mixture was poured into a mixture of
hexane (300 mL) and water (300 mL) and the organic layer was separated, washed with
saturated aqueous NaHCO3: dried over MgSO0y4, and filtered. Pure di-tert-
butylbromoacenaphthene (25.2 g, 43%) was obtained by column chromatography on
silica gel (hexane) and subsequent recrystallization (hexane): mp 148.5 - 150.0 °C. 1H
NMR (270 MHz, CDCl3) § 7.97 (br s, 1H); 7.42 (s, 1H); 7.37 (d, J = 1.3 Hz, 1H); 3.40
—3.26 (m, 4H); 1.64 (s, 9H); 1.43 (s, 9H). EI MS m/z 344, 346 (M%), Anal. Caled for
Ca0H25Br: C, 69.56; H, 7.30. Found: C, 69.71; H, 7.37.

4,7-Di-tert-butyl-5-methylacenaphthene. n-Butyllithium (18.5 mL, 29.6 mmol,
1.6 M in hexane) was added to a solution of di-tert-butylbromoacenaphthene (9.64 g,
27.9 mmol) in 160 mL of THF at -78 °C. After the mixture was stirred for 30 min,
methyl iodide (3.8 mL, 61.1 mmol) was added. The reaction mixture was allowed to
warm to room temperature over 12h. Saturated aqueous ammonium chloride solution
(20 mL) and benzene (50 mL) were added to the reaction mixture. The organic layer
was separated and the aqueous layer was extracted repeatedly with benzene. The
combined organic layers were washed with brine, dried over NapSOy4 and filtered.
After evaporation of the solvent, purification by column chromatography on silica gel
(hexane) followed by recrystallization (hexane) gave pure di-tert-
butylmethylacenaphthene (7.38 g, 94%): mp 179.0 — 180.5 °C. 1H NMR (270 MHz,
CDCl3) 6 7.67 (s, 1H); 7.38 (s, 1H); 7.33 (s, 1H); 3.31 (br s, 4H); 2.79 (s, 3H); 1.51 (s,
9H); 1.42 (s, 9H). EIMS m/z 280 (M*). Anal. Calcd for Cp;Hzg: C, 89.94; H, 10.06.
Found: C, 89.80; H, 10.10.
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A mixture of 4,7-di-fert-butyl-1-acetoxy-5-methylacenaphthene and 4,7-di-tert-
butyl-1-acetoxy-6-methylacenaphthene. A suspension of di-tert-
butylmethylacenaphthene (10.0 g, 35.7 mmol) in acetic acid (75 mL) and benzene (50
mL) was heated at 90 °C. To the mixture was added Pb304 (25.90 g, 37.8 mmol) over
20 min and the mixture was refluxed for 2 h. After cooling, the mixture was poured
into 200 mL of water and extracted with ether. The organic layer was washed with
saturated aqueous NaHCOj3 and brine, dried over NapSOy4, and filtered. After
evaporation of the solvent, the crude product was purified by column chromatography
on silica gel (hexane) to give di-tert-butylacetoxymethylacenaphthene (10.9 g, 93%) as
an yellow oil . 1H NMR (270 MHz, CDCl3) & 7.88, 7.75 (br s, br s, 1H); 7.60, 7.38 (br
s, d, J = 1.3 Hz, 1H); 7.65, 7.43 (s, s, 1H); 6.62-6.54 (m, 1H); 3.87-3.75 (m, 1H);
3.37-3.20 (m, 1H); 2.86, 2.83 (s, s, 3H); 2.09 (s, 3H); 1.53, 1.52 (s, s, 9H); 1.43, 1.42
(s, s, 9H).

A mixture of 4,7-di-tert-butyl-S-methylacenaphthen-1-ol and 4,7-di-fert-butyl-6-
methylacenaphthen-1-ol. A mixture of di-fert-butylacetoxymethylacenaphthene (9.43
g, 33.6 mmol) in 10% aqueous KOH solution (50 mL) and ethanol (120 mL) was
refluxed for 1h. After cooling, the mixture was poured into 150 mL of water. The
resulting precipitate was collected, washed with water, and dried to yield crude di-tert-
butylmethylacenaphthenol (7.73 g, 94%): mp 170.0 - 175.0 °C. 1H NMR (270 MHz,
CDCl3) 6 7.85, 7.74 (br s, br s, 1H); 7.66, 7.42 (s, s, 1H); 7.62, 7.38 (br s, br s, 1H);
5.68 (m, 1H); 3.77 (dd, J = 17.5, 6.9 Hz, 1H); 3.21(br d, J = 17.5 Hz, 1H); 2.86, 2.84 (s,
s, 3H); 1.54, 1.53 (s, s, 9H); 1.44, 1.43 (s, s, 9H). EI MS m/z 296 (M*). Anal. Calcd
for Co1H7g0: C, 85.08; H, 9.52. Found: C, 84.94; H, 9.59.

4,7-Di-tert-butyl-5-methylacenaphthylene (2.5). To a refluxing solution of di-tert-
butylmethylacenaphthenol (201 mg, 678 pmol) in benzene (70 mL) was added p-
toluenesulfonic acid monohydrate (15 mg) and the reaction mixture was stirred for 20
min. The mixture was cooled on ice-bath, washed with saturated aqueous NaHCO3 and
brine; dried over MgSQOy, and filtered. After evaporation of the solvent, the crude
product was purified by column chromatography on silica gel (hexane) to give 2 (172
mg, 91%). 1H NMR (270 MHz, CDCl3) 3§ 7.98 (d, J = 1.0 Hz, 1H); 7.76 (s, 1H); 7.73
(d, J = 1.0 Hz, 1H); 6.98 (d, J=5.1 Hz, 1H); 6.93 (d, J=5.1 Hz, 1H); 2.97 (s, 3H); 1.53
(s, 9H); 1.45 (s, 9H). EIMS m/z 278 (M*).

A mixture of 2,6,9,12-tetra-tert-butyl-1,7-dimethyldiacenaphthof1,2-b: 1',2'-
d]thiophene, 2,6,9,12-tetra-tert-butyl-1,8-dimethyldiacenaphtho(1,2-5: 1',2'-
d]thiophene, and 2,6,9,12-tetra-tert-butyl-8,13-dimethyldiacenaphtho[1,2-b: 1',2'-
d}thiophene (3.3).
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A suspention of 2.5 (4.16 g, 14.9 mmol) and sulfur (1.92 g, 7.45 mmol) in 70 mL of
DMF was heated at 135 °C for 3h. The reaction mixture was cooled and
dichloromethane was added to the mixture. The organic layer was separated and the
aqueous layer was extracted repeatedly with a small amount of dichloromethane. The
combined organic layers were dried over MgSOy and filtered. After evaporation of the
solvent, column chromatography on silica gel [benzene/hexane (1:20, v/v)] followed by
recrystallization from CH,Cly+hexane gave pure 3.3 (2.82 mg, 65%) .

A mixture of 2,7,10,13- tetra-tert-butyl-1,8-dimethyl-4,5-acenaphtho[1,2-
Jlfluoranthenedicarboxylic anhydride, 2,7,10,13-tetra-tert-butyl-1,9-dimethyl-4,5-
acenaphtho[1,2-j]fluoranthenedicarboxylic anhydride, and 2,7,10,13-tetra-tert-
butyl-9,14—dimethyl-4,5-acenaphtho[1,2-j]fluoranthenedicarboxylic anhydride
(3.4). A mixture of 3.3 (1.60g, 2.74 mmol) and maleic anhydride (4.8g, 48.9 mmol)
was heated at 230 °C for 30 minutes. The reaction mixture was cooled and heated with
water. The undissolved solid was filtered off, dried, and boiled with 10 ml of potassium
hydroxide solution (5%). The yellow compound 3.4 (1.41g, 2.17 mmol) was filtered
and dried. Yield 79 %. m.p. >300°C. 1H NMR (270 MHz, CDCl3) § 9.41, 9.38, 9.36,
9.32 (s, s, s, 5, 2H); 9.03, 9.01, 8.95, 8.88 (s, s, s, s, 2H); 8.29, 8.23 (s, s, 2H); 3.14,
3.12, 3.10 (s, s, s, 6H); 1.80, 1.74, 1.68, 1.67, 1.66, 1.57, 1.53 (s, s, s, 8, 8, s, s, 36H).
FAB MS (NBA) m/z 648 (M*). IR (KBr) 2961, 1827, 1806, 1764 cm-!.

A  mixture of 2,7,10,13- tetra-fert-butyl-1,8-dimethylacenaphtho[1,2-
jifluoranthene, 2,7,10,13-tetra -tert-butyl-1,9-dimethylacenaphtho[1,2-
Jlfluoranthene, and 2,7,10,13-tetra-tert-butyl-9,14-dimethylacenaphth0[1,2-
Jlfluoranthene (3.5). A mixture of 3.4 (416 mg, 641 mmol) and basic CuCO3 (168
mg) in 4.2 ml of quinoline was refluxed for 3 hour. The reaction mixture was cooled
and poured into 2N hydrochloric acid. Dichloromethane was added to the mixture, and
the organic layer was separated and the aqueous layer was extracted repeatedly with a
small amount of dichloromethane. The combined organic layers were dried over
NapSO4 and filtered. After evaporation of the solvent, the crude product was purified
by column chromatography on silica gel [benzene/hexane (1:10, v/v)] to give 3.5 (280
mg, 55%) . m.p. >300°C. TH NMR (270 MHz, CDCl3) & 8.79, 8.71, 8.66 (s, s, s, 2H);
7.82-8.09 (m, 6H); 3.06, 3.05, 3.03 (s, s, s, 6H); 1.76, 1.72, 1.65, 1.63, 1.62, 1.54 (s, s,
S, 8, 8, 5, 36H). FAB MS (NBA) m/z 578 (M+). Anal. Calcd for C44Hs0: C, 91.29; H,
8.31. Found: C, 91.15; H, 8.66.

A mixture of 2,7,10,13- tetra-fert-butyl-1,8-bis(bromomethyl)acenaphtho[1,2-
J1fluoranthene, 2,7,10,13-tetra-tert-butyl-1,9-bis(bromomethyl)acenaphtho[1,2-
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jlfluoranthene, and 2,7,10,13-tetra-tert-butyl-9,14-bis(bromomethyl)acenaphtho
[1,2-/}fluoranthene (3.6). A mixture of compound 3.5 (143 mg, 247 pmol), N-
bromosuccinimide (96.6 mg, 543 umol), and benzoylperoxid (13.2 mg, 54 pmol) in 21
ml of benzene was refluxed for 10 min. The reaction mixture was concentrated in
vacuo and 5 ml of n-hexane was added. The resulting colorless precipitate was
removed by filtration and the filtrate was concentrated in vacuo to give crude 3.6. 1H
NMR (270 MHz, CDCl3) & 8.72, 8.71, 8.63, 8.58 (s, s, s, s, 2H); 8.26, 8.20, (s, s, 2H);
8.03, 8.02 (s, s, 2H); 7.94, 7.92, 7.90 (s, s, s, 2H); 5.50, 5.49 (s, s, 4H); 1.81, 1.77, 1.68,
1.66, 1.63, 1.55 (s, s, s, 8, 8, s, 36H).

A  mixture of 2,7,10,13- tetra-fert-butyl-1,8-bis[2,2-bis(ethoxycarbonyl)
ethyllacenaphtho[1,2-j]fluoranthene, 2,7,10,13-tetra-fert-butyl-1,9-bis[2,2-
bis(ethoxycarbonyl) ethyl]acenaphtho[1,2-j]fluoranthene, and 2,7,10,13-tetra-tert-
butyl-9,14-bis[2,2-bis(ethoxycarbonyl) ethyl]acenaphtho [1,2-j]fluoranthene (3.7).
Diethyl malonate (0.16 ml, 1.05 mmol) was added to a sodium ethoxide solution freshly
prepared from 11 ml of anhydrous ethanol and sodium (23.6 mg, 1.03 mmol). To the
clear solution was added 3.6 dissolved in benzene (11 ml). After stirring for 17 h, the
reaction mixture was washed with water. The organic layer was separated and the
aqueous layer was extracted repeatedly with a small amount of n-hexane. The
combined organic layers were dried over MgSO4 and filtered. After evaporation of the
solvent, the crude product was purified by column chromatography on silica gel
(benzene) to give 3.7 (137 mg, 62%) . 1H NMR (270 MHz, CDCl3) 8.81, 8.76, 8.70,
8.67 (s, s, s, s, 2H); 8.12, 8.03, 8.02-7.91 (s, d, m, 6H); 4.24 (dd, 4H); 4.17-3.93 (m,
8H); 3.84-3.77 (m,2H); 1.75, 1.72, 1.63, 1.62, 1.60, 1.52 (s, s, s, 8, s, s, 36H); 1.05, 1.04
(t,t, 12H). FAB MS (NBA) m/z 894 (M+). IR (KBr) 2964, 1749, 1733 cm-!.

A mixture of 2,7,10,13- tetra-fert-butyl-1,8-bis(2-carboxyethyl)acenaphthof1,2-
Jjlfluoranthene, 2,7,10,13-tetra-tert-butyl-1,9-bis[(2-carboxyethyl)acenaphthol1,2-
Jjlfluoranthene, and 2,7,10,13-tetra-tert-butyl-9,14-bis(2-carboxyethyl)acenaphtho
[1,2-j]fluoranthene (3.8). A suspension of 3.7 (137 mg) in ethanol (14 ml) and 10%
aqueous potassium hydroxide solution (7 ml) was refluxed for 3 h. The reaction
mixture was cooled and concentrated in vacuo. A suspension of obtained yellow solid
in 4 N hydrochloric acid (20 ml) was heated with refluxing for 8 h. The resulting
yellow precipitate was filtered and washed with water to give crude 3.8 (96.3 mg,
91%). m.p. >300°C. FAB MS m/z 694 (M*). IR (KBr) 3441, 2961, 1709 cm-1.

A mixture of 4,9,13,16-tetra-tert-butyl-1,2,3,10,11,12-hexahydro-1,10-dioxo-as-
indaceno[1,2,3-cd:6,7,8- 'd'ldiphenalene, 4,9,13,16- tetra-tert-butyl-1,2,3,10,11,12-
hexahydro-1,13-dioxo-as-indaceno[1,2,3-cd:6,7,8-c 'd']ldiphenalene, and 4,9,13,16-
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tetra-tert-butyl-1,2,3,10,11,12-hexahydro-3,10-diox0-as-indaceno[1,2,3-cd :6,7,8-
c¢'d’']diphenalene (3.9). A mixture of compound 3.8 (81.4 mg, 117 pmol) and oxalyl
chloride (5 ml) was heated with refluxing for 2 h. The reaction mixture was cooled and
concentrated in vacuo. The resulting orange solid was dissolved in CH;Cl; (9 ml) and
cooled to -78 °C. Anhydrous AICI3 (100 mg, 750 pmol) was added to the solution and
the reaction mixture was allowed to warm to -50 °C over 2 h, and stirred at -50 °C for 2
h. 2 N hydrochloric acid was added to the mixture and the organic layer was separated.
The aqueous layer was extracted with small portions of CH,Clp. The combined organic
layers were washed with brine and dried over Naj;SOy4 and filtered. After column
chromatography on silica gel (CH,Cly), pure 3.9 (61.5 mg, 80%) was obtained as an
orange powder. !H NMR (270 MHz, CDCIl3) 6 8.87, 8.82, 8.74, 8.69 (s, s, s, 8, 2H);
8.26, 8.25, 8.15, 8.13 (s, 5, s, 5, 2H); 8.02, 7.99, 7.95, 7.93 (s, s, s, s, 2H); 3.88 (t, 4H);
3.21,3.20,3.16 (t, t, t, 2H); 1.74, 1.73, 1.72, 1.71, 1.66, 1.63 (s, s, s, s, 5, 5, 36H). FAB
MS (NBA) m/z 659 (M*+H). IR (KBr) 2965, 1697 cm-!.

A mixture of 4,9,13,16-tetra-tert-butyl-1,2,3,10,11,12-hexahydro-1,10-
dihydroxy-as-indaceno[1,2,3-cd:6,7,8-c'd 'ldiphenalene, 4,9,13,16-tetra-tert-butyl-
1,2,3,10,11,12-hexahydro-1,13-dihydroxy-as-indaceno[1,2,3-cd:6,7,8-
c'd'ldiphenalene, and 4,9,13,16-tetra-tert-butyl-1,2,3,10,11,12-hexahydro-3,10-
dihydroxy-as-indaceno[1,2,3-cd:6,7,8-c'd '|diphenalene.

A mixture of 3.9 (78.8 mg, 120 umol) and lithium aluminim hydride (10 mg, 263
umol) in THF (16 ml) was stirred for 2 h. Dichloromethane was added and washed
with brine. The organic layer was separated and the aqueous layer was extracted
repeatedly with small portions of CHyCl. The combined organic layers were dried
over Na3SOy4 and filtered. After column chromatography on silica gel [CH,Cly / ether
(1:10, v/v)], pure diols (77 mg, 97 %) were obtained as a yellow powder. 1H NMR
(270 MHz, CDCl3) 88.71 (s, 2H); 8.12, 8.11, 8.106 (s, s, s, 2H); 7.92, 7.91, 7.90, 7.89
(s, 8, s, s, 2H); 5.88 (m, 2H); 3.62 (m, 4H); 2.56 (m, 2H); 2.16 (m, 2H); 1.80, 1.798,
175, 1.70, 1.695, 1.65 (s, s, s, 8, s, s, 36H). FAB MS m/z 662 (M*). IR (KBr) 3425,
2956 cm-1,

A mixture of 4,9,13,16- tetra-tert-butyl-1,10-dihydro-as-indacenol[1,2,3-cd:6,7,8-
c'd'ldiphenalene, 4,9,13,16- tetra-tert-butyl-1,13-dihydro-as-indaceno[1,2,3-
cd:6,7,8c'd'|diphenalene, and 4,9,13,16- tetra-tert-butyl-3,13-dihydro-as-
indaceno[1,2,3-cd:6,7,8-c 'd'|diphenalene (3.10).

Diols (15.9 mg, 24 pmol) in benzene (3 ml) was heated with refluxing. p-Toluene
sulfonic acid monohydrate (1 mg, 5.2 umol) was added to the solution, and the reaction
mixture was stirred for 5 min. The mixture was cooled on ice-bath and concentrated in
vacuo. The crude product was purified by column chromatography on silica gel
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[benzene/hexane (1:4, v/v)] to give 3.10 (12.2 mg, 81%). 'H NMR (270 MHz, CDCl3)
d 8.81, 8.76 (s, s, 2H); 8.21, 8.16 (s, s, 2H); 8.03 (s, 2H); 7.61, 7.58 (dt, dt, J=10.23,
1.97 Hz, 2H); 6.43, 6.48 (dt, dt, J=10.23, 4.62 Hz, 2H); 4.21 (m, J=1.97, 4.29Hz, 2H);
1.76, 1.75, 1.67, 1.65 (s, s, s, s, 36H). FD MS m/z 626 (M*)

Deutrated derivatives of 3.10. A solution of 3.9 (102 mg, 155 pmol) in CF3COOD
(2mL) + CH,Cl, (1mL) was heated at 50 °C for 18 h. After cooling, the mixture was
extracted with benzene, the benzene solution was washed with saturated aqueous
NaHCO3j and brine, dried over MgSOy4 and filtered. Purification with column
chromatography on silica gel (benzene) gave deuterated 3.9 (98 mg, 95%). The same
procedures as non-deuterated compounds affroded deuterated 3.10 (%D > 98%).

4,9,13,16- tetra-tert-butyl-as-indaceno[1,2,3-cd:6,7,8~ 'd'|diphenalene (3.2).

A mixture of 9 (7 mg, 11.2 pmol) and p-chloranil (3 mg, 12.2 pmol) in benzene (2
ml) was refluxed for 10 min. The mixture was cooled on ice-bath and concentrated in
vacuo. The crude product was purified by column chromatography on silica gel
[benzene/hexane (1:2, v/v)] to give 3.2,

Dication (3.22%). The hydrocarbon 3.2 (ca. 10 mg, 16 umol) was added to 0.5 ml of
concentrated D3SOy to give the dication species. A reddish purple color appeared

immediately. The dication was also obtained by the reaction of 2.3 with excess SbCls
in CH,Cl,.

Radical cation (3.2()(¥)). The radical cation was generated by the reaction of 3.2
(ca. 3 mg, 4.8 pmol) with an equimoler amount of SbCls (0.01 M, 0.5 ml, 5 pmol) in 10
ml of CH;Cl,. A solution turned green immediately.

Radical anion (3.2()®)). The radical anion was generated under vacuum (ca. 10-4

torr) in sealed the cell B (Figure 2.8.1) by the reaction of 3.2 with a potassium mirror in
DME.

Dianion (3.22-). The reaction of dihydro compounds 3.10 (10 mg, 16 pumol) with a
potassium mirror in THF-dg (0.5 ml) in a sealed degassed tube afforded the dianion
species. The dianion was also obtained by the reaction of 3.2 with a potassium mirror

in THF in a sealed degassed tube.

NMR spectroscopy.
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Dianion (3.22-). The procedure for the generation of 3.22- is similar to that of 2,32,
The contact of the THF-dg solution of 3.10 with a potassium mirror at - 78 °C for a
week gave the orange solution, whose NMR spectra supported the generation of 3.22-,

ESR spectroscopy.

Neutral (3.2). The cell A (Figure 2.8.2) was used for the ESR measurement of 3.2.
p-Chloranil (1 mg, 4 umol) was introduced into the ESR tube @ and 1 ml. of the
benzene solution of 3.2 (10-3 M) was added by a syringe. The cell was connected to a
vacuum line at b and the solvent was degassed by a repeated freeze-pump-thaw method
(5 times). The cell was sealed at ¢ and heated at 60 °C for 5 min. The ESR spectra of
3.2 were recorded at 20 °C.

Radical cations and radical anions (3.2()(+) and 3.2())). The procedures for the
generation of 3.2()(+) and 3.2()¢) (1.4 x 104 M) are similar to those of 2.3¢)#) and
2.3()6), respectively.

UV/Vis/NIR specroscopy.

Dication (3.22+). The qualitative electronic spectrum of 3.22+ was obtained by the
dissolution of 3.2 in D,SO4 at room temperature.

Radical cation (3.2()(+)). The qualitative measurement was carried out in the
CH,Cl; solution of 3.2()(+) at room temperature.

Neutral (3.2). The compound 3.2 was purified by column chromatography

(silicagel). The pure 3.2 was dissolved in cyclohexane and the qualitative measurement
was carried out at room temperature.

Dianion (3.22-) and radical anion (3.2(9C)). The procedures for the generation of
3.22- and 3.2()0) are similar to those of 2,32~ and 2.3¢)). The contact of the solution
with a K-mirror at d at room temperature exhibited the gradual decrease of absorption
of 3.2 and the new absorptions attributable to 3.2()-) appeared. Further contact with a

potassium mirror caused the gradual decrease of the absorption of 3.2()() with gradual
increase of the absorption of 3.22-,
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— Chapter 4 -

Synthesis and Properties of
Tribenzodecacyclenyl Species (TBzD)

4.1 Introduction

In Chapter 2 and 3, the progerties of IDPL and as-IDPL containing two phenalenyl
units were discussed. To study properties of higher amphoteric hydrocarbons, I
designed tribenzodecacyclenyl (TBzD, 4.1) containing three phenalenyl units. The
compound 4.1 is expected to behave as a six-stage amphoteric redox compound (Figure
4.1). To my knowledge, limited examples have been studied exhibiting six-stage
amphoteric redox properties. !

ol 1,3,8,10,15,17

o 4,7,11,14,18,21

o3: 5a,5d,12a,12d,19a,19d
Bl 2,9,16

B2: 5,6,12,13,19,20

Figure 4.1. Tribenzodecacyclenyl (TBzD)

While neutral IDPL and as-IDPL have relatively stable closed-shell structures,
neutral TBzD 4.1 is a monoradical species (open-shell structure). However, neutral 4.1
is expected to be stable, because the unpaired electron will delocalize on the whole of
the molecule having three phenalenyl units, which can potentially enjoy
thermodynamically stable phenalenyl radical structure. Furthermore, 4.1 is expected to
exhibit small EsUm values and to generate both trication and trianion species easily.
Simple HMO calculations of TBzD 4.1 support these ideas (Figure 4.2).

The molecular orbitals y»7, Y23, and Y4 correspond to the frontier orbitals of TBzD
4.1. Large LCAO coefficients are found at the ai-positions of phenalenyl units in the
frontier orbitals. The distribution pattern of the coefficients is similar to that of
phenalenyl species. This finding suggests that the phenalenyl units should contribute to
the stability of the seven redox states of TBzD 4.1.

The MO w»3 and Y4 are degenerate in energy. The presence of the degenerated
MO in the frontier orbital constitutes a feature of TBzD 4.1. As shown in Figure 4.2,
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two unpaired electrons occupy W3 and/or y»4 in the monoanion state. The monoanion
state provides an interesting issue, whether this species will be singlet or triplet.
The orbital energies are o + 0.1130 B (y22) and o + 0.1492 B (y»3 and ya4). The

small energy gap between Y2, and 4 suggests 4.1 shows high amphotericity and has
small ESum valyes.

Figure 4.2. Six-stage amphoteric redox behavior of TBzD 4.1

X
Va5, Wos (€') —  -0.694B 2 T—» y
Y23, Y24 (€) 1 0.113B '
* z//224(a,') '} 0.149p SOMO (y23) SOMO (y4)

V20, Y21 (€") “ﬂ" % 0.6438

HOMO (y22)

Figure 4.3. Selected molecular orbitals of 4.1° calculated by the HMO method.
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4.2 Synthesis of Tribenzodecacylenyl

An attempt to isolate the parent TBzD 4.1 failed due to the low solubility and the
instability. In order to increase the solubility, simple alkyl substituents were introduced
at the B-positions of phenalenyl units of 4.1. Because the carbons at 3-positions bear
small LCAO coefficients in the frontier orbital, the parent compound will be only
slightly perturbed by the alkyl substitution. The synthetic procedure is shown in
Scheme 4.1.

Scheme 4.1. Synthetic procedure of 4.1 and 4.2.

41 (R'=H)
4.2 (R = "Pr)

Reaction conditions : a) Bry, lo, PhCl, 3d, rt, 63%. b) "BuLi, BuLi, CHgl, DME, -78°C

to t, 54%. ¢ NBS, benzoyl peroxide, benzene, reflux, 6 h, 70%. d) LDA,
CH,R'COOBuU, -78°C, 6 h, 36%. ) PTSA, benzene, 86%. f) 1) (COCI),, 2) AICl3,

CH,Clp, -78 t0 -40°C, 2 h, 98%. g) NaBH,4, CH.Cl, + ethanol, reflux, 1 d, 95%. h) cat.

p-tolueneslufonic acid, benzene, reflux, 5 min, 9%. i} p-chloranil, benzene, reflux

Although 4.2 with three n-propyl groups increased solubility, 4.2 was found to be
air-sensitive. The instability of 4.2 prevented the further investigation of the properties

as a six-stage amphoteric redox compound. The failure to detect the unsubstituted and
B-substituted TBzD species forced us to introduce substituents at the o-positions of

phenalenyl units.
As the target of our efforts, we chose the symmetrical 4,7,11,14,18,21-hexa-tert-
butyltribenzodecacyclenyl (HTB-TBzD) 4.3. It seemed reasonable to build up this
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compound from commercially available decacyclene following Scheme 4.2, previously
developed in the synthesis of 4.1, 4.2, and phenalene.

Scheme 4.2. Synthesis of 4.3°, 4.3%*, and 4.3%.

4.8, R = CH,CH(COOEL), 45, R=Br
/ 9 9L

4.9, R = CH,CH,COOH d) !: 46, R=CHjy
g) 4'7 3 R = CHQBr

Reaction conditions : a) BuCl, AICl3, CHaCly, rt, 2 h, 74% . b) Bra, CHxCly, 2 h, 1,
76%. ¢ nBuLi, CHgl, THF, -78°Cto rt, 81%. d) NBS, benzoyl peroxide, benzene,
reflux, 10 min, 96%. e) NaOEt, CH,(COEt),, benzene + ethanol, rt, 1 d, 36%. /) 1)
aqueous KOH, EtOH, 2) 4 N HCI, 3) 100°C, 95%. g) 1) (COCl)z, 2) AICI3, CHoClo,
50°C, 4 h, 99%. h) LAH, THF, it, 2 h, 77%. i) cat. p-tolueneslufonic acid, benzene,
reflux, 5 min, 90%. j) p-benzoquinone or p-chloranil, benzene, reflux, 10 min. ¥

conc. D2S04 or 3eq. (p-BrCgH4)3N SbClg /) K-mirror, under vacuum, THF-dg, -78°C,
1 week.

Firstly, six tert-butyl groups were introduced at the B-position of naphthalene units
of decacyclene. It is well-known that the Friedel-Crafts alkylation of terz-butyl groups
does not occur at sterically hindered positions. For example, the reaction of
acenaphthene with tert-butyl chloride in the presence of a catalytic amount of AlCl;3
gives the 4,7-di-tert-butyl derivative in high yield. 2 In contrast, the reaction of
decacyclene with zers-butyl chloride in the presence of a catalytic amount of AICl3 gave
complicated mixtures, presumably mono, di, tri, tetra, penta, and hexa substituted
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compounds. However, tert-butylation of decacyclene with equimolar AICl3 and a large
excess of trerr-butyl chloride afforded successfully 2,5,8,11,14,17-hexa-tert-
butyldecacyclene 4.4 as yellow needles in 74%. Unambiguous structural proof for 4.4
was obtained by an X-ray analysis of an yellow needle grown by slow evaporating a
solution of dichloromethane and n-hexane. Subsequent bromination in
dichloromethane at room temperatue afforded tribromide 4.5 in 76% as an isomeric
mixture. Two regioisomeric tribromides could not be separated by column
chromatography or recrystallization. However, difficult separation of these compounds
did not disturb our plan, because they were converted to a single symmetrical product in
the final steps, 4.12 to 4.3°, and 4.12 to 4.33-. The lithiation of 4.5 with n-BuLi and
subsequent methylation with Mel in THF afforded trimethyl compounds 4.6 in §1%
yield. When DME was used instead of THF, considerable amounts of mono- and di-
methyl derivatives were formed. Benzylic bromination of 4.6 was carried out with NBS
and a catalytic amount of dibenzoyl peroxide. The resulting tris(bromomethyl)
compounds 4.7 were used for the next reaction without purification due to the
instability. The reaction of 4.7 with diethyl malonate afforded hexakis(ethoxycarbonyl)
derivatives 4.8, which were converted to tris(propionic acids) 4.9 by hydrolysis and
subsequent decarboxylation. The Friedel-Crafts cyclization of the acid chlorides
obtained by the reaction of 4.8 with oxalyl chloride afforded triketone compounds 4.10
in 99% yield. The cyclization reaction was done in dichloromethane at low temperature
(- 50 - - 40°C), because aromatic compounds containing fert-butyl group tend to lose
the tert-butyl group in the presence of Lewis acids at moderate temperature. The
triketones 4,10 were reduced with lithium aluminum hydride to give triols. Reduction
of 4.10 with NaBHy instead of lithium alminum hydride required long time (1 — 2 days)
for completion. Dehydration of triols with a catalytic amount of p-toluenesulfonic acid
afforded the compounds 4.11 with a low propensity to suffer air oxidation. The target
neutral monoradical species 4.3 was obtained as an air-sensitive brown solid by the
reaction of 4.11 with 1.5 equivalents of p-chloranil or p-benzoquinone.

Six redox states of TTB-TBzD, 4.33+, 4.3("(2+)_ 4.3+, 4.3~, 4.3(*)(2-)_ and 4.33-, were
generated from the neutral species 4.3. The trianion 4.33- were also obtained by the
treatment of trihydro compounds 4.12 with potassium mirror.

4.3 Crystal structure of hexa-tert-butyldecacyclene
Hexa-tert-butyldecacyclene 4.4 was found to crystallize in space group Ppcp, (#60)
with eight molecules in the unit cell. As shown in Figure 4.3.1, 4.4 deviates from the

D3y, symmetry and has torsion angles of 14.29, 14.34, and 7.56° between the central
benzene unit and the naphthalene units. The inner protons (H!, H4, H3, H8, H%, and
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H12) are in very close steric proximity to the other inner protons. The interatomic
distance between the inner protons is 1.82 (H1 - H!12), 2.01 (H4 - H5), and 1.84 (H8 -
HY) A, which are comparable to or smaller than the sum of van der Waals radii for the
aromatic hydrogen atom (2.00 A). These findings suggest that the steric hindrance of
the inner protons causes deviation from the D3p, symmetry, the symmetrical feature of
which is also borne out by a preliminary examination with a molecular model.

However, the simple !H NMR spectrum of 4.4 suggests the effective D3p or C3
symmetry in solution. The solution of 4.4 in CD,Cl, at room temperature gave only
three peaks at 1.55, 7.90, and 8.93 ppm, which exhibited no detectable changes of the
line shapes even at -90°C. Figure 4.3.3 shows !H and 13C NMR chemical shifts
recorded in CDClI3 at room temperature.

(a)

(b)

Figure 4.3.1. (a) The moleculer structure of 4.4 and (b) the stereoscopic view.
Displacement ellipsoids are drawn at the 50% probability level.
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Table 4.3.1. Experimental X-ray data of 4.4.

Crystal data

Ce60He6

M, =787.18
Orthorhombic
Ppen
a=739.168(4) A
b=11.7933) A
c=21.114(2) A
V=9753(5) A3

Dy =1.072 Mg m3

Data collection

Rigaku AFC5R
diffractometer

@20 scans

Absorption correction:
refined from AF

8026 measured reflections

3590 observed reflections
[ > 3.000(D)]

Refinement

Refinement on F

CuKa radiation
A=15418 A

Cell parameters from 25 reflections

0=24.8-435°
4 =0.446 mm-!
T=296K
Prismatic

0.40 x 0.20 x 0.80 mm
Yellow

26max = 120.1°

h=0-24

k=044

I=0-13

3 standard reflections monitored
every 150 reflections
intensity decay: -1.12%

(A/G)max =0.03

R =0.062 Apmax=022¢ A3

wR = 0.063 Apmin =-027 e A3

§=1.88 Extinction correction: none

8026 reflections Atomic scattering factors

589 parameters from International Tables for

w= 1/02(F0) X-ray crystallograpy (1974, Vol. IV)

Table 4.3.2. Fractional atomic coordinates and equivalent
isotropic displacement parameters (A2).

Beg = (8m213)(U; 16a") 2+ U2(bb* 2 +U33(cc*)242U1 200" bb" cosy+2U1 3aa" cc* cosP+2 Ua3bb™cc* cosat)

x y z

cm 0.1040(1) 0.2354(4) 0.2526(2) 3.3e(ql)
C(2) 0.1148(1) 0.1580(4) 0.3009(2) 3.2(D
C(3) 0.1370(1) 0.1930(4) 0.3478(2) 3.1(1)
C4 0.1536(1) 0.3015(4) 0.3417(2) 3.5(1)
C(5) 0.1482(1) 0.3674(4) 0.2881(2) 34D
C(6) 0.1214Q1) 0.3380(4) 0.2451(2) 3.4(1)
C 0.0748(1) 0.1815(4) 0.2187(2) 3.2(1)
C® 0.0501(1) 0.2159(5) 0.1767(2) 3.7(1)
C©) 0.0245(1) 0.1389(4) 0.1549(2) 4.1(1)
C(1o 0.0248(1) 0.0289(5) 0.1762(2) 4.6(1)
C(11) 0.0492(1) -0.0092(4) 0.2208(2) 4.1(1)
C(12) 0.0512(1) -0.11824) 0.2475(3) 4.4(1)
C(13) 0.0751(1) -0.1451(4) 0.2932(2) 3.9(1)
C(14) 0.0985(1) -0.0584(4) 0.3145(2) 3.8(1)
C(15) 0.0965(1) 0.0487(4) 0.2905(2) 3.4(1)
C(16) 0.0726(1) 0.0706(4) 0.2420(2) 3.6(1)
c(7 0.1460(1) 0.1468(4) 0.4109(2) 3.3(1)
C(18) 0.1351(1) 0.0565(4) 0.4474(2) 3.7(1)
C(19) 0.1470(1) 0.0449(4) 0.5115(2) 3.9(1)
CQo 0.1684(1) 0.1240(5) 0.5366(2) 4.2(1)
C21) 0.1793(1) 0.2188(4) 0.5017(2) 3.6(1)
C(22) 0.1988(1) 0.3103(5) 0.5240(3) 4.6(1)

80



C(23)
C(24)
C(25)
C(26)
2N
C(28)
C(29)
C(30)
c@3n
C(32)
C(33)
C(334)
C(35)
C(36)
C@37)
C(38)
C(39)
C(40)
Cc@4h)
C42)
C(43)
C44)
C(45)
C(46)
C4n
C(48)
C(49)
C(50)
C(1)
C(52)
C(53)
C(54)
C(55)
C(56)
CciN
C(58)
C(59)
C(60)
H(1)

H(2)

H3)

H4)

H(5)

H(6)

H(7)

H(8)

H{9)

H(10)
H(11)
H(12)

0.2047(1)
0.1908(1)
0.1735(1)
0.1679(1)
0.1638(1)
0.1922(1)
0.2000(1)
0.1785(2)
0.1508(1)
0.1287(2)
0.1035(1)
0.0992(1)
0.1190(1)
0.1444(1)
-0.0026(1)
-0.0281(1)
0.0149(1)
-0.0217(1)
0.0758(1)
0.0601(2)
0.0540(2)
0.1117(2)
0.1341(1)
0.1485(2)
0.1428(3)
0.0951(2)
0.2246(2)
0.2439(2)
0.2048(3)
0.2545(3)
0.2313(2)
0.2406(2)
0.2627(2)
0.2238(2)
0.0805(2)
0.0839(2)
0.0884(3)
0.0438(2)
0.0508(9)
0.007(1)

0.035(1)

0.116(1)

0.117(1)

0.176(1)

0.208(1)

0.194(1)

0.2060(8)
0.180(1)

0.138(1)

0.081(1)
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0.4045(5)
0.4118(4)
0.32194)
0.2265(4)
0.4743(4)
0.5387(4)
0.6394(4)
0.6740(5)
0.6072(4)
0.6310(5)
0.5567(5)
0.4524(5)
0.4303(4)
0.5094(4)
0.1828(5)
0.0924(5)
0.2226(5)
0.2815(6)
-0.2623(4)
-0.3530(5)
-0.2545(5)
-0.2994(5)
-0.0558(5)
-0.0597(7)
-0.1653(6)
-0.0473(8)
0.5059(6)
0.4806(6)
0.6061(7)
0.526(1)

0.7103(5)
0.7994(6)
0.6347(6)
0.7690(7)
0.5805(5)
0.6964(7)
0.4963(9)
0.5649(8)
0.294(3)

-0.027(3)

-0.172(4)

-0.083(3)

0.000(3)

0.120(3)

0.305(3)

0.491(3)

0.513(3)

0.744(4)

0.698(4)

0.397(4)

0.4883(3)
0.4260(2)
0.4009(2)
0.4397(2)
0.2657(2)
0.2813(2)
0.2478(3)
0.1993(3)
0.1796(2)
0.1281(3)
0.1107(2)
0.1454(2)
0.1979(2)
0.2137(2)
0.1083(2)
0.0906(3)
0.0475(3)
0.1384(3)
0.3243(3)
0.2821(4)
0.3849(3)
0.3419(3)
0.5504(3)
0.6167(3)
0.5174(4)
0.5554(4)
0.5135(3)
0.5737(3)
0.5162(7)
0.4656(4)
0.2673(3)
0.2184(3)
0.2746(4)
0.3295(4)
0.0544(3)
0.0287(4)
0.0028(4)
0.0731(4)
0.162(2)

0.162(2)

0.233(2)

0.346(2)

0.429(2)

0.580(2)

0.571(2)

0.401(2)

0.318(2)

0.175(2)

0.105(2)

0.130(2)

47(2)
4.1(1)
3.5(1)
3.5(1)
3.6(1)
4.0(1)
4.7(1)
4.9(2)
4.3(1)
5.02)
4.91)
4.41)
371
3.6(1)
4.6(1)
6.9(2)
6.2(2)
6.9(2)
4.9(1)
8.7(2)
8.6(2)
7.0(2)
5.5(2)
9.5(2)

12.7(3)

13.2(3)
7.6(2)
9.8(3)

20.9(5)

18.5(5)
6.0(2)
9.9(3)

10.4(3)

11.0(3)
6.42)

13.3(3)

14.0(4)

12.93)
2.3(9)
3(1)
5(1)
41)
3(1)
2.6(9)
3(1)
3(1)
1.8(8)
6(1)
6(1)
5(1)

Table 4.3.3. Selected geometric parameters A, "

C(1)—C(2)
C(1)—C(6)
C(H—C(N)
C2)—C3)
C(2)—C(15)
C3)—C4)
C3)—C(17
C(4)—CG)
C(4)—C(25)
C(5)—C(6)
C(5)—C(27)
C(6)—C(35)
C(N—C(8)
C(7)—C(16)
C(®)—C©)
C(9)—C(10)

1.433(6)
1.398(6)
1.461(6)
1.380(6)
1.490(6)
1.441(6)
1.483(6)
1.388(6)
1.492(6)
1.432(6)
1.480(6)
1.478(6)
1.372(6)
1.401(6)
1.431(6)
1.374(7)
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C(29)—C(30)
C(29)—C(53)
C(30)—C(31)
C(31)—C(32)
C(31)—C(36)
C(32)—C(33)
C(33)—C(34)
C(33)—C(57)
C(34)—C(35)
C(35)—C(36)
C3H—C(38)
C(37)—C(39)
C(37)—C(40)
C(41)—C(42)
C(41)—C(43)
C(41)—C(44)

1.386(7)
1.541(7)
1.404(7)
1.417(7)
1.383(6)
1.371(7)
1.442(7)
1.517(7)
1.377(6)
1.403(6)
1.508(7)
1.528(7)
1.523(8)
1.521(7)
1.541(7)
1.521(7)



C(9)—C(37) 1.534(7)
c(1o—Ccan 1.414(6)
Ca1D—C12) 1.407(7)
C(11)—C(16) 1.388(6)
C(12)—C(13) 1.382(7)
C(13)—C(14) 1.442(6)
C(13)—C@1) 1.531(6)
C(14)—C(15) 1.364(6)
C(15)—C(16) 1.412(6)
C(17)—C(18) 1.382(6)
C(17)—C(26) 1.409(6)
C(18)—C(19) 1.438(6)
C(19)—C20) 1.361(7)
C(19)—C(45) 1.531(7)
C(0)—C(21) 1.406(7)
C(21)—C(26) 1.388(6)
C(22)—C(23) 1.362(7)
C(23)—C(24) 1.426(6)
C(23)—C(49) 1.525(7)
C(24)—C(25) 1.366(6)
C(25)—C(26) 1.409(6)
CQ7)—C(28) 1.385(6)
C(27)—C(36) 1.399(6)
C(28)—C(29) 1.416(7)
C(2)—C(1)—C(6) 119.2(4)
C()—C1)—C() 107.4(4)
C(6)—C(H—C() 133.4(4)
C(H)—C2)—CB3) 120.4(4)
C(1)—C(2)—C(15) 107.6(4)
C(3)—C(2)—C(15) 131.8(4)
C(2)—C(3)—C®) 119.0(4)
C(2)—C(3)—Ca7 133.2(4)
C4)—C3)—C(U1T7 107.4(4)
C(3)—C(4)—C(5) 120.1(4)
C(3)—C(4)—C(25) 107.7(4)
C(5)—C(4)—C(25) 132.2(4)
C(4)—C(5)—C(6) 119.6(4)
C(4)—C(5)—C2n 132.4(4)
C(6)—C(5)—-C2T 107.94)
C(1)—C(6)—C(5) 119.7(4)
C(1)—C(6)—C(35) 133.1(4)
C(5)—C(6)—C(35) 107.2(4)
C(1)—C(1—C(®) 136.4(4)
C(1)—C(TH—C16) 106.0(4)
C(8)—C(7)—C(16) 117.4(4)
C(1)—C(8)—C(9) 121.0(5)
C(8)—C(9)—C(10) 119.1(5)
C(8)—C(9)—C(3T) 118.5(5)
C(10)—C(©9)—C(37) 122.4(5)
C(O—C(10)—C(11) 121.6(5)
C(22)—C(23)—C(24) 119.7(5)
C(22)—C(23)—C(49) 122.2(5)
C(24)—C(23)—C(49) 118.0(5)
C(23)—C(24)—C(25) 120.0(5)
C(4)—C(25)—C(24) 135.2(5)
C(4)—C(25)—C(26) 106.1(4)
C(24)—C(25)—C(26) 118.1(4)
C17)—C(26)—C(21) 124.0(5)
C(17)—C(26)—C(25) 112.1(4)
C(21)—C(26)—C(25) 123.5(5)
C(5)—CQ2T—C(28) 136.3(5)
C(5)—C(27)—C(36) 106.1(4)
C(28)—C(27)—C(36) 117.5(5)
C(27)—C(28)—C(29) 120.9(5)
C(28)—C(29)>—C(30) 119.0(5)
C(28)—C(29)—C(53) 119.5(5)
C(30)—C(29)—C(53) 121.4(5)
C(29)—C(30)—C(31) 121.6(5)
C(30)—C(31)—C(32) 126.1(5)
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C(45)—C(46) 1.511(8)
C(45)—C(47) 1.507(9)
C(45)—C(48) 1.533(8)
C(49)—C(50) 1.508(8)
C(49)—C(51) 1.41(1)
C(49)—C(52) 1.57(1)
C(53)—C(54) 1.518(8)
C(53)—C(55) 1.526(9)
C(53)—C(56) 1.512(9)
C(57)—C(58) 1.477(8)
C(57)—C(59) 1.51(1)
C(57)—C(60) 1.502(9)
C(8)—H(1) 0.98(4)
C(10)—H(2) 1.02(4)
C(12)—H(3) 0.94(4)
C(14)—H(@4) 1.00(4)
C(18)—H(5) 1.04(4)
C(20)—H(6) 0.97(4)
C(22)—H(7D) 1.05(4)
C(24)—H(8) 1.08(4)
C(28)—H(9) 0.99(3)
C(30)—H(10) 0.98(5)
C(32)—H(11) 0.99(5)
C(34)—H(12) 1.02(4)
C(10)—C(11)—C(12) 126.5(5)
C(10)—C(11)—C(16) 116.5(5)
C(12)—C(11)—C(16) 116.9(5)
C(1H—C(12)—C(13) 121.9(5)
C(12)—C(13)—C(14) 119.0(5)
C(12)—C(13)—C41) 121.1(5)
C(14)—C(13)—C(41) 119.8(5)
C(13)—C(14)—C(15) 120.4(5)
C(2)—C(15)—C(14) 136.0(5)
CQR)—C(15—C(16) 105.6(4)
C(14)—C(15)—C(16) 118.4(5)
C(H—C16)—C(11) 124.1(5)
C(N—C(16)—C(15) 112.6(4)
C(11)—C(16)—C(15) 123.3(5)
C3)—CUN—CA18) 135.2(4)
C(3)—CUN—C(26) 106.7(4)
C(18)—C(17)—C(26) 117.6(4)
C(17)—C(18)—C(19) 119.8(5)
C(18)—C(19)—C(20) 120.1(5)
C(18)—C(19)—C(45) 118.1(5)
C(20)—C(19)—C(45) 121.7(5)
C(19)—C(20)—C(21) 121.9(5)
C(20)—C(21)—C(22) 127.0(5)
C(20)—C(21)—C(26) 116.6(5)
C(22)—C(21)—C(26) 116.2(5)
C(21)—C(22)—C(23) 122.3(5)
C(6)—C(35)—C(34) 135.8(5)
C(6)—C(35)—C(36) 106.6(4)
C(34)—C(35)—C(36) 117.6(5)
CQN--C(36)—C(31) 123.8(5)
C(27)—C(36)—C(35) 112.1(4)
C(1N—C(36)—C(35) 124.0(5)
C(9)—C(37)—C(38) 112.2(5)
C(9)—C(3N—C(39) 109.5(4)
C(9—CBN—C40) 109.4(4)
C(38)—C(37)—C(39) 107.8(5)
C(38)—C(37)—C(40) 108.5(5)
C(39)—C(37)—C(40) 109.5(5)
C(13)—C(41)—C(42) 112.2(5)
C(13)—C(41)—C(43) 107.0(4)
C(13)—C(41)—C(44) 112.3(5)
C(42)—C(41)—C(43) 107.8(5)
C(42)—C(41)—C(44) 108.4(5)
C(43)—C(41)—C(44) 109.1(5)
C(19)—C(45)—C(46) 113.4(5)
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CEO)—C(31)>—C(36) 116.9(5) C(19)—C(45)y—C(47) 110.0(5)
C(32)—C(31)—LC(36) 117.0(5) C(19)—C(45)—C(48) 108.5(5)
C(31)—C(32)—C(33) 121.3(5) C(46)—C(45)—C@Am) 108.5(6)
C(32)—C(33)—C(34) 119.5(5) C(46)—C(45)—C(48) 108.1(6)
C(32)—C(33)—C(57) 121.3(5) C@7)—C(45)—C(48) 108.3(7)
C(34)—C(33)—C(57) 119.2(5) C(23)—C(49)—C(50) 113.3(6)
C(33)—C(34)—C(35) 120.4(5) C(23)—C49)—C(51) 112.9(7)
C(23)—C(49)—C(52) 105.9(6) C(54)—C(53)—C(56) 108.7(6)
C(50)—C(49)—C(51) 114.0(8) C(55)—C(53)—C(56) 109.7(6)
C(50)—C(49)—C(52) 101.5(7) C(33)—C(57)—C(59) 108.7(6)
C(51)—C(49)—C(52) 108.1(9) C(33)—C(57)—C(60) 109.8(6)
C(29N—C(53)—C(54) 112.6(5) C(58)—C(57)—C(59) 109.0(7)
C(29)—C(53)—C(55) 110.6(5) C(58)—C(57)—C(60) 107.3(7)
C(29)—C(53)—C(56) 109.0(5) C(59)—C(57)—C(60) 107.9(7)

C(54)—C(53)—C(55) 106.3(6)

The data was corrected for Lorentz and polarization factors. The structure was
solved by direct methods and refined by full-matrix least squares calculations with
anisotropic displacement factors for C-atoms. The ring H atoms in the molecule were
located experimentally and the positions of the tert-butyl H atoms were calculated from
an idealized geometry with standard bond length and angles. Calculations were carried
out using the SAPI91 programs.

4.4 Electrochemistry

The cyclic voltammogram of 4.3° measured in CH2Cl; exhibited six reversible one-
electron redox waves as shown in Figure 4.4.1. This behavior provides evidence for the
formation of the stable singly, doubly, and triply charged species. To our knowledge,
only a few examples are known of compounds that exhibit six—stage amphoteric redox
behavior. 1 The electrochemical data of 4.3° are summarized in Table 4.4.1.

Figure 4.4.1. Cyclic voltammogram of 4.3°

The sum of the redox potentials, E1S™ of 4.3° is substantially smaller than those
reported so far for hydrocarbons. Such a small E1SU™ value can be explained in terms
of the electronic stability of three redox states of the phenalenyl units owing to the
delocalization of the generated charges or the unpaired electron over the molecule.
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compound E3red Ezred Elred Elox' EX*  E;X E,Sm E,Sum Esum

43" +0.87 +0.68 +0.27 -0.51 -089 -1.25 078 157 212

Table 4.4.1. Cyclic voltammetric data (V vs SCE) of 4.3° in dichloromethane
with 0.1 M ("Bu)4NClO4 as supporting electrolyte at room temperature; sweep
rate = 100 mv/s.

4.5 NMR spectroscopy
4.5.1 Trication 4.33+

Many polycyclic benzenoid hydrocarbons are known to generate dication species in
super acid, which serve as oxidizing agents to remove electrons from molecules.
However, relatively small hydrocarbons tend to yield a mixture of radical cation and
dication species, and to be protonated in the presence of a proton source. In contrast to
the small aromatic hydrocarbons, large aromatic systems generally yield dication
species in strong acid media easily. For example, the dication of hexacene is obtained
in concentrated H2SO4. 3 However, limited examples gave trication species even in
such a strong media.

Surprisingly, the trication species 4.33+ was found to be easily obtained as a dark
green solution by dissolving 4.3* in concentrated D,SO4 or as dark green needles by
treating 4.3° with three equivalents of tris(4-bromophenyl)aminium
hexachloroantimonate, which is a weak one-electron oxdizing reagent. The trication
was so stable as to remain unchanged even at 60°C. Figure 4.5.1 shows the aromatic
region of the 1H NMR spectrum of the dark green solution. The 1H and 13C NMR
chemical shifts are given in Figure 4.5.2.

T T T T T T T T T
.. [ X (X} (X (X} (X1 0 osa

Figure 4.5.1. 'H NMR spectrum of 4.33+ in D,SO4 at 60 °C.
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'H and '3C NMR data Charge density
{HMO calculation)

Figure 4.5.2. NMR data and charge density of 4.3%

The simple 'H and 13C NMR spectra reflect the effective D3y or C3 structure of
4.33+. The 13C chemical shifts of 4.33+ are found to be similar to those of 2.32+ for
equivalent carbon atoms. The HMO calculations indicate that 90% of three positive
charges reside on three phenaleny! units. These findings suggest that the positive
charge is delocalized mainly over three phenalenyl units (Figure 4.5.2).

Unit : Jpenzene

0.38 1.23

( 1.00
diatropic ﬁ
strongly
: diatropic <
paratropic <
L

4,32+

Figure 4.5.3. Ring current calculation of 4.3 and 4.3
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In contrast to the similarity of 13C chemical shifts, ring protons of 4.33+ appear in
considerably lower field region than those of 2.32+ and 3.22*, On the basis of the ring
current calculations (Figure 4.5.3), the small contributions of paramagnetic ring current
effects, which is consistent with the large HOMO(y50, y21)-LUMO(y7) gap of 4.33+,
may be responsible for the downfield shifts of 4.33+,

4.5.2 Trianion 4.33-

The trianion 4.33- was generated as a red purple solution by the reaction of the
compounds 4.11 with a potassium mirror in a sealed degassed tube at — 78 °C for a
week. The trianion was found to be stable even at room temperature. Figure 4.5.4
shows the aromatic region of the lH NMR spectrum of the red purple solution. The 'H
and 13C NMR chemical shifts are given in Figure 4.5.5.

Trianion also gave the simple !H and 13C NMR spectra indicating the effective Dsp,
or C3 structure of 4.33-. The total 13C chemical shift change of the sp2 carbon atoms on
going from 4.33+ and 4.33- is 1041.63 ppm (or 173.61 ppm/e), which supports the idea
of the existence of the trication and trianion, respectively. The shift changes on each
carbons are large for the C atoms at al, a2, and a3, which correspond to the o-position
of phenalenyl speceis, but small for the C atoms at other positions except for the central
benzene ring. This finding suggests that three phenalenyl units contribute largely to the
stability of both triply charged species.

_J

Figure 4.5.4. TH NMR spectrum of 4.33- in THF-dj at 30 °C.
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-.013

'H and '3C NMR data Charge density
(HMO calculation)

Figure 4.5.5. NMR data and charge density of 4.3%

Surprisingly, the trianion 4.33- also exhibited the considerable downfield shifts of all
ring protons as 2.32~ and 3.22- in spite of the shielding effect caused by the three
negative charges . In particular, the signals of the protons at B2-position of 4.33-
unexpectedly appear at lower field than the signals of the corresponding protons of
4.33+. The 13C chemical shifts of the C atoms at the posion B2 reveal that the electron
density at the position B2 is slightly larger in 4.33- than 4.33+. This finding cleary
suggests the effect of a diamagnetic ring current in 4.33~. The ring current calculations
indicate the pronounced diamagnetic ring currents along the periphery of the molecules
(Figure 4.5.3). Thus the charge—induced upfield shift is compensated with the opposite
influence of a diamagnetic ring current which is built up on trianion formation.

The stability of both triply charged species can be ascribed to large contribution of
the type 4.3b structure, which is supported by the HMO calculations indicating 90% of
the total positive charges and 78% of the total negative charges on three phenalenyl
units, respectively.

* =+ O —

structure 4.3b
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4.5.3 Monocation 4.3+

Removal of one electron from the neutral radical 4.3° should give the closed shell
monocation 4.3+, The treatment of 4.3° with one electron oxidizing reagents, e.g.
Ph3CBF4, Ph3CSbClg, (p-BrCsHs)3NSbClg, I, and AICl3, afforded dark green powder,
which can be assigned to monocation species. However, the solution of the dark green
powder in CD,Cl; at room temperature gave no signals except for considerably broad
peak at 1-2 ppin. The change of solvents (CD2Cl; + CF3COOD, CD;Cly +
CD3COOD, or acetone-dg) and temperatures (30 °C - -80 °C) did not affect the shape of
the peak. The broad peak is attributable to the equilibrium between the paramagnetic
species and 4.3*. The following three mechanisms seem plausible for the equilibrium:
1) disproportionation, 4.3* ==4.3* + 4.3)*) ; 2) electron transfer, 4.3+ +
4.3()2+) ==4.3()2%) + 4.3+ ; 3) electron transfer via other component X, 4.3+ +
X ==4.3)24) 4+ X)),

Some observations provide some insight. A trace of paramagnetic species were
detected by ESR measurement of the solution of the dark green powder. The ESR
spectrum was identical with that of 4.3()(2+) and the signal intensity was independent of
temperatures. These findings suggest that the disproportionation mechanism seems
unlikely. Thus the electron transfer between 4.3+ and a trace of 4.3()2%) will be
responsible for the broad signal. Elemental analysis for the dark green powder also
support the presence of 4.3(*)(2+),

Calc for Ca9Hgg(SbClg)y: n = 1.0, C 66.41%, H 5.57%: n = 1.15, C 64.60%, H
5.42%. Found C 64.66%, H 5.27%.

Dissolution of the green powder in D,SO4 exhibited the simple pattern of 1TH NMR
spectrum, which is identical with that of 4,33+,

At present, the pure 4.3* could not be obtained unfortunately.

4.6 ESR spectroscopy

4.6.1 Neutral 4.3*

Although numerous studies on free radicals have been reported, those on stable
hydrocarbon radicals have been limited. The representative examples are
triphenylmethyl, 4 Kolsch's, 5 cyclopentadienyl, 6 and phenalenyl radical. 7 In
particular, a simple alkyl derivative of the last example, tri-tert-butylphenlenyl radical,
gave single crystals and the crystal structure was determined at room temperature
recently. 8 These hydrocarbons should be stabilized kinetically by steric hindrance and
thermodynamically by spin delocalization.
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The neutral hydrocarbon 4.3° is expected to be also stable because of the bulky fert-
butyl groups and the highly delocalized structure. The dehydrogenation of the
compounds 4.11 with p-benzoquinone or p-chloranil provided the neutral monoradical
species as a brown solid. Contrary to the expectation, the neutral radical was found to
decompose gradually on exposure to air.

The toluene solution of 4.3¢ exhibited too ill-resolved ESR spectrum to determine
the hyperfine coupling constants. However, the deuterated derivative 4,4 gave a ESR
spectrum with hyperfine structure, from which two coupling constants were obtained,
1.43 G (6H), 0.47 (6H). The coupling constants at B! position were determined by a
computer simulation. Figure 4.6.1 shows these ESR spectra along with the

corresponding simulations. The experimental and theoretical hyperfine coupling
constants are given in Figure 4.6.2.

(@ 43 (b) ~ 44

@) simulation (b" simulation

Figure 4.6.1. ESR spectra of (a) the neutral radical of 4.3° and (b) the deuterated
derivative 4.4° and the corresponding simulated spectra (a') and (b'), respectively.

The liner relationship between the experimental and theoretical coupling constants
suggests that the unpaired electron delocalization is not confined to one phenalenyl unit
but is operative over the entire C3 symmetric molecule. The highly delocalized
structure is consistent with a single occupahcy of the degenerated pair of eg or nearly
degenerate eg like molecular orbitals.

The unusually broad ESR lines of 4.3 are characteristic of radicals in a nearly
degenerate ground state exhibiting a dynamic Jahn-Teller effect, as expected for a
single or triple occupancy of eg or almost degenerate eg like molecular orbitals. Thus
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the neutral radical 4.3° retains an effective D3y, or C3 symmetry on the hyperfine time
scale and are subject to a dynamic Jahn-Teller effect. 9

The deuterated compounds were synthesized following Scheme 4.6.1.

0.37
(d: 0.06) 0.32

0.24

\ S
\ S

gvalue = 2.0025 Spin density and
Experimental Theoretical (A = 1.2, Q = - 26)

Figure 4.6.2. Experimental and theoretical hyperfine coupling constants (in G) along with
spin density of 4.3" and 4.4°. In parentheses, a coupling constant of deuteron. Open-circle

and closed-circle represent positive and negative spin density, respectively.
Scheme 4.6.1

Reaction condition : &) CF3C00D, CH,Clp, 55°C, 12 h, 100%. b) LiAlH4, THF, 1t, 2 h, 75%. c)p-
toluenesulfonic acid, benzene, reflux, 5 min. d) p-chloranil, benzene, 60°C, 15 min.
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The near degeneracy of Y72, W23, and Y4 leads to the potential quartet state of
neutral 4.3. However, 4.3° in a benzene matrix gave no quartet signals. This finding

suggests no or a considerably small contribution of the structure 4.3¢ to the ground state
of 4.3°.

structure 4.3¢c

4.6.2 Monoradical dication 4.3(9(2+)

Removal of two electrons from neutral 4.3° should give the monoradical dication
species 4.3()2%). On the basis of the HMO calculations, the SOMO corresponds to
non-degenerate molecular orbital y»;.

The monoradical dication 4.3(*)(2+) was obtained as dark green powder by the
treatment of 4.3° with two equivalent of (p-BrCgH4)3NSbClg. Oxidation of 4.3° with
two equivalent of SbCls also gave 4.3()(2+) as a dark green solution. The solution of
4.3()(2+) exhibited well-resolved ESR spectra as shown in Figure 4.6.3. Figure 4.6.4
shows the hyperfine coupling constants of 4.3()(2+),

(@) 4.30)(2+) @) simulation

Figure 4.6.3. ESR spectra of (a) the neutral radical of 4.39@* and the corresponding
simulated spectra (2').

The coupling constants of 4.3()2+) are larger than those of 4.3°. This behavior is
consistent with the HMO calculations indicating larger AO coefficients of y»2 (SOMO
for 4.3()(2+)) on the phenalenyl units compared to y,3 and y24 (SOMO's for 4.3°). On
the basis of the HMO-McLachlan calculations, 98% of the %t-spin population resides on
the three phenalenyl units in 4.3()2+), while these units of 4.3° account for 84% of the
total spin population. These findings clearly suggest that the unpaired electron of
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4.3()@ should occupy the non—degenerate orbital y,5. The well-resolved ESR signal
also reflects the non—degeneracy of SOMO of 4.3(°)(2+),

057

g value = 2.0024
Experimental Theoretical (A = 1.2, Q = - 24)

Figure 4.6.4. Experimental and theoretical hyperfine coupling constants (in G) along with

Spin density and

spin density of 43004 Open-circle and closed-circle represent positive and negative

spin density, respectively.
4.6.3 Monoradical dianion 4.3(°(2-)

The monoradical dianion 4.3("¥2-) was generated by the rection of 4.3 with a
potassium mirror in THF or DME. Further contact of the solution with a potassium
mirror yielded trianion 4.33-. The pair of the relevant frontier orbitals is degenerate or
nearly degenerate with an occupancy number of three in 4.3()(2-),

The ESR spectra of 4.3()(2-) and 4.4¢)2-) were given in Figure 4.6.5. A similar
spectrum was observed on the oxidation of 4.33- with (p-BrCgH,4)3NSbCls. Simulation
of the experimental ESR spectra indicates the following coupling: 3.30 G (2H), 1.07 G
(2H), and 0.71 G (1H). The studies for deuterated derivative 4.4()(2-) indicated that the
coupling constants of 0.71 G was due to one of the B! proton. The ESR studies for the
monoradical dication species clearly suggest that the unpaired electron is "localized"
mainly on one phenalenyl unit. The localized structure can be investigated by simply
counting the number of equivalent protons giving rise to a particular coupling constants.
The coupling constants were assigned as shown in Figure 4.6.6 but the assignment
remains still questionable, because we could not calculate the spin density of 4.3("}2-)
in such a localized structure by the use of the HMO-McLachlan method. The smaller
coupling constants of 4.3()(2-) compared to phenalenyl radical suggest that the unpaired
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electron resides on not only one phenalenyl unit but also the central benzene unit. Thus
formula 4.3d is the best description for monoradical dication species 4.3()(2-),

(a) 4.3%2-) (b) 4.4(29)

(@) simulation (b) simulation

Figure 4.6.5. ESR spectra of (a) the neutral radical of 4.3 and (b) the
deuterated derivative 4.48Y2) and the corresponding simulated spectra (a) and (b"),
respectively.

g value = 2.0024

Figure 4.6.6. Experimental hyperfine coupling constants (in G) of
4.3 and 4.4 1 parentheses, a coupling constant of deuteron.
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structure 4.3d

As mentioned above, the unpaired electrons of 2.3()) and 3.2()) are delocalized
over the entire molecule, while 4.3(*)(2-) has a localized strucutre. 10 The followings are
our way of finding the reason for some pieces of behavior observed.

In general, a compound with partially filled degenerate orbitals is unstable to
vibrational modes to break down the high symmetry of the molecule in question, and is
subject to Jahn-Teller distortion to a lower symmetry structure. For 4.3()(2-), two
counter cation K* will reside near two phenalenyl units and large polarizability in
4.3()2) may allow the counter cation or solvent to localize two negative charges in
two phenalenyl unit. Ion pairing is known to induce localization. In solvents such as
THF, which favor the formation of contact ion piars, 4.3(*)(2-) should possess a
distorted structure with spin and negative charges—localization. However, even in such
conditions as solvent-separated ion pair, i.e. DME at low temperature or 18-crown-6 in
THF, ESR spectra consistent with localized structures were observed. In such
conditions, the contribution of ion pairing to localization in 4.3(*}(2-) should not be
significant but may not be excluded. 1!

4.6.4 Monoanion 4.3~

The prime interest about 4.3~ relates to whether this species will be singlet or triplet.
The potential triplet state can be understood from the simple molecular orbital energy
pattern derived from HMO calculations providing ideas that a degenerate pair of
orbitals (Y23 and yr4) is half occupied and the electrons can occupy separate orbitals
with unpaired spins.

On exposure of a DME solution of 4.3+ to a potassium mirror, the intensity of the
ESR signal of 4.3 gradually decreased, and finally the signal became a small and broad
peak. At this stage, we measured the ESR spectrum of the rigid solution of the reduced
species at 77K and 173K, but no triplet signals were observed. Further reduction
produced a new broad signal, which finally became a moderately-resolved ESR peak
identical with those of 4.3)(2), More sophisticated calculations (PPP or PM3, Figure
4.6.7) converged in distorted C3 structures and predict a singlet rather than a triplet
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ground state. The ion pair of K* with one phenalenyl unit may cause the negative
charge localization on one phenalenyl unit (structure 4.3e).

structure 4.3e

Figure 4.6.7. The structure of 4.3” in a C, symmetry calculated by the PM3 method.
4.7 UV/Vis/NIR

4.7.1 General

In contrast to the five redox states of 2.3 and 3.2 exhibiting unequivocal electronic
spectra, satisfactory and reliable spectra for 4.3()*), 4.3+, 4.3~, and 4.3()) were not
obtained, because these species would exist together with other redox states and give
complicated spectra. In following sections, I will only discuss the electronic spectra for
three redox states, 4.3°, 4.33+, and 4.33-.

4.7.2 Neuiral 4.3*

Figure 4.7.1 shows the electronic spectra of the three redox states of 4.3°, while
Table 4.7.1 lists the wavelength of the band maxima.

Table 4.7.1. Maxima, Apax (in nm) (g, cm 1M-1),
of electronic bands for 4.33+, 4.3°, and 4.33-.

4.33+ 4.3 4.33-
231 (81800) 380 256 (39200)
494 (118000) 437 333 (34300)
550 (sh, 37900) 680 361 (37300)
601 (42500) 710 421 (21000)
676 (sh, 26700) 1130 507 (52300)
775 (sh, 7760) 1340 543 (56300)
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Figure 4.7.1. Electronic absorption spectra of the three redox states of 4.3".
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Table 4.7.2 Selected electronic transition data for 4.33+, 4.3, and 4.33~

calculated by the INDO/S CI method and assignments of the observed
electronic bands.

theoretical experimental

symmetry AE,eV  oscillator substantial contribution, % A, nm; AE,eV
label strength
4.33+ 2.20 0.00 e"(y24) < €"(y20), 28 b
e"(y23) < e"(y21), 28
a1"(yn2) « a2"(y19), 18
2.33 0.08 a1"(y2) < e"(y21), 40 b
e"(y24) < e"(y20), 14
e"(y23) «e"(y21), 14
2.33 0.08 a1"(y22) < ¢"(y20), 40 b
e"(yo4) < e"(y21), 14
e"(y23) < e"(y20), 14

43 B 1.17 0.00 b(y102)¢ « a(y100), 64 1340; 0.93
b(y102) « a(yio01), 21
A 1.42 0.02 a(y101) < a(y100), 64 710; 1.75

a(y103) ¢ a(y100), 14
b(y102) < b(ykg), 10

433~ 2.53 0.00 e"(y6) < ¢"(y23), 39 d
e"(y25) < e"(y24), 39
2.63 0.00 e"(y25) < e"(y23), 42 d
e"(y26) < €"(yn4), 42
2.67 1.41 e"(yn5) < a1"(y22), 21 543;2.28

e"(y26) < e"(y23), 15
e"(y25) «e"(y24), 15
a1"(ya7) < ¢"(y23), 13
2.67 1.41 e"(y26) < a1"(y¥22), 21 543;2.28

-e"(yr5) « e"(y23), 15
e"(y26)  e"(¥24), 15
a1"(ypp) < e"(yaq), 13

@ In parentheses, the molecular orbitals calculated by the HMO method. See Figure 4.1.2.

b Could not be assigned due to the weak and broad peaks. ¢ The INDO/S calculations

predicted the lower symmetry Co for 4.3°. In parentheses, the molecular orbitals calculated by

the INDO/S method. See also Figure 4.7.2. d Could not be observed due to the intense band at
543 nm.
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In order to assign the electronic bands to transitions between orbitals, MO
calculations by the INDO/S method were performed (Table 4.7.2). In each case, the ten
highest occupied and ten lowest unoccupied orbitals was used for configuration
interaction. Figure 4.7.2 presents schematically the calculated SCF levels of seven
relevant highest occupied and lowest unoccupied orbitals for 4.3°, 4.33+, and 4.33-
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Figure 4.7.2.  Energy levels of several occupied and unoccupied
MOs in the five redox stages of TBzD 4.1, as calculated by the
MOPAC6/PM3 method. The optimized structures are in C, symmetry
for neutral state and in C; symmetry for other states. The bold lines
represent HOMO, SOMO, and LUMO of neutral state.

Dehydration of the orange derivatives 4.11 resulted in formation of a product
showing the bathochromic shifts of electronic spectra. The many transitions in visible
region are responsible for the dark brown color of the 4.3°. In addition to the low—
energy band at 710 nm, 4.3° exhibited the weak and broad NIR transitions at 900 — 1500
nm. On the basis of the calculations, these low-energy bands should be due to the
transition in which SOMO participates. However, it is not easy at present to assign
these peaks exactly. The INDO/S and PM3 calculations predicted the deviated Cp
structure for 4.3°, where the degenerate e pair split into the SOMO a and the LUMO b.
The ESR spectrum of 4.3 fits into the D3y, or C3 symmetry, something that is not
evident from the calculations. On electronic transition time scale, the deviated Cy
structure might give the bands observed, while the time—averaged C; structure on ESR
time scale might exhibit the ESR signal indicating the unpaired electron delocalization
over the entire C3 molecule.
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4.7.3 Trication 4.33% and trianion 4.33-

The absorption spectra of 4.33+ essentially consist of weak and broad bands at 600—
800 nm and relatively intense band at 494 nm. The weak bands should be due to
HOMO—-LUMO and HOMO-NLUMO transitions. The INDO/S and PM3
calculations predict the C3 symmetry for 4.33+ and HOMO (0 and 1) and LUMO
(y23 and ya4) remains degenerate. The degeneracy of the orbitals may cause the
participation of many transitions in a band.

A similar statement should hold for 4.33-. Unfortunately, the predicted first and
second bands were not observed due to the intense band at 543 nm. The intense band at
543 nm consists of many transitions, in which NHOMO-LUMO and HOMO-NLUMO
excitation participate in addition to the HOMO-LUMO transition. The absorption
bands of 4.33- terminate at the shortest wavelength region, which is consistent with a
small paramagnetic ring current effect, i.e. a large diamagnetic effect in 'H NMR
spectrum as 2.32- and 3.22-,

4.8 Conclusion

Expectedly, HTB-TBzD 4.3° containing three phenalenyl units was also found to
exhibit high amphotericity and behave as a six-stage amphoteric redox compound. This
means that one molecule has as many as seven electronic states. Surprisingly, 4.3° gave
super-charged species, i.e. trication and trianion, with no difficulties. This high
amphotericity primarily depends on the NBMO character of the frontier orbitals caused
by three phenalenyl units. In contrast to 2.3 and 3.2, the neutral state of 4.3 has an
open-shell structure. Unfortunately, single crystal of the radical could not be obtained,
but was stable enough to isolate and to study the properties. The highly delocalized
structure and bulky tert-butyl groups should stabilize 4.3° thermodynamically and
kinetically.

The basic T-electronic structure of redox states of 4.3° was essentially similar to
those of 2.3 and 3.2, while the most remarkable differences were found in 4.3(*)(2-) and
4.3-, which exhibited the charges and spin localization on one phenalenyl unit. These
differences would be caused by Jahn-Teller effect. Thus the orbital degeneracy made
differences in the properties of the ground state.

4.9 Experimental section

Material. Decacyclene (Aldrich) was recrystallized from xylenes two times.
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2,5,8,11,14,17-Hexa-tert-butyldecacyclene (4.4). To a suspension of decacyclene
(Aldrich; 5.64 g, 12.5 mmol) in CH,Clp (300 ml) were added ferz-butyl chloride (28 ml)
and anhydrous AlCl3 (2.1 g, 15.7 mmol) at room temperature and stirred for 1 h.
Additional zert-butyl chloride(10 ml) was added and the reaction mixture was stirred for
1 h. The mixture was poured into ice-water and the organic layer was separated. The
aqueous layer was extracted repeatedly with small portions of CHyCl,. The combined
organic layers were dried over NapySOy and filtered, and the solvent was removed. Pure
4.4 (7.3 g, 74%) was obtained after column chromatography on silica gel
[benzene/hexane (1:10, v/v)] and subsequent recrystallization (ethanol + CH,Clyp). m.p.
>300°C. !H NMR (270 MHz, CDCl3) § 8.97 (d, J=1Hz, 6H), 7.92 (d, J=1Hz, 6H), 1.66
(s, 54H). 13C NMR (67.8 MHz, CDCl3) § 151.05, 137.09, 136.44, 131.45, 129.65,
122.19, 121.83, 35.85 [C(CH3)3], 32.02 [C(CH3)3]. FD MS m/z : 786 (M*). Anal.
Calcd for CgoHgg: C, 91.55; H, 8.45. Found: C, 91.38; H, 8.43.

A mixture of 2,5,8,11,14,17-hexa-tert-butyl-1,6,12-tribromodecacyclene and
2,5,8,11,14,17-hexa-tert-butyl-1,6,13-t‘ribromodecacyclene (4.5). Compound 4.4
(7.87 g, 10 mmol) was dissolved in CH,Cl, (300 ml) and bromine (1.6 ml, 31.1 mmol)
was added to the solution, and stirred for 6h at room temperature. 10% Aqueous
sodium thiosulfate solution was added to the reaction mixture to reduce the excess
bromine. The organic layer was separated and the aqueous layer was extracted with
CHCl;. The combined organic layer were dried over NapSOy4 and filtered, and the
solvent was removed. The crude product was purified by column chromatography on
silica gel [benzene/hexane (1:10, v/v)] to give 4.5 (7.8 g, 76%). 'H NMR (270 MHz,
CDCl3) 6 8.88-8.86 (3H), 8.78-8.74 (3H), 8.43-8.38 (3H), 1.88-1.63 (54H). FD MS m/z
1020 (M*)

A mixture of 2,5,8,11,14,17-hexa-tert-butyl-1,6,12-trimethyldecacyclene and
2,5,8,11,14,17-hexa-tert-butyl-1,6,13-trimethyldecacyclene (4.6). n-Butyllitium(7.3
ml, 11.7 mmol, 1.6 M in hexane) was added to a solution of 4.5 (2.0 g, 1.95 mmol) in
150 ml of THF at -78 °C. After stirring for 15 min, methyl iodide (1.46ml, 23.4mmol)
was added. The reaction mixture was allowed to warm to room temperature over night.
Saturated aqueous ammonium chloride solution and 100 ml of benzene were added to
the reaction mixture. The organic layer was separated and the aqueous layer was
extracted repeatedly with small portions of benzene. The combined organic layers were
dried over Na3SQy and filtered. After evaporation of the solvent, purification by
column chromatography on silica gel [benzene/hexane (1:4, v/v)] followed by
recrystallization (CH,Cl; + ethanol) gave pure 4.6 (1.31 g, 81%). 1TH NMR (270 MHz,
CDCl3) 6 8.89-8.87 (3H), 8.82-8.79 (3H), 8.13-8.12 (3H) 3.08-3.07 (5H), 1.76-1.62
(54H). FD MS m/z 828 (M*).

100



Chapter 4

A mixture of 2,5,8,11,14,17-hexa-tert-butyl-1,6,12-tris(bromomethyl)decacyclene
and 2,5,8,11,14,17-hexa-ftert-butyl-1,6,13-tris(bromomethyl)decacyclene (4.7). The
mixture of compound 4.6 (829 mg, 1 mmol), N-bromosuccinimide (587 mg, 3.3 mmol),
benzoylperoxid (80 mg, 0.33 mmol) in 100 ml of benzene was refluxed for 20 min. The
reaction mixture was concentrated in vacuo and 3 ml of n-hexane was added. The
resulting colorless precipitate was removed by filtration and the filtrate was
concentrated in vacuo to give crude 4.7 (1.02 g, 95.5%). H NMR (270 MHz, CDCl3)
8.85-8.80 (3H), 8.75-8.69 (3H), 8.34-8.33 (3H), 5.54-5.52 (6H), 1.81-1.64 (54H).

A mixture of 2,5,8,11,14,17-hexa-tert-butyl-1,6,12-tris[2,2-bis(ethoxycarbonyl)
ethylldecacyclene and 2,5,8,11,14,17-hexa-tert-butyl-1,6,13-tris[2,2-bis (ethoxy-
carbonyl)ethyl]decacyclene (4.8) . Diethyl malonate (0.91 ml, 6.03 mmol) was added
to a sodium ethoxide solution freshly prepared from 15 ml of anhydrous ethanol and
sodium (126 mg, 5.48 mmol). To the clear solution was added 4.7 (1.02 g, 0.955
mmol) dissolved in benzene (15 ml). After the stirring for 4 h, water was added to the
reaction mixture. The organic layer was separated and the aqueous layer was extracted
repeatedly with small amounts of benzene. The combined organic layers were dried
over MgSOy4 and filtered. After evaporation of the solvent, the crude product was
purified by column chromatography on silica gel (benzene) to give 4.8 (383 mg, 31%) .
1H NMR (270 MHz, CDCl3) 8.88 (s, 3H), 8.80 (s, 3H), 8.03-8.02 (3H), 4.28 (m, 6H),
4.22-3.92 (m, 12H), 3.91 (m, 3H), 1.74-1.61 (54H), 1.13-1.05 (18H). FD MS m/z 1303
(M™).

A mixture of 2,5,8,11,14,17-hexa-tert-butyl-1,6,12-tris(2-carboxyethyl)decacyc-
lene and 2,5,8,11,14,17-hexa-ftert-butyl-1,6,13-tris(2-carboxyethyl)decacyclene
(4.9). The suspension of 4.8 (383 mg) in ethanol (14 ml) and 10% aqueous potassium
hydroxide solution (7 ml) was refluxed for 3 h. The reaction mixture was cooled and
concentrated in vacuo. The obtained yellow solid in 4 N hydrochloric acid (20 ml) was
heated with refluxing for 8 h. The resulting yellow precipitate was filtered and washed
with water. Pure 4.9 (280 mg, 95%) was obtained after column chromatography on
silica gel [benzene/acetone (3:1, v/v)]. FD MS m/z 1003 (M++H). IR (KBrb) 3600-
2500, 2961, 1709 cm-1.

A mixture of 4,7,11,14,18,21-hexa-tert-butyl-1,2,3,8,9,10,15,16,17-nona-hydro-
1,8,15-trioxo-tribenzodecacyclene and 4,7,11,14,18,21-hexa-tert-butyl-1,2,3,8,9,10,
15,16,17-nona-hydro-1,8,17-trioxo-tribenzodecacyclene (4.10). A mixture of
compound 4.9 (500 mg, 0.498 mmol) and oxalyl chloride (3 ml) was heated with
refluxing for 1 h. The reaction mixture was cooled and concentrated in vacuo. The
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resulting orange solid was dissolved in CH»Cl, (70 ml) and cooled to -78 °C.
Anhydrous AICI3 (750 mg, 5.62 mmol) was added to the solution and the reaction
mixture was allowed to warm to -50 °C over 2 h, and stirred at -50 °C for 4 h. 2 N
hydrochloric acid was added to the mixture and the organic layer was separated. The
aqueous layer was extracted with small portions of CHyCl,. The combined organic
layers were washed with brine and dried over NaySOy and filtered. After column
chromatography on silica gel (CH2Cly), pure 4.10 (467 mg, 98.8%) was obtained as an
orange powder. 1H NMR (270 MHz, CDCl3) & 8.99-8.95 (3H), 8.85-8.80 (3H), 3.91 (t,

6H), 3.23 (t, 6H), 1.73-1.70 (54H). FD MS m/z 949 (M++H). IR (KBr) 2965, 1699 cm-
1.

A mixture of 4,7,11,14,18,21-hexa-tert-butyl-1,2,3,8,9,10,15,16,17-nona-hydro-
1,8,15-trihydroxy-tribenzodecacyclene and 4,7,11,14,18,21-hexa-tert-butyl-
1,2,3,8,9,10,15,16,‘17-nona-hydro-1,8,17-trihydroxy-tribenzodecacyclene

A mixture of 4.10 (467 mg, 12.2 mmol) and sodium borohydride (460 mg, 12.2
mmol) in CH,Cl; (20 ml) and ethanol (10 ml) was refluxed for 24 h. The mixture was
cooled and 2 N hydrochloric acid was added dropwise. The organic layer was separated
and the aqueous layer was extracted repeatedly with small portion of CH,Cly. The
combined organic layers were washed with brine and dried over NajSOy, and filtered.
After column chromatography on silica gel (CH,Clp), pure triols (430 mg, 91.5%) was
obtained as a yellow powder. IH NMR (270 MHz, CDCl3) & 8.78 (s, 6H), 5.90 (br,
3H), 3.71 (m, 3H), 3.48 (m, 3H), 2.59 (m, 3H), 2.17 (m, 3H), 1.76-1.71 (54H). FD MS
m/z 955 (M*), 937 (M*- H,0), 919 (M*- 2H,0), 901 (M*- 3H,0). IR (KBr) 3425,
2956 cm1.

A mixture of 4,7,11,14,18,21-hexa-tert-butyl-1,8,15-trihydro-
tribenzodecacyclene and 4,7,11,14,18,21-hexa-tert-butyl-1,8,17-trihydro-
tribenzodecacyclene (4.11). Triols (57 mg, 59.7 umol) in benzene (15 ml) was heated
with refluxing. p-Toluene sulfonic acid monohydrate (1 mg, 5.2 pumol) was added to
the solution, and the reaction mixture was stirred for 5 min. The mixture was cooled on
ice-bath and concentrated in vacuo. The crude product was purified by column
chromatography on silica gel [benzene/hexane (1:4, v/v)] to give 4.11 (39.8 mg, 74%).
TH NMR (270 MHz, CDCl3) & 8.95 (s, 3H), 8.88 (s, 3H), 7.66 (dt, J=10.56, 1.97 Hz,
3H), 6.61 (dt, J=10.56, 4.29 Hz, 3H), 4.31 (dd, J=1.97, 4.29 Hz, 3H), 1.77 (54H). FD
MS m/z 900 (M+), 899 (M+-H), 898 (M+-2H), 897 (M+-3H).

Deutrated derivatives of 4.11. A solution of 4.10 (215 mg, 226 pmol) in
CF3COOD (2mL) was heated at 55 °C for 22 h. After cooling, the mixture was
extracted with benzene, washed with saturated aqueous NaHCO3 followed by with
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brine, dried over NaSOy4 and filtered. Purification with column chromatography on
silica gel [benzene/ehter (100:1, v/v)] gave deuterated 4.10 (163 mg, 76%). The same
procedures as non-deuterated compounds affroded deuterated 4.11 (%D > 98%).

4,7,11,14,18,21-hexa-fert-butyltribenzodecacyclenyl radical (4.3°).

A mixture of 4.11 (41.5 mg, 46 pmol) and p-benzoquinone (12.4 mg, 115 wmol) in
benzene (10 ml) was refluxed for 5 min. The mixture was cooled on ice-bath and 40
mL of hexane was added to the mixutre. The collected crude product was purified by
column chromatography on silica gel [benzene/hexane (1:4, v/v)] to give 4.3° (22.4 mg,
54%).

Trication (4.33*). A mixture of 4.11 (53 mg, 58.8 umol) and p-benzoquinone (9.5
mg, 88.2 umol) in benzene (10 ml) was refluxed for 10 min. The mixture was cooled
on ice-bath and concentrated in vacuo. Hexane (20 mL) was added to the mixture and
undissolved materials were removed by filtration. The filtrate was concentrated in
vacuo and the resulting crude powder 4.3° was dissolved in 5 mL of CH,Cl; and cooled
on ice-bath. Tris(p-bromophenyl)aminium hexachloroantimonate (142 mg, 174 pwmol)
was added to the solution and the reaction mixture was stirred for 7 h. The dark green
precipitates were removed by filtration and 6 ml of hexane was added to the filtrate.
The mixture was cooled at 0 °C and allowed to stand overnight. The resulting dark
green powder was filtered, washed with hexane+CH,Cl, (3:1) four times, and dried.
Yield 58.1 mg (52%). Anal. Calcd for CaoHggSb3Clyg: C, 43.58; H, 3.66. Found: C,
43.06; H, 3.60. ‘

Radical dication (4.3()2%)). A mixture of 4.3° (22.4 mg, 24.9 umol) and tris(p-
bromophenyl)aminium hexachloroantimonate (40.7 mg, 49.8 pmol) in 2 ml of CH,Cly
was stirred at 0 °C for 2 h. Ether (6 mL) was added slowly to the mixture, which was
allowed to stand overnight. The resulting dark green powder was filtered, washed with
2 mL of ether, and dried. Yield 10 mg (6.4 mg, 26%). Anal. Calcd for
CeoHgoSboClyo: C, 52.88; H, 4.44. Found: C, 53.09; H,4.30.

Monoanion and radical dianion (4.3~ and 4.3()2-)). Anions were generated in a
sealed degassed cell (Figure 2.8.2) by the reaction of 4.3° with a potassium mirror in
THF or DME.

Trianion (4.33-). The reaction of the compounds 4.11 (7 mg, 7.8 pmol) with a

potassium mirror in THF-dg (0.5 ml) in a sealed degassed tube afforded trianion
species.
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NMR spectroscopy. :

Trianion (4.33-). The procedure for the generation of 4.33- is similar to that of
2.32-. The contact of the THF-dg solution of 4.11 with a potassium mirror at - 78 °C for
a week gave the red solution, whose NMR spectrum supported the generation of 4.33-,

ESR spectroscopy.

Neutral (3.2). The cell A (Figure 2.8.2) was used for the ESR measurement of 3.2.
The p-chloranil (1 mg, 4 pmol) was introduced into the ESR tube a and 1 mL of the
toluene solution of 3.2 (10-4 M) was added by a syringe. The cell was connected to a
vacuum line at b and the solvent was degassed by a repeated freeze-pump-thaw method
(5 times). The cell was sealed at ¢ and heated at 60 °C for 5 min. The ESR spectra of
4.3° were recorded at -60 — 20 °C.

Radical dications and radical dianions (4.3()2+) and 4.3()(2-)). The procedures
for the generation of 4.3(*)2+) (3.3 x 10-4 M) and 4.3("2-) (10-3 M) are similar to those
of 2.3()(+) and 2.3()0), respectively.

Monoanion. The procedures for the generation of 4.3~ (10-3 M) are similar to that
of 2.3¢)). The contact of the DME solution with a potassium mirror at d exhibited the
gradual decrease of signals of 4.3 and a new broad signal appeared. At this stage, the
solution was freezed at -100 °C and the ESR spectrum was measured. However, no
triplet signals were observed. Further contact with a potassium mirror gave the
moderately-resolved ESR spectrum attributable to 4.3()(2+),

UV/Vis/NIR specroscopy.

Trication (4.33+). The quantitative electronic spectrum of 4.33+ was obtained by the
dissolution of the 4.33+¢(SbClg)3 (1.084 mg, 0.570 pmol) in D2SO4 (100 mL) at room
temperature.

Neutral (3.2). The compound 3.2 was purified by a column chromatography (silica
gel). The pure 3.2 was dissolved in cyclohexane and the qualitative measurement was
carried out at room temperature. ‘

Trianion (4.33-). The procedures for the generation of 4.33- are similar to that of
2.32-. The contact of the THF solution of 4.11 (3.517 x 105> M) with a potassium
mirror at d at room temperature gave a red purple solution, which exhibited the
quantitative electronic spectrum of 4.33-.
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Figure 1. Selected molecular orbitals of 1 calculated by the HMO method.
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Figrure 2. Selected molecular orbitals of 2 calculated by the HMO method.
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Figure 3. Selected molecular orbitals of 3" calculated by the HMO method.



