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Tuning Spin-State Preference by Substituents: A Case Study of Thianthrene Dication
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We report an effective example afconjugated systems showing the reverse spin-state preferences depending
on the substitution patterns. It is shown that 2,3,7,8- and 1,4,6,9-tetramethoxy-substituted thianthrenes have
different electronic structures owing to destabilization of the specific frontier molecular orbitals. On the basis
of the hybrid Hartree- Fock/density functional method (B3LYP/6-31G*), the singl&iplet energy gaps are
estimated to be-10.7 and+8.8 kcal/mol for 2,3,7,8- and 1,4,6,9-substituted thianthrenes, respectively.
Moreover, it is also shown that nuclear independent chemical shift (NICS), the index of local aromaticity for
polycyclic z-conjugated systems, is closely correlated with the spin-state preferences of the present thianthrene

system.

I. Introduction 5

The control of the spin-state preferences of organic polyradi- ) W S . DAL
cals is not only intriguing per se but also highly desirable in X Y
connection with molecule-based magriet® date, there exists (L ) IC N
a versatile rule for obtaining high-spin organic molecules for I . =
non-Kekulemolecules:—® Many researchers have proposed the st
rule from different angles, which claims that in short, the 1
connectivity between the spin-containing and magnetic coupling
units determines the spin-state preference (the so-called “topol-
ogy rule”). In particular, the idea of connecting radical centers & s1
through 1,3- or 1,3,5-positions of benzene has led to realization : 7 . o -
of a number of very high-spin organic molecule8.In this St x @ v (ca
strategy, it is now known both experimentally and theoretically . . .
that perturbation effects due to heteroatom substitutions into AL _ o2 ~ AT
the molecular skeleton are not crucial for the spin-state I . P
preference. However, in the charged system, the expected ; st H
predictions are no longer effecti¥é Moreover, a large twist
angle between the benzene and radical center planes violates 2
the topology rulé}12For the ground-state spin multiplicity of =
the 10,10-phenylenediphenothiazine dication, for instance, it —~A
was exemplified that the para-linked isomer is triplet whereas = I 51 (5
the meta-linked one is singlet, contrary to the known topology ) i . PIN ,.
rule 2 In this case, the converse spin-state preference is probably I 2o ZE & ".;-é‘-i::..
derived from the above-mentioned two factors. More seriously, T il I s B
once we look into organic radicals other than non-Kélarles, -\\:-,{ ) — Iy .'c_z};_ ) .

there are no rules for designing high-spin organic molecules.

Here we would like to mention the most typical example in
which the spin-state preference is ambiguous. In 1976, Goldberg
et al. investigated the spin state for the dication of a derivative
of thianthrene 1), 2,3,7,8-tetramethoxythianthren®).{* The
EPR measurements supported the triplet ground stag8'of
Since then, however, reinvestigations about the spin state of
22t have never been carried out. On the other hand, Bock and
co-workers reported interesting results on the X-ray structure structural change was ascribed to development of the polyme-
of 22¥.15 According to their findings22* in the solid state has  thine moieties due to extension af-conjugation onto the
a so-called “double-barreled” cyanine structdri@ which the substituted methoxy groups. However, strictly speaking, the
C—C bonds lengthen along the short molecular axis, and this formed polymethine moieties do not meet the standard cyanine
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2,3,7,8-substitution 1,4,6,9-substitution TABLE 1: Bond Lengths (A) and the NICS Values at
Positions X and Y (ppm) for 1, 1, and 12" at the B3LYP/
6-31G* Level
12b oo
TA1(Ca) 2B1u(D2n) 'Ag(D2n) 3Bsu(Da2n)
S1.--ST 3.258 3.469 3.424 3.483
c2-C2 1.404 1.418 1.451 1.418
(1.394(4))
C4-C4 1.396 1.408 1.424 1.392
(1.381(5), 1.385(5))
S1-C2 1.787 1.746 1.714 1.741
(1.769(3), 1.771(3), 1.773(3))
C2-C3 1.400 1.411 1.414 1.413
(1.387(4), 1.393(4), 1.398(5))
3 C3—-C4 1.394 1.383 1.381 1.406
8 m (1.370(4), 1.376(5), 1.383(4),
a 1.384(5))
% X —5.4 —10.0 —9.4 1.7
S Y —14.3 —-13.7 -10.9 —-4.3

aThe folding anglep is 129.4. The experimental value at 295 K is
128.09(5) (see ref 27)> The experimental values at 295 K are in
parentheses (see ref 27).

cally. The putative MOs fo2?* and 32" are shown in both

OMe OMe
Meo. s ome s s sides in Figure 1. As is evident from these orbital interactions,
Meo@sj@m @[sj@ . 3%* has the possibility that the energy difference between two
2 1 oo o ove SOMOs becomes fairly smaller than that8f. This designates

that3?" has a stronger triplet-state preference tn We next

Figure 1. Schematic drawing of the frontier MOs df* and the ; . .
g 9 carry out the detailed quantum chemical calculationd?f

changes in the relative orbital energy levels by orbital interactions with

four methoxy groups. 2%, and, moreover, hypothetical derivatigé".18

rule!” More noteworthy is that in ref 15 they implicitly  |1|. Method of Calculations

postulated the closed-shell structure28f. Furthermore, it is _ _ _ _ .
apparent that the topology rdlé2 does not account for the The geometries described in this study were fully optimized
actual spin state o??*, at a hybrid Hartree Fock/density functional (HF/DF) method

With such a background, it would be interesting to revisit (B3LYP) that combines Becke's three-parameter nonlocal
the relation between the peculiar structure and the spin state of€Xchange function#l with the nonlocal correlation functional
22+, in conjunction with substitution of methoxy groups. In this  ©f Parr and co-workef8 using the 6-31G* basis sétA single
article, we have undertaken the detailed description of the Polarization function was added on hydrogens of hydrogenated
electronic structures @+ and examined its related thianthrene SPecies. For the species with spin multiplicity, the unrestricted

cation radicals on the basis of quantum chemical calcula- B3LYP (UB3LYP) methods were employed. Magnetic shield-
tions. ings and nuclear independent chemical shifts (NF&Bgre also

evaluated using the gauge-independent atomic orbital (GIAO)
method? with the 6-311G* basis s&tat the B3LYP/6-31G*
optimized geometries. All the calculations were performed with
the GAUSSIAN 98 package of the ab initio MO prograffs.

II. Outline of Tuning Spin-State Preference of
Thianthrene Di(cation radical) by Substituting Methoxy
Groups

In this section, we discuss how to tune the spin state of |V. Results and Discussion
thianthrene di(cation radical) from the viewpoint of orbital
interactions. It is helpful to describe the features of the frontier ~ Thianthrene. We first start with the examination of the
molecular orbitals (MOs) of thianthrene dicatidi?) prior to electronic structures of the neutral through dicationic states of
the elaborate computational analysis. In Figure 1, the qualitative the parent compountl In Table 1, the optimized bond lengths
7-MOs for hypothetical planat?™ are provided for explanation ~ of 1, 1%, and1?* are listed. As for the neutral form, the molecule
of the possible orbital interactions due to methoxy substitutions. takes a butterfly conformation, being folded along the axis
The frontier MOs ofl2* are depicted in the middle part of the penetrating two sulfur atoms, as shown in Figure 2. The
figure and let us pay attention to the orbital coefficients at the calculated geometrical parameters including the folding angle
2,3,7,8-positions. Both the upper singly occupied MO (SOMO) ¢ (129.#) are in good agreement with the reported X-ray
(b1y) and the doubly occupied MO 4§ have relatively large  structure?> 2? As pointed out by Bock and co-worket&planar
coefficients at those carbon atoms, whereas the lower SOMO1 is regarded as a I6electron molecular system with excess
(bsg) has almost no coefficients. On the other hand, the lower 7 electrons compared to planar anthracene with “idealt 14
SOMO (kg has large coefficients at the 1,4,6,9-positions. electron structure, owing to substitution of two sulfur atoms.
Generally speaking, the energy levels of the frontier MOs are This fact gives a simple account that has a nonplanar
raised by substitution of methoxy groups, owing to the out-of- conformation. As shown in Figure 3, however, it was confirmed
phase orbital interactions. Therefore, when the methoxy groupsthat the potential energy surface is considerably shallow to a
are substituted into the 2,3,7,8-positio2¥ ¢r at the 1,4,6,9- large extent due to the folding angle suggesting the ease of
positions B), the energy levels are predicted to change drasti- the flapping motion.
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1 . the NICS values were estimated tobd.5 and+49.2 ppm for
) TR~ @ the triplet and singlet states, respectiv&ihe calculated NICS
Y 9 on the central dithiin ring is positive for the triplet and negative
@ An R for the singlet. Moreover, on the lateral benzene rings in the
._ B triplet, the NICS shows a small negative value4(3 ppm)
/<>\ L N compared with the value 10.9 for the singlet. Thus the criterion

$=120.4' works well for 1.
ﬂ The optimized structures for the singlet and triplet states of
11-

4). As for the singlet, the bond lengths of €22 and C4-
i & C4 are considerably lengthened by 0.033 and 0.016 A, as
& % compared with those df*. On the contrary, the S1C2 bond
{2~ L length decreases further by 0.032 A, obviously because the 4b
. orbital becomes vacant. In contrast to such deformation on the
molecular skeleton of the singlét™, the geometrical features
Figure 2. Butterfly conformation ofl and the planarity ofL*. for the triplet 12+ are rather similar to those foi* and,
consequently, the slight shortening of the lateraHC4' bond

e 1?* reflect the difference of their frontier MO patterns (Figure

40 occurs, as is evident from (i) the nonbonding character of the
= 3bsy orbital and, in addition, (ii) the in-phase pattern at the lateral
2 304 bonds of the 4k, orbital.
= With these results for the electronic structures of the parent
£ moleculel, 1*, and12*, we can proceed to the analysis of the
- 204 tetramethoxy-substituted thianthrerizand 3.

g ° ° 2,3,6,7-Tetramethoxythianthrene.As is already described
5 104 in the Introduction, compoun@ has been examined experi-
5 _— p mentally in detail by several researchers. Therefore, the mo-
000°%%  %Poq lecular structures for2, 2*, and 22* are known by X-ray
0 %0000° “eacal crystallographic studie’$:2%3The optimized bond distances for

90 120 150 180 210 240 270 each structure are provided in Table 2 together with experimental
() ones. Again, the calculated bond lengths are in good agreement
. . . with the experimental results, showing a tendency that the S1
Figure 3. Relative energy (kcal/mol) vs folding angle (deg) of
thianthrenel. At each point, all the geometrical parameters except for C2 and C4—05'bond lengths become Shortgned and the CZ
the folding angle were optimized by the B3LYP/6-31G* calculations. CZ and C4—C_:4 bond lengths lengthened with each oxidation
stage. As pointed out by Bock and co-workers, the B3LYP/6-

conformation ofl*, it has 15¢ electrons, which still does not  Structure oR?* fairly well. The experimental structure is similar
yet meet the “ideal” 1#-electron structure. However, taking {0 one for the singlet state, although the apparent difference
account of the fact that is subject to deformation near the between the optimized structures for the singlet and triplet states
optimized folding angle, we can conclude that the stabilization are not seen. The similarity between the singlet and triplet
energy due to extension af-conjugation arising from planar ~ Structures can be ascribed to destabilization of thg @tbital
conformation easily exceeds the loss of energy due to deforma-Of 1°* due to tetramethoxy substitution.
tion from the butterfly conformation. In corroboration of the Generally speaking, out-of-phase orbital interactions take
above phenomena, we calculated the nuclear independenplace for the MOs having large coefficients at the carbon centers
chemical shift (NICS) proposed by Schleyer and co-workérs. where the methoxy groups are introduced. These orbital
It was confirmed that aromatic and antiaromatic rings are interactions destabilize the #pand 2By orbitals of1 relative
classified to have negative and positive NICS values, respec-to the 3k, which has negligible coefficients at the 2,3,7,8-
tively.22 As shown in Table 1, the NICS for the central dithiin  positions and results in a crossing of the orbital energy levels
moiety was found to have a negative valt€lQ.0) comparable  between the 33 and 2bg orbitals of1. Therefore, the resulting
to that of the lateral benzene rings13.7) in going froml to two SOMOs (6l and 4bg) of 227 have bonding character on
1*. Moreover, the &S bond length is shortened by 0.04 A, the C2-C2 and C4-C4, leading to the similarity of the
whereas the €C bonds are elongated by 0.014 and 0.012 A structures between the singlet and triplet states. However,
for C2—C2 and C4-C4, respectively. This conclusion comes because the reported X-ray structref 22+ is similar to the
from the fact that an electron is removed from the HOMO(#b  optimized structure for the singl@" rather than to that for
of 1 (see Figure 4). the triplet22*, it can be predicted tha?®* prefers the singlet

On the other hand, there exist two possibilities for the spin state in the crystalline state. In accordance with the geometrical
multiplicity of 12*, that is, singlet and triplet. The calculated features, the calculatesEs 1 for 22F was estimated to be 10.7
singlet-triplet energy differenceAEs-t was—11.2 kcal/mol, kcal/mol at the B3LYP/6-31G* level, indicating the singlet
indicating that the ground state is singlet. Here it is noteworthy ground state. The estimateadEs_t values forl>* and2?+ were
that Schleyer and co-workers reported that the spin multiplicity essentially the same value, which is probably due to the similar
of 4nz-electron annulenes is well correlated with their NICS, orbital energy difference between two SOMOs for each dication
that is, their aromaticity® The criterion for the spin multiplicity (0.87 eV for12*; 1.06 eV for22"). This result is also supported
is offered by the large negative NICS. For instance, according by examining the calculated NICS. The local aromaticity of the
to their calculations, the triplet state of the cyclopentadienyl lateral benzene rings of the tripl2t™ decreases considerably,
cation is more stable than the corresponding singlet state whereas well as that of the central dithiin ring, in contrast with high
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Figure 4. Schematic drawings of the frontier MOs ft#*, 227, and3?* at the B3LYP/6-31G* level.

TABLE 2: Bond Lengths (A) and the NICS Values at TABLE 3: Bond Lengths (A) and the NICS Values at
Positions X and Y (ppm) for 2, 2F, and 2* at the B3LYP/ Positions X and Y (ppm) for 3, 3, and 3" at the B3LYP/
6-31G* Level 6-31G* Level
2a,b 2+ c 22+ d 3a 3+ b 32+
1A1(Cy) 2B1u(D2n) 1Ay(D2n) 3Bsu(D2n) 1A1(Cz) 2Bsg(D2n) 1Ag(D2n)  °Bau(Dan)
S1:--ST 3.244 3.468 3.423 3.503 S1---ST 3.300 3.552 3.545 3.502
c2-Cc2 1.393 1.410 1.439 1.432 c2-Cc2 1.396 1.392 1.391 1.414
(1.383) (1.395) (1.453) (1.425(7))
C4-C4 1.420 1.440 1.463 1.460 C4-C4 1.400 1.378 1.361 1.383
(1.410) (1.430) (1.472) (2.429(7))
S1-C2 1.788 1.752 1.729 1.761 S1-C2 1.785 1.775 1.767 1.739
(1.776) (1.723) (1.695) (1.751(5), 1.758(5))
Cc2-C3 1.406 1.409 1.402 1.393 Cc2-C3 1.416 1.423 1.431 1.433
(1.397) (1.400) (1.401) (2.377(7), 1.378(7))
C3-C4 1.391 1.387 1.393 1.402 C3-C4 1.391 1411 1.436 1.410
(1.380) (1.362) (1.387) (1.414(7), 1.411(7))
C4-05 1.361 1.336 1.310 1.310 C4-05 1.367 1.340 1.313 1.325
(1.369) (1.349) (1.315) (2.390(6), 1.393(6))
X —-5.9 -9.9 —14.4 0.6 X —5.4 —-1.7 0.4 —-1.4
Y —15.6 —-13.4 -11.9 -1.6 Y —15.5 -7.7 —6.8 -11.7
aThe folding anglep is 128.4. The experimental value is 13{see a The folding anglep is 133.4. ° The experimental values are in
ref 29).2 The experimental values are in parentheses (see ret Zag parentheses (see ref 31).
experimental values are in parentheses (see ref' J0je experimental
values are in parentheses (see ref 15). result, AEs_t was calculated to be 8.8 kcal/mol, favoring the

triplet ground state o8?*. Influenced by this substitution effect,
local aromaticity for each ring of the singl2tt. These results ~ the SOMOs of32" are reversed in comparison with those of
are inconsistent with the conclusion from the previous EPR 12+, and the optimized structure drastically change84hn as

analysis for22* in frozen solutiort? listed in Table 3. Note that the optimized structure 3orfails
1,4,6,9-Tetramethoxythianthrene.When methoxy groups  t0 reproduce the X-ray structure for the related com-

are substituted at the 2,3,7,8-positions, the,dbd 2B, orbitals pound4,

of 1 are perturbed by the out-of-phase orbital interactions. At

the B3LYP/6-31G* level, however, the spin preference remains s

unchanged. These results lead us to consider another substitution OO OO

pattern, 1,4,6,9-tetramethoxy substitution. In contrast, thg 3b

S
orbital of 1 has solely large coefficients at the 1,4,6,9-positions,

OMe OMe

and hence, introduction of methoxy groups at these positions OMe 4 OMe

destabilizes the (HO1)MO. This should diminish the difference

between the energy levels of two SOMOs 4plnd 6hy), where two benzene rings are fused at the 2,3- and 7,8-positions,
leading to the triplet spin preference ", as shown in Figure  in its complex with TCNG! This is probably because the

4. As expected, substantial perturbation arises3dh. The charge transfer in the TCNQ complex dfis imperfect. In

difference between the energy levels of two SOMOs becomescontrast t022+, the C2-C2 and C4-C4 bond lengths of3
small (0.37 eV), as compared with that 25" (1.06 eV). As a decreas with increasing oxidation stage, except for those of the
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OMe

1.394 Neutral
1.369 Cation

-15.9
-4.1

OMe

Figure 5. Optimized geometry (A) for 1,4-dimethoxybenzesg4nd
5t at the B3LYP/6-31G* level and their NICS values (ppm) computed
at the GIAO-HF/6-311G* level.

triplet 3?*. This shortening of the €C bonds along the short
molecular axis can be explained by electron depletion of the
5hsq orbital of 3 having an out-of-phase MO pattern on the-€2
C2 and C4-C4 bonds. Here it is noteworthy that the structure
concerning the lateral benzene moieties of the singfet
resembles the semiquinone due to the methoxy substitution.
Actually, we carried out the B3LYP/6-31G* and the NICS
calculations for 1,4-dimethoxybenzen®).(Judging from the
calculated results shown in Figure 5, the bond length§of
match well with those of the corresponding moieties for the
singlet3?*(Table 3). Furthermore, both of them take the similar
NICS (—4.1 ppm for5t; —6.8 ppm for3?"). Therefore we can
regard the electronic structure of the sindlét as that of the
two semiquinone bridged by two sulfur atoms. This description
is supported by the long SAC2 bond (1.767 A). On the other
hand, in the triplet3?*, the C2-C2 and C4-C4 bonds are
elongated as compared to those of the singét In addition,

the SE-C2 bond of32" becomes shorter. More importantly,

Ito et al.

have a good correlation with the spin preferencesfaronju-
gated systems.
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