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Formation of radical cation and charge-transfer complex g€j8lophanesr{ = 3, 5, 6) was investigated by
transient absorption spectroscopy during pulse radiolysis. Radical cationfcg€[Bphanes showed the charge
resonance band around 700 nm which exhibited a blue-shift as the number of trimethylene bridges increased,
indicating formation of highly stabilized intramolecular dimer radical cation gtj&lophanes. The absorption

peak of the charge-transfer complex with chlorine atom also showed the shift in accord with the oxidation
potential of [3]cyclophanes.

Introduction

-, - -,
Up to the present, various kinds of multibridged cyclophanes ‘ 4 Q

have been synthesized and have revealed interesting properties.

A series of [3]cyclophanes have also been repoetdAmong [31CP [36]CP [3]CP

them, the synthesis of {§1,2,3,4,5,6)cyclophane RCP, )

Figure 1) was reported by some of the present authors and theif '9ure 1. Molecular structures of fcyclophanesr( = 3, 5, 6).

3 ibri - . .
co-workers* For the multibridged cyclophanes, novel proper- g nsequently the charge-transfer complex formation with chlo-
ties specific to the transannular-x interaction between the  |ine atom was also observed. Their spectral features are
benzene rings fixed at the close proximity are expected. The giscyssed on the structural basis. The observed properties of
unique emission properties of J8yclophanes have been |3 1cyclophanes will be an excellent example of how precise
reported recently.Since the trimethylene bridge of {8yclo- control over chromophores in supramolecular structure can be

phanes decreases the structural strain comparedjiy¢®- used to tune spectroscopic properties in ways that could be
phanes, [Jcyclophanes exhibit higher electron-donor ability. exploited in nanoscale devices.

The charge-transfer complex ofJ8yclophanes with tetracyano-
ethylene exhibits significant bathochromic shift of the charge- Experimental Section

transfer band with an increase of the number of trimethylene . . )
bridges because of enhanced transannutar interaction and Materials. [3nJcyclophanes were synthesized according to the

effective hyper conjugation between the benzyl hydrogen and Procedure reported previousiy> The purity of the sample was
benzene ring$. >99% on the basis ofHNMR.

. . Apparatus. Pulse radiolysis was performed using an electron
Despite these studies on the charge-transfer complex, spectral ;
features of the radical cations ofJ8yclophanes have not been p?'ée (is “68\./’ 8 n_ts, 0_.|_7thy pt? r Fl).mﬁte} from aél;gga\;va;cellerator
reported. Especially, the stabilization of the charged state bya saka University. The probe fignt from a e-lamp

. L . . . . (Osram, XBO-450) was detected with a multichannel spectrom-
tbheentzr:g : arri]: ; éaznln:ﬁgaiizglgpigégt:r:f:nr?eféj b;fitr'] eS Igfgdtheeter (UNISOKU TSP 601-20). The kinetic traces were estimated

distance, spectral feature of.[8yclophanes will give critical ué{?EL:seehgﬁomfémllzﬂo e?tﬂ'spggg b\llivsltr?e dathr;totﬂgcshurgg:?att?e rs
aspects. Herein, we report the transient absorption spectra of( D19 )-

radical cations of [3(1,3,5)cyclophane (BCP), [3](1,2,3.4.5)- E]S)I Weret %xidilzed taccRoér:(Ijing to the following scheme in
cyclophane ([gICP), and [3]CP (Figure 1). For generation of alogenated solvents (REI)
the radical cation, we employed pulse radiolysis, because

WnW—> ot B *
radiolysis generates a strong oxidant capable of oxidizing various RCI RCI™ +e, RCI 1)
organic compounds.In the haloalkane solvents employed, e +RCI—R +CI” (2)
, RCI"—R"+cCr (3)
* Author to whom correspondence should be addressed. E-mail:
majima@sanken.osaka-u.ac.jp. RCI* — R + CI’ (4)
T Osaka University. o "
*Kyushu University. RCI" +S—S" + RCl (5)
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Figure 2. (a) Transient absorption spectra of]BP (1.0 x 1072 M) Figure 3. (a) Transient absorption spectra of](BP (1.0 x 1072 M)
in 1,2-dichloroethane at 50 ns (solid line) ang$ (broken line) after in 1,2-dichloroethane at 50 ns (solid line) ang$ (broken line) after

8-ns pulse irradiation during pulse radiolysis. Spectrum indicated by 8-ns pulse irradiation during pulse radiolysis. Spectrum indicated by
gray was measured at 50 ns after the pulse during the pulse radiolysisgray was measured at 50 ns after the pulse during the pulse radiolysis
of [33]CP (2.0x 1072 M). Spectrum is normalized. (b) Kinetic traces  of [35]CP (2.0 x 1073 M). Spectrum is normalized. (b) Kinetic traces

of AO.D. at 500 and 730 nm. of AO.D. at 470 and 700 nm.

In the present paper, we employed 1,2-dichloroethane as a @ 0.20
solvent for pulse radiolysis. Concentration of the substrate was 0.15

1.0 x 102 M. Because of poor solubility of ECP in a
1,2-dichloroethane, dichloromethane was used as a solvent for 2 0.10
[3¢]CP, of which concentration was2.0 x 1073 M. The sample 0.05
solutions were deoxygenated by bubbling with argon for 30 min. 0.00
All measurements were carried out at room temperature. ’
Results and Discussion ()
Figure 2 a shows the transient absorption spectra g§CB 0.2
in 1,2-dichloroethane during pulse radiolysis. The spectrum of a 01r
[33]CP at 50 ns after the pulse irradiation exhibited the sharp o 00 : : : : :
and broad peaks at 510 and 730 nm, respectively. The absorption < oz2r 680 nm
band at 510 nm was assigned to the local excitation band of 0.1 | ' . . '
radical cation of [3|CP from the spectral similarity with the 0O 5 10 15 20 25

radical cation of mesitylene under the condition where the dimer

formation is prohibited such as in low-temperature gfa®m Figure 4. (a) Transient absorption spectra o3P (<2 x 10°° M)

the other hand, the absorption band (3> at 730 nm can be i, gichioromethane at 50 ns (solid line) and:s (broken line) after
assigned to a charge resonance band because it is well-knowrg-ns pulse irradiation during pulse radiolysis. (b) Kinetic traceS®fD.

that dimer radical cation generated by warming and refreezing at 515 and 680 nm.
of low-temperature glass exhibits a charge resonance band in
near-IR regior:8 The observation of the charge resonance band those reported for the dimer radical cation of benzene deriva-
due to the intramolecular dimer radical cation formation can tives. For example, the peak positions of the charge resonance
reasonably be attributed to the structure of]¢®, in which bands of dimer radical cations of benzene, mesitylene, and
two benzene rings are fixed at the close proximity. Similarly, hexamethylbenzene were reported to be 926, 1042, and
[35]CP and [3]CP radical cations revealed their respective local 1351 nm, respectively Furthermore, charge resonance bands
excitation bands at 501 and 519 nm, while their charge of the [2,2](1,4)cyclophane and diphenylpropane were 1162
resonance bands appeared at 696 and 667 nm, respectiveland 1250 nm, respectivelyThe stabilization energie€¢g)®
(Figures 3 and 4). of intramolecular dimer radical cations of;]@P, [3]CP, and
The transient absorption spectra of][3P and [3]CP were [36]CP were estimated to be 82.0, 86.0, and 89.7 kJ Mol
also measured by reducing concentration of the substrates tarespectively, which are larger than those of the abovementioned
2.0 x 1073 M. As shown in Figures 2 and 3, the spectral shapes dimer radical cations of benzene derivatives by 7.3
were independent of concentration, indicating that the intermo- 45.4 kJ mot?, indicating that the [Jcyclophanes form the
lecular dimer formation (i.e., (RCP* + [3,]CP— ([3r]CP)") highly stabilized intramolecular dimer radical cations.
can be ruled out under the present experimental conditions. As It has been reported for aromatic hydrocarbons in low-
for [36]CP, intermolecular dimer formation is also assumed to temperature glass that an increase of the molecular size decreases
be negligible because of its lower solubility. Thus, the dimer Ecr because the electronic repulsion increases the equilibrium
radical cation observed in Figures-2 can be attributed solely  distance between the molecul@$:urthermore, the most stable
to the intramolecular dimer radical cation. structure of intramolecular dimer radical cation of dinaphthyl-
It should be stressed that the absorption peaks of the charggoropane is not the conformation that gives “total overlap” of
resonance bands appeared at shorter wavelength compared tthez-electron systems because of the electronic repufditm.

Time /10°%s
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Figure 5. Distance () dependence on the stabilization enerByq). Figure 6. Oxidation potential E,) dependence on the peak position

the present [dcyclophanes, two benzene rings are fixed at the °f 1€ charge-transfer complekigr).

conformation in which the total overlap configuration is the only the substrate to the chlorine atom generated from the solvent.
possible structure. Thus, the interaction between the two benzenelhus, the slow generation of the charge-transfer complex in the
rings plays an important role in the stabilization of the dimer microsecond regime (Figures 2b, 3b, and 4b) can be attributed
radical cation. The distance between the two benzene rings ofto the collisional process between the radical cation and the
[33ICP, [3]CP, and []CP in the charge-transfer complex with ~ chloride ionz® _ .
tetracyanoquinodimethane (TCNQ) derivatives were reported  The difference of the absorption peaks accompanying the
to be 3.113.12, 2.94-3.02, and 2.94 A, respectivetywhich complex formation was estimated to be 0.47, 0.14, and
is shorter than the distance supposed for the cofacial stacks 0f0-16 eV for [3]CP, [3]CP, and [3]CP, respectively, indicating
the aromatic rings (3:23.5 A)_lZ Furthermore, thé&cg value substantial charge slh|ft in §ECP. As seen in the sp'ectra of

of [3q]cyclophanes became larger as the distance between thd3s]CP and [3]CP (Figures 3a and 4a), the absorption bands
two benzene rings decreased. Therefore, it can be concludedlue to local excitation and charge resonance remained even after
that shorter interannular distance of]iS/clophanes stabilizes ~ formation of the charge-transfer complex, while local excitation

the intramolecular dimer radical cation. and charge resonance bands disappeared after charge-transfer
The charge resonance band can be attributed to the transitioreomplex formation in [3CP (Figure 2a). In [§CP and
between the states expresseddas= (1/v/2)(@(Mat)p(Mg) [36]CP, absorption bands due to local excitation, charge

+ @(Ma)@(Mg™)), where ¢(Ma) and ¢(Mg) are the wave resonance, and charge-transfer complex decayed over several

functions of neutral molecules in the dimer radical cation and hundred microseconds. From these findings, the formation of

superscript+ indicates the radical catiof® From the electron-  the charge-transfer complex is plausibly an equilibrium with

exchange interaction, tH&:r value can be expressed &gz [ the radical cation for [JCP and [3]CP (eq 7):

exp(=pr), wheref andr are a constant and distance between Cl-

the benzene rings, respectivéfy1® In Figure 5, InEcr) was

plotted againstr value reported for the 1:1 charge-transfer GED c <

complex of [3]cyclophanes and 2,3,5,6-tetrafluoro-7,7,8, +CI — ‘ 7

8-tetracyanoquinodimethane (TCNQ)-E16 As shown in Figure ‘a (8/4 @

5, a plausibly linear relation was observed betweeBdg(and

r. The value was estimated to be 0.5 A By applying the The peak position of the charge-transfer band shifted to the

estimated relation between E{r) andr to the dimer radical longer wavelength side as the number of trimethylene bridges

cations of benzene and mesitylene, interannular distances weréncreased (427, 473, and 486 nm for][BP, [3]CP, and

evaluated to be 3.59 and 3.82 A, respectively, which agreed [3¢]CP, respectively). It is well established that the absorption

well with the values expected for the intermolecular dimer band of the charge-transfer complex of the halogen atom and

radical cations, indicating that the formation of highly stabilized the aromatic molecule shifts to the longer wavelength side as

dimer radical cation of [Jcyclophanes is attributable to the the donor ability increasé$.In the present [dcyclophanes,

shorter distance between the two benzene rings. the oxidation potentialsEx) were reported to be 1.31, 0.87,
At 5 us after the pulse irradiation, a new transient absorption and 0.73 V versus Ag/AgCl for EJCP, [3]CP, and [3]CP,

band appeared around 43890 nm as seen in Figures 2a, 3a, respectively’ The linear relation between tli&y and the peak

and 4a. The absorption band can be assigned to the chargeposition of the charge-transfer banvér) was confirmed as

transfer complex of [Jcyclophane and chlorine atoff.2° shown in Figure 6. Thus, it can reasonably be concluded that

Since the similar absorption band was also observed whenthe peak shift is caused by the stabilization of the charge-transfer

carbon tetrachloride was used as a solvent, the contribution ofcomplex.

haloalkyl radicals such as,8,4Cl* can be ruled out from the

origin of the 436-490 nm band. Thus, the slow generation of Conclusions

the charge-transfer complex in the microsecond regime (Figures

w ted that th dical cations ofy]iS/clophanes
2b, 3b, and 4b) is attributed to the following reaction: © repore a the radica I nlEyclop

showed a charge resonance band which indicates the high
Cl- stabilization of the intramolecular dimer radical cation as the
number of the trimethylene bridges increased. The significant
&>, ) stabilization can be attributed to the shorter distance between
‘ +CI — (6) the two benzene rings. Formation of the charge-transfer complex
(@ with the chlorine atom was also confirmed.

Formation of the charge-transfer complex in the early stage Acknowledgment. We thank the members of the Radiation
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