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The C(9)—C bond of 9-(1-naphthylmethyl)-10-methyl-9,10-dihydroacridine (AcrHR) is readily cleaved by HCIO, in acetonitrile
(MeCN) under irradiation of the absorption band of AcrHR to yield RH and AcrH*. The dependence of the fluorescence
maximum on solvent dielectric constant indicates a highly polar singlet excited state with the dipole moment of ca. 15.6
D, while the fluorescence maximum of 9,10-dihydro-10-methylacridine (ActHy,) is insensitive to the solvent. The fluorescence
of AcrHR is efficiently quenched by HCIO, with the rate constant of 8.6 X 10° M™! 5! in MeCN at 298 K. The same quenching
rate constant has been obtained from the dependence of the quantum yields on [HC1O,] for the photoinduced cleavage of
the C-C bond of AcrHR by HCIO, in MeCN at 298 K. Thus, the photoinduced intramolecular charge transfer from the
acridine moiety to the naphthalene moiety in AcrHR results in the generation of the highly polarized C-C bond which is
susceptible to the cleavage by HCIO,. The C(9)—C bond of AcrHR is also cleaved upon the intermolecular electron-transfer
oxidation of ActHR by Fe(ClO,), and Fe(phen);** (phen = 1,10-phenanthroline) in MeCN to yield AcrH*, while the C(9)-H

bond is cleaved in the case of AcrH,.

Introduction

Since the carbon—carbon bonds are normally stable toward
acids, super acids have been required to cleave the C-C bonds.!
Thus, no electrophilic cleavage of the C-C bonds of neutral organic
compounds has so far been reported, although cleavage of C-C
bonds in organic radical cations has recently attracted considerable
attention.> On the other hand, the photophysics of intramolecular
photoinduced electron transfer in many molecules where the donor
and acceptor are linked together has been studied extensively.*$
However, no photochemistry on the C~C bond cleavage accom-
panied by intramolecular electron transfer has so far been reported.
We wish to report herein the photoinduced cleavage of the C-C
single bond of 9-(1-naphthylmethy)-10-methyl-9,10-dihydro-
acridine (AcrHR) by perchloric acid (HCIO,) in acetonitrile
{(MeCN) via intramolecular electron-transfer excitation.” The
C~C bond cleavage upon the intermolecular electron-transfer
oxidation by Fe(ClO,); and Fe(phen),>* is also examined in
comparison with the C—H bond cleavage upon the electron-transfer
oxidation of 9,10-dihydro-10-methylacridine (AcrH,). The
mechanism of the photoinduced cleavage of the C—C bond by
HCIO, is discussed in relation with that of the cleavage by the
intermolecular electron-transfer oxidation.

Experimental Section

Materials. 9,10-Dihydro-10-methylacridine (AcrH,) was
prepared from 10-methylacridinium iodide (AcrH*I™) by reduction
with NaBH, in methanol and purified by recrystallization from
ethanol.® 10-Methylacridinium iodide was prepared by the re-

action of acridine with methyl iodide in acetone, and it was
converted to the perchlorate salt (AcrH*Cl0Q,") by the addition
of magnesium perchlorate to the iodide sait, and purified by
recrystallization from methanol.’® 9-(1-Naphthylmethyl)-10-
methyl-9,10-dihydroacridine (AcrHR) was prepared by the
photoreduction of AcrH*CIO,” with RCOOH in the presence of
NaOH in H,0-MeCN as reported previously.'® The purity of
AcrHR thus obtained was checked by elemental analysis and 'H
NMR spectra. Anal. Caled for C,sHy N [AcrH(1-CH,C,H)]:
C, 89.5;H,6.3; N, 4.2. Found: C, 89.2;H, 6.3; N, 4.2. 'HNMR
(CD,CN) 6 3.30 (d, 2 H), 3.42 (s, 3 H), 4.36 (t, 1 H), 6.8~8.0
(m, 15 H). Tris(1,10-phenanthroline(iron)(III) hexafluoro-
phosphate, [Fe(phen);](PF);, was prepared by oxidizing a solution
of the iron(II) complex with ceric sulfate in an aqueous solution
containing H,SO,.!' Iron perchlorate [Fe(ClO,);:9H,0] and
perchloric acid (HCIO,, 70%) were obtained commercially.
Acetonitrile used as a solvent was purified and dried by the
standard procedure.'?

Reaction Procedure. The photoinduced cleavage of the C-C
bond of AcrHR by HCIO, was monitored using a '"H NMR
spectrometer. Typically, AcrHR (2.4 X 10~ mol) was added to
an NMR tube which contained deaerated CD,CN solution (0.60
cm®) of HCIO, (0.30 M) and H,0O (1.2 M). After the reactant
solution in the NMR tube was thoroughly degassed by repeated
freeze-pump~thaw cycles, the NMR tube was sealed under
vacuum and then irradiated with light from a Ushio Model
UI-501C xenon lamp for 40 h. In the case of the electron-transfer
oxidation of AcrHR, Fe(ClO,); or Fe(phen),** (4.0 X 1072 M)

0022-3654/92/2096-8413803.00/0 © 1992 American Chemical Society
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Figure 1. Plot of 7o/7 vs [HCIO,] for the quenching of 'AcrHR* by
HCIO, in deaerated MeCN containing H,O (0.50 M) at 298 K.

was added to an NMR tube which contained CD;CN solution
(0.60 cm?®) of AcrHR (4.0 X 102 M) under an atmospheric
pressure of argon. The oxidized products of AcrHR were iden-
tified as 10-methylacridinium ion (AcrH*) and alcohols (ROH)
or 9-(1-naphthylmethyl)-10-methylacridinium ion (AcrR*) and
H* by comparing the 'H NMR spectra with those of the authentic
samples. The '"H NMR measurements were performed using a
Japan Electron Optics JNM-PS-100 (100 MHz) and JNM-
GSX-400 (400 MHz) NMR spectrometers. 'H NMR (CD,CN):
AcrH*ClO, 6 4.76 (s, 3 H), 7.9-8.8 (m, 8 H), 9.87 (s, 1 H).
Acr(1-CH,C,,H;)*ClO,: & 4.80 (s, 3 H), 5.72 (s, 2 H).

Quantum Yield Determinations. A standard actinometer (po-
tassium ferrioxalate)!® was used for the quantum yield deter-
mination of the photochemical reaction of AcrHR with HCIO,.
A square quartz cuvette (10 mm i.d.) which contained an MeCN
solution (2.0 cm?) of AcrHR (5.0 X 10~ M), HCIO, (5.0 X 1073
to 1.0 X 107! M), and H,O (0.50 M) was irradiated with
monochromatized light of A = 300 nm from a Hitachi 650-10S
fluorescence spectrophotometer. Under the conditions of acti-
nometry experiments, both the actinometer and AcrHR absorbed
essentially all the incident light of A = 300 nm. The light intensity
of monochromatized light of A = 300 nm was determined as 3.5
X 107 einstein dm™3 57! with the slit width of 20 nm. The pho-
tochemical reaction was monitored using a Shimadzu UV-160
A spectrophotometer. The quantum yields were determined from
the increase in absorbance due to AcrH* (A, = 358 nm, €.,
= 1.8 X 10* M~ cm™).

Fluorescence Measurements. Fluorescence measurements were
carried out on a Shimadzu RF-5000 spectrofluorophotometer. The
fluorescence spectra of AcrHR were measured in various solvents.
Fluorescence lifetimes were measured using a Horiba NAES-1100
time-resolved spectrofluorophotometer. In the quenching ex-
periments, the excitation wavelength of AcrHR was 300 nm which
excites AcrHR selectively. Relative fluorescence lifetimes were
measured for MeCN solution containing AcrHR (5.0 X 1075 M),
H,0 (0.50 M) and various concentrations of HCIO, (1.0 X 107
to 1.0 X 1072 M). The Stern—Volmer relation (eq 1) was obtained
between the ratio of the lifetime in the absence and presence of
HCIO, (r¢/7) and [HCIO,].

ro/7=1+ quO[HCIO4] ()

Kinetic Measurements. Kinetic measurements were performed
on a Union RA-103 stopped-flow spectrophotometer at 298 K.
Decay of transient radical cations (AcrH,"* and AcrHR**) formed
in electron transfer from AcrH, and AcrHR (1.0 X 10 M) to
Fe(phen);3* (5.0 X 107 M) or Fe(ClO,); (1.5 X 1073 M) in
deaerated MeCN was followed by measuring the disappearance
of the absorbance at A,,; = 640 and 690 nm due to AcrH,"* and
AcrHR**, respectively. The first-order decay kinetics was ana-
lyzed using a Union System 77 computer.

Theoretical Calculations. The theoretical studies were per-
formed using the PM3 molecular orbital method.'*!> The MO-
PAC program (QCPE No. 455), which was revised as OS/2
Version 5.01 to adapt for the use on a NEC PC computer, was
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Figure 2. Dependence of ¢ on [HCIO,] for the photoinduced C~C bond
cleavage of AcrtHR (5.0 X 10 M) by HCIO, in deacrated MeCN
containing H,O (0.50 M) at 298 K. The solid line is drawn by using eq
3 in which k; = 8.6 X 10° M 57!, 7, = 21.5 ns, and ®. = 0.059.

obtained through the Japan Chemistry Program Exchange
(JCPE).!'* The structural output was recorded by using the
MOPC program (JCPE No. P038). Final geometries and en-
ergetics were obtained by optimizing the total molecular energy
with respect to all structural variables.

Results and Discussion

Photoinduced Cleavage of the C—C Bond of AcrHR by HCIO,,.
9-(1-Naphthylmethyl)-9,10-dihydroacridine (AcrHR) shows no
reactivity toward HCIO, in deaerated MeCN in the dark. When
a deaerated MeCN solution of AcrHR containing HC1O, and
H,O0 is irradiated with a xenon lamp, however, the C—C bond of
AcrHR is readily cleaved to yield 1-methylnaphthalene (RH) and
AcrH* (eq 2).!" The yield of AcrH* was the same as that of RH
(86%) in 40 h irradiation with a xenon lamp at 298 K.

H R
+ hv
e
|
Me (AcrHR)

N
|
Me (AcrH ") @

The excitation in the absorption band (A, = 283 nm) of a
deaerated MeCN solution of AcrHR results in fluorescence (A,
= 452 nm). The fluorescence lifetime (7, = 21.5 ns) of 'AcrHR*
in the absence of HCIO, in deaerated MeCN containing H,O
(0.50 M), determined by a single photon counting technique, is
much longer than that of 9,10-dihydro-10-methylacridine
(‘AcrH,*: 7, = 7.0 ns).!® The 7 value at 298 K decreases with
an increase in [HCIO,]. The Stern—Volmer plot (ro/7 vs
[HCIO,)) gives a linear correlation as shown in Figure 1, indicating
that a dynamic quenching of the singlet excited state (! AcrHR*)
by HCIO, occurs efficiently. It was confirmed that no protenation
of AcrHR occurred in the ground state in the presence of HCIO,
in MeCN containing H,O (0.50 M).!? From the slope in Figure
1, the quenching rate constant is obtained as 8.6 X 10° M™! 57!
at 298 K.

The quantum yields ($) of the photoinduced cleavage of the
C—-C bond of AcrHR by HCIO, in MeCN were determined from
the increase in the absorbance due to AcrH* (A, = 358 nm).
The & value increases with an increase in [HCIO,] to reach a
limiting value (®..) as shown in Figure 2. Such saturated de-
pendence of & on [HCIO,] is expressed by eq 3, where kg is the

Q,,quo[HCIOd
=15 kqro[HCIO,]

quenching rate constant of 'AcrHR* and 7, is the fluorescence
lifetime in the absence of HCIO,. The solid line in Figure 2, drawn

3



Photoinduced Cleavage of the C—C Bond of AcrHR

TABLE I: Fluorescence Maxima (A,,,) of ActH; and AcrHR in
Various Solvents with the Solvent Parameter Af

Amax(AcrH,), Amax(AcrHR),
solvent AP nm nm
CeHg 0.120 350 380
CH;CO,C,Hs  0.292 354 410
CH,Ci, 0.307 357 432
C,H,OH 0.379 359 447
CH,CN 0.392 362 452

IAf = [(e- 1)/(2 + 1) - (n? - 1)/(4r + 2)].
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Figure 3. Plots of the fluorescence maxima (vp,,) of AcrHR (O) and
AcrH, (®) in various solvents in Table I (CsHg, MeCOOEt, CH,Cl,,
EtOH, MeCN) vs Af = [(e - 1)/(2¢ + 1) - (n* - 1)/(4r* + 2)].

by using eq 3, agrees well with the experimental results. Thus,
the photoinduced cleavage of the C—C bond of AcrHR by HCIO,
proceeds via the singlet excited state 'AcrHR*.
Intramolecular Charge-Transfer Excitation. The fluorescence
from !AcrHR* is highly solvatochromic as compared to AcrH,.
The strong red shifts are observed for A, of !AcrHR* in going
from a nonpolar solvent (benzene) to a highly polar solvent
(acetonitrile), while small shifts are observed for !AcrH,* as shown
in Table I. The dipole moment of the excited state can be
estimated by eqs 4 and 5, where A is the Planck’s constant, ¢ is

Vmax = Vmax(o) - 2“e2Af/hca3 (4)
Af=[(e-1)/Qe+ 1) -(P-1)/(4n* +2)]  (5)

the speed of light, v, is the fluorescence maximum in a solvent
of dielectric constant ¢ and refractive index », v, (0) is the
fluorescence maximum in the gas phase, and . is the excited-state
dipole moment.? The slope of a plot of v,,, vs Af gives the value
of 2u.2/a® in which a is the effective radius of the solvent shell
around the molecule that is usually taken as 40% of the major
axis for an approximately ellipsoidal solvent cavity. The highly
polar nature of 'AcrHR* is demonstrated by the plots of vy, Vs
Af'in Figure 3, where the slope for 'AcrHR* is much larger than
that for !AcrH,*. By using the reported a value of 9-(p-N,N-
diethylanilino)anthracene (5.4 X 107'° m) which has a similar
molecular size to AcrHR, the excited-state dipole moment of 15.6
D for 'ActHR* is derived from the large slope in Figure 3. The
large magnitude of the excited-state dipole moment is consistent
with an intramolecular charge-transfer (ICT) state from the
acridine to the naphthalene moiety in !AcrHR*.2'"% In fact, the
position of the ICT fluorescence maximum in MeCN (A, = 452
nm, hv,,, = 2.74 eV) agrees well with the predicted value derived
from the redox potentials of each component in MeCN (vide
infra).

The one-electron-oxidation potential (ES, vs SCE) of AcrH,®
and the one-electron-reduction potential (E?,d vs SCE) of naph-
thalene?* are reported to be 0.80 and -2.58 V, respectively. Thus,
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Figure 4. Atomic orbital coefficients in the HOMO and LUMO orbitals
of AcrHR, calculated by the PM3 method.

SCHEME 1
- AcrH® + RH
ActHR e TACH R -2 Y(AcrH RH)™
W H* ActHR + H'
AcrHR

the energy required for electron transfer from AcrH, to naph-
thalene is 3.38 eV in MeCN. In the ICT state of !AcrHR* the
acridine moiety and naphthalene moiety are connected by the CH,
group. In such a case the electrostatic interaction in the radical
cation/radical anion pair in 'AcrHR* should be taken into ac-
count. Suppan®’ has derived the electrostatic interaction for a
contact ion pair in a highly polar solvent such as MeCN expressed
by —?/4r, in which 7 is the distance between the charge centers.26?’
The r value can be taken from the center of the acridine ring to
the center of naphthalene ring, which is obtained as 5.5 A from
the optimized structure of AcrHR calculated by the PM3 method.
From the 7 value is estimated the electrostatic interaction energy
between the charge centers of the ICT as 0.65 eV in MeCN. Thus,
the energy required for electron transfer between the acridine and
naphthalene moieties in MeCN is estimated as 3.38 - 0.65 = 2.73
eV, which is compatible with the observed emission energy from
the ICT state (2.74 eV). Taking the ground-state Franck—-Condon
energy into account, however, the electrostatic interaction energy
mentioned above (0.65 V) may be somewhat overestimated. The
PM3 molecular orbital calculation also supports such a complete
ICT state as follows. The coefficients of the atomic orbitals in
the HOMO of AcrHR are located mainly in the acridine moiety
and essentially none in the naphthalene moiety as shown in Figure
4. This is completely reversed in the LUMO which is located
in the naphthalene moiety.

Cleavage of the C—C Bond of AcrHR Accompanied by the
Electron-Transfer Oxidation. When AcrHR is oxidized by Fe-
(ClO,); in deaerated MeCN, the C(9)-C bond of AcrHR is
cleaved to yield 10-methylacridinium ion (AcrH™; 83% yield) and
R* (eq 6). The carbonium ions R* formed primarily may react
with H,O contained in MeCN to yield mainly the corresponding
alcohol (see Experimental Section). The C(9)-H bond is also
cleaved in the electron-transfer oxidation to yield 9-(1-
naphthyimethy)-10-methylacridinium ion (AcrR*; 17% yield),
eq 7. The electron-transfer oxidation of ActrHR by Fe(phen),**
also results in the cleavage of the C(9)-C bond (65%) and C(9)~H
bond (35%). In the case of AcrH,, the electron-transfer oxidation
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results in the cleavage of the C(9)-H bond to yield AcrH*.

We have previously reported that mixing an MeCN solution
of Fe(Cl0,); with AcrH, in a stopped-flow spectrophotometer
results in an instant appearance of a new absorption band at A,
= 640 nm due to AcrH,**.?*?° The decay time of AcrH,'* is
suitable for reasonably accurate measurements of the absorbances
obtained immediately after mixing the reagents. The transient
ESR spectrum of AcrH,** formed by the electron-transfer oxi-
dation of AcrH, has also been detected by applying a rapid-mixing
ESR technique.?? When AcrH, is replaced by AcrHR, the ab-
sorption spectrum of ActHR** (A,,,, = 690 nm) is red-shifted as
compared with that of ActH,**. The AcrHR** decays obeying
the first-order kinetics. The first-order decay rate constant of
AcrHR** is determined as 1.7 X 10% 57!, which is significantly
larger than that of AcrH,** (3.8 s7').3° The facile cleavage of
the C(9)—C bond of AcrHR** to yield AcrH* and R* (eq 8) may
be responsible for the faster decay of AcrHR** than AcrH,"* in
which the C(9)-H bond is cleaved (eq 9). In each case AcrH*
is further oxidized by Fe’* to yield AcrH* (egs 6 and 7).

AcrHR'* — AcrH® + R* (8)
ActH,* — AcrH* + H* %)

Mechanism of Photoinduced Cleavage of the C-C Bond of
AcrHR by HCIO,. Based on the above discussion, the reaction
mechanism for the photoinduced cleavage of the C-C bond of
AcrHR may be summarized as shown in Scheme I. The exci-
tation of AcrHR results in the formation of the highly polarized
singlet excited state ('AcrH*R*). The C(9)-C bond is signif-
icantly weakened by the intermolecular electron-transfer oxidation
and thus, readily cleaved to yield AcrH® and R* (eq 8). Thus,
in the intramolecular electron-transfer state as well the C(9)~C
bond may be weakened significantly. In addition, the naphthalene
moiety which accept an electron from the acridine moiety by the
intramolecular electron-transfer excitation may be readily pro-
tonated and, thus, the C(9)—C bond is susceptible to cleavage by
HCIO, (Scheme I). In such a case the limiting quantum yield
(®..) may be determined by the competition between the cleavage
of the C—C bond and the decay to the ground state accompanied
by the deprotonation (Scheme I).
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