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Abstract

Photooxygenation of acenaphthylene (AN) sensitized by cyano-anthracenes was carried out in acetonitrile. The reaction leads to t
initially-formed three precursors including acenaphthenone (ANO), acenaphthenequinone (A€)-@inter of AN (c-DAN). Each
precursor undergoes a distinct sequential photooxygenation process, affording a series of carbonyl-containing products. The stud
including product distribution, solvent-dependence, enhancement effect of biphenyl and fluorescence quenching etc. indicate that the ti
reactions proceed via a parallel three-sequence process in which the main pathways involve electron transfer mechanism. ©1999 Else\
Science S.A. All rights reserved.
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1. Introduction facile DCA- or CNA-sensitized photooxygenation in ace-

tonitrile, furnishing entirely different carbonyl-containing
The electron transfer (ET) photooxygenations of products such as the 1-monoketone, 1,2-diketone (quinone),

electron-rich aromatic compounds initiated by electron- hydroxylactone and 1,2 -anhydride of AN. Both chemi-

deficient cyanoaromatics have received increasing attentioncal and spectrometric studies reveal that the title reaction

in recent years [1-3]. The fused aromatic hydrocar- proceeds via a parallel-sequence process in which main

bons are known to react usually with singlet oxygen pathways involve the electron transfer mechanism.

(10,) [4], whereas their ET types of photooxygena-

tions were less studied. Tokumaru et al. found that the

CCT (contact charge transfer) photooxygenations of 2. Experimental details

multi-methyl naphthalenes (MW, n=2, 4) led to the

endoperoxide formation by 1,4-cycloaddtion of the aro- 5 1 Reagents

matic ring with 1O, [5]. Santamaria reported that the

photooxygenation of 1,4-dimethylnaphtha|ene. sensitizeq DCA and CNA (Aldrich chemicals) were recrystallized

by 9,10-dicyanoanthracene (DCA) proceeded via competi- o tojuene, respectively. Biphenyl (BP) was recrystal-

tion between ET andO; pathway [6]. However, Takeshita |i,eq from alcohol, m.p. 69—7C. Acenaphthylene (Fluka)

reported that the dye-sensitized photooxygenation of ace-, oo purified by repeated treatment of AN-picric acid com-

naphthylene (AN) in methanol gave rise to #@-derived plex according to the literature [8], m.p. 90=@l (ref.

products includingis/trans-1, 2-diols and the corresponding 92-93C). Acenaphthenone was obtained by a selective

1/2—m(_athoxy derivatives [7]. In this work, photooxygenation oxidation of acenaphthene with C5Q9,10]. The crude

of AN in the presence of DCA or 9-cyanoanthracene (CNA) q,,ct was recrystallized from benzene/ cyclohexane, m.p.

was further explored. It was found that AN undergoes a 11 190C (ref. 121.0-121%K). IR viax (KBN): 1712 (s,
C=0) cmL; 'H NMR §(CDCl): 3.77 (2H, s), 7.47-8.10

"+ Corresponding author. (6H, m); MS (n/e): 168 (M*). Acenaphthenequinone (AQ)

L present address: Department of Chemistry, Massachusetts Institute ofV@S prepared in accordance with [11] and was recrystal-

Technology, Cambridge, MA 02139, USA. lized from toluene to give a yellow needle crystal, m.p.
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Table 1
Sensitized photooxygenation of AN and product distributions
Entry no. Substrate Sensitizer/solvent Irradiated time (h) Conversion (%) Product ratio (%)
ANO AQ 1 2 3 c-DAN
1 AN None/MeCN 10 51 10 82
2 AN DCA/CgHg 12 7.5 90
3 AN DCA/MeCN 2 17 18 7 50 16
4 AN DCA/MeCN 8 98 5 3 17 15 50
5 AN CNA/MeCN 25 97 3 2 18 16 50
6 ANO DCA/MeCN 20 95 5 35 55
7 ANO DCA/BP/MeCN 9 94 8 32 55
8 AQ DCA/MeCN 5 95 83
9 AQ None/MeCN 3 94 82
10 1 DCA/MeCN 12 96 32 50
11 c-DAN DCA/MeCN 12 90 2 15 10 46

259-260C. MS (we): 182 (M), 154 (Mt—CO, 100%). ples were analyzed by GC (SE-30, 10%, benzil as internal
1,8-(3-hydroxy)s-naphthalene lacton was prepared ac-  standard) to determine the conversion of AN and the product
cording to the literature method [12], recrystallized from ratios of ANO, AQ andl-2. In addition, preparative scale
xylene, m.p. 167-16€ (ref. 169-171C). IR vmax (KBr): of irradiated samples were chromatographed on silica-gel
3276 (s, OH), 1680 (s, ®) cm1; 'H NMR §(CDCl): column with an initial elution of cyclohexane-ethyl acetate
6.92 (s, 1H), 7.60-7.72 (m, 3H), 7.97 (d, 18+ 8.1 Hz), to isolatec-DAN, the recovered AN and products (ANO,
8.16 (d, 1H,J=8.1Hz), 8.44 (d, 1H,J=6.9Hz); MS AQ, 1-2), then with a final elution of methanol to obtain
(m/2): 200 (M™), 155 (100%).Cis-dimer of acenaphthy-  the oxidized oligomeB (m/e> 1000). The identifications of
lene €-DAN) was obtained by photo-dimerization of AN these isolated compounds were made by conventional spec-
under oxygen atmosphere in hexane. The crude producttrometry methods (IR, NMR and MS) and compared with
was recrystallized from hexane/benzene, m.p. 2302232 the authentic compounds prepared according to the litera-
(231-233.8C [13]). Solvents for photolysis and spectro- ture as described in Section 2.1. The amountsDBAN and
metric experiments were purified and distilled before use. 3 based on silica-gel chromatograph isolation were further
taken into determination of the overall product ratios. The
22 Instruments data for the experiment entry 1-11 are listed in Table 1.

Shimadzu UV-240, Nicolet FT-5DX IR, Perkin—Elmer
LS-50 fluorophotometer, Bruker AM-400 NMR and Finni-
gan 4021 GC-MS spectrometers were employed in this
work. The transie_nt fluorescence de_cay and lifetime Were 3 1 - gensitized photooxygenation of AN and stepwise
detected on Horiba NAES-1100 single-photon counting pattern
transient fluorophotometer. Redox potentials were mea-
sured on HPD-1A cyclic voltammogram instrument by
using Pt-Pt-SCE three-electrode system. Shimadru-9A
gas chromatograph was used with packed column (SE-30,
10%) and flame ionization detector. Quantum vyields for the
consumption of AN or ANO were measured using potas-
sium ferrioxalate actinometry, in which conversions of the
substrates were controlled to about 10%.

3. Results and discussion

The photooxygenations of AN (4 10~2 mol dmi—3) sen-
sitized by DCA or CNA (4x 10~* mol dm~3) were carried
out in acetonitrile. The reactions completed in 8-25h and
afforded merely the carbonyl-containing derivatives of AN
such as acenaphthenone (ANO), 1,2-acenaphthenequinone
(AQ), 1,8-(3-hydroxy)s-naphthalene lactonel, and
1,8-naphthalene dicarboxylic anhydridealong with an
oxidized oligomer3 (m/e> 1000) as shown in Scheme 1
2.3. Photooxygenation procedures and entry 4, 5 in Table 1. However, no photooxygenation

but dimerization of AN were observed when the experi-

DCA- and CNA-sensitized photolysis experiments of en- ment was performed in benzene (entry 1, see later discus-
try 1-11 (Table 1) were carried out in a Pyrex-glass reac- sion). This implies that the title reaction may involve ET
tor attached with a water-cooled jacket. Light source was processes.
a 500 W medium-pressure mercury lamp with an automatic It can be seen that the products are entirely different as
controller. The tested sample solution in a Pyrex-glass tubecompared to the reportetD,-derived reaction of AN in
was irradiated with continuous oxygen bubbling. The reac- methanol sensitized by rose bengal (RB) in which the prod-
tion progress was monitored by TLC and the irradiated sam- ucts were cigtrans-1,2-dihydroxyacenaphthene and their
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° O ON° P This novel finding indicates the existence of a second reac-
. hv/ Sens tion sequence: AN> ¢-DAN — ANO — 1 — 2 in the title
seb_leoNeoRRIE":
Furthermore, the data in entry 3-5 indicate that a minor
ANO 1 2

product AQ was produced during the reaction. Nevertheless,
qguinone AQ was not found in the controlled photooxygena-
Scheme 2. tions of either ANO orc-DAN sensitized by DCA in MeCN
(see entry 6, 11). These imply that AQ is most likely to be
) _ generated directly from AN rather than from the precursors
mono-methy! ethers [7]. Besides, the report€ reaction  ANO andc-DAN. In addition, further photooxygenation of
of AN proceeds much slower than the title reaction of this AQ in either present or absence of DCA (entry 8, 9) led to
work. _ direct formation of the anhydrid2without passing through
In our recent work [14,15], it was demonstrated that the the stage ofl. Therefore, the third reaction sequence can
mono-ketone ANO underwent a facile DCA-sensitized pho- e expressed as AN AQ — 2. Schuster also reported that
tooxygenation (entry 6) to give the hydroxy-lactohean-  AQ was readily oxidized t@ by auto-oxidation in CHCl,
hydride 2 and oligomer3. Whereas the photooxygenation [16]. To verify this postulate, the title reaction was con-
of 1 in turn gave rise easily t@ and 3 under the same  yrqjied to a lower conversion of AN, e.g. 17% (entry 3). The
conditions (entry 10). In other words, both the control ex- eaction gave the major productsPAN (16%) and ANO
periments indicated that the reaction takes place with a S€-(18%), along with AQ (7%). Whereas, the yields of ANO
guential manner, which can be referred as the_ first sequenceyng AQ decreased considerably at high conversion of AN,
: AN — ANO — 1— 2. Furthermore, the reaction of ANO  anqc-DAN disappeared (entry 4, 5). All above results have
was proved to undergo a PET pathway, in which ANO &nd gy cidated that the simultaneous formations of the three pre-
as electron donors react with the electron-accepting Si”9|etcursors, monoketone ANO, quinone AQ atiDAN, com-
'DCA (Scheme 2). _ o pete each other in the initial stage of the reaction. Each
In order to examine further the whole product origins, nrecursor undergoes a subsequent competing sequence pho-
more control tests were performed, in which the reactions 4oxygenation. This parallel three-sequence process is sum-
were conducted to different stages by controlling the reaction ,5rized in Scheme 3.
conversions. The results are summarized in Table 1. By comparison of the above observations it can be seen
Interestingly, the results of entry 1 and 2 show that when 5t the sequence 1 is likely faster than the sequence 2 and

irradiation on AN under oxygen atmosphere were carried 3, or in other words, the sequence 1 should dominate the
out either in the absence of DCA in MeCN or in the pres- ijtle reaction.

ence of DCA in benzene, the major product was detected

as thecis-dimer of AN (c-DAN). Both the reactions un-

dertook much slower as compared with the DCA-sensitized 3 2 Reaction mechanism
photooxygenation of AN in MeCN (entry 4). These facts in-

dicate that the photo-dimerization of AN occurs, leading to  The above results also reveal that among the three se-

selective formation of-DAN in those cases. Nman.s,_dimer _ quence pathways, sequence 1, 2 and initial step of sequence
of AN (t-DAN) was found under the same conditions. This 3 hrqceed via a possible ET mechanism since we found that
is consistent with the literature reports [8]. It was proved AN, authentic ANO and-DAN do not undergo their charac-

that oxygen can effectively quench the triplet AN that favors iqistic DCA-sensitized photooxygenation in non-polar sol-
formation oft-DAN. Therefore, the singlet ANis predom- vent such as benzene, respectively.

inate to form the singlet excimer, (AN-AN)which leads
to the formation ofc-DAN.

A further DCA-sensitized photooxygenation of the au- 3.2.1. Changes in free energy of PET
thenticc-DAN in MeCN was executed, resulting in the for- The driving force for the primary PET process of the
mations of ANO,1 and?2, in which 1 and?2 are the major  substrates such as AN, ANO areDAN with the singlet
products (see entry 11), no formation of AQ was observed. IDCA can be predicted by the Rehm—Weller formula [17]

Sens = DCA, CNA
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hv / DCA / Oy/ MeCN

AQ

Scheme

Table 2
Free energy change of PET processes of substrate$@4 in MeCN

3.

Substrate E°% V (vs. SCE) AG; (kcalmol?1) kg() (x 10°M~1s7) kg(®) (x 10°M~1s71)
AN 1.62 -8.3 40.1 20.2
ANO 1.78 —-4.7 11.7 10.5
c-DAN 1.89 -2.1 8.0 6.0

where the substrates (AN, ANO andDAN) act as electron
donors (D) in their ground states.

2
AG = |:23.06E°X(D) — E™dA) — (% _ E070:|

The data are listed in Table 2. The oxidation potentials,
E°X(D), of AN, ANO andc-DAN were measured in MeCN
by cyclic voltammetry, being 1.62, 1.78 and 1.89 V versus
SCE, respectively. The reduction potenti&lf¢) and singlet
energy Ep o) of DCA are known to be-0.97 V and 2.89 eV,
respectively, and the value @g/ae in MeCN equals 0.06
[18]. The free energy changAG;, for the primary ET pro-
cess from substrates (AN, AN®,DAN) to IDCA was cal-
culated as—8.3, —4.7 and—2.1kcal mot1, respectively,
which imply that these PET processes are thermodynami-
cally favored.AG; for the secondary ET of DCA .and Q
to yield O*~ is estimated as-3.5 kcal mot? according to
Ee4(0,*~/05) = —0.82 V. Combination of B" and Q*~
leads to the oxidized product. Therefore, the title reactions
could be proposed as follows:

MeCN

—_—

pt + DCAT

2nd ETl 0O,
DO A—K— 0;

2

_hv ipoa AN,

[Dt--DCA™]
1stET

DCA

The driving force for each donor/acceptor pair lies in the
order: AN/DCA >ANO/DCA >c-DAN/DCA. This predic-
tion is in accordance with the preceding chemical evidence
of the predominate sequence 1 (ANANO — 1— 2).

It is unlikely that back electron transfer from O

to D*t such as ANMT, ANO** to regenerate sin-
glet oxygen because it was proved that rose bengal
(a typical singlet oxygen sensitizer [4])-sensitized pho-
tooxygenation of AN gave only non-carbonyl products
such as cigtrans-1,2-dihydroxyacenaphthene and their
mono-methyl ethers [7], which are entirely different to the
carbonyl type of products in our case (see entry 3,4 and 5
in Table 1). Besides, the reporté®, reaction of AN pro-
ceeds much slower than the title reaction of this work. In
Scheme 3, although AN> AQ is an ET process, the PET
of quinone AQ with!DCA is not accessible due to the poor
electron-donating ability of AQ in comparison with ANO
or c-DAN. Therefore, subsequent oxidation of AQ to give
2 should not be ET-initiated reaction.

On the other hand, several studies have revealed that
in PET processes for some aromatic substrates such as
1,1-diphenylethylene, the radical catiotDcan react fur-
ther with the ground D [2,3]. In our case, this competing
pathway, if exists, might induce dimerization producing
D,** or even oligomerization to give (O™ and further
oxygenation of R@** with O,*~ could lead to formation of
the oligomer3.

Alternatively, for a number of electron-rich donors, D,
particularly some aromatic hydrocarbons [3], facile depro-
tonation of D takes place, leading to the formation of,D
due to highly negativelp, of these radical cations. Thus? D
can react with @to give DOC and final products. However,
this situation may not suit our case sind&mf AN** could
be estimated not high enough to undergo deprotonation.
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3.2.2. Fluorescence quenching of DCA by substrates AN BP* DCA™ (o))
The fluorescence quenching of DCA was studied using
both static and transient quenching techniques. It was found
that the fluorescence of DCA in MeCN was effectively
guenched by AN, ANO, and-DAN, respectively. The BCA DCA B
BP W 0;

static and transient quenching rate constépts) andkq(t) AN*
were determined by the Stern—\Volmer plots according to
the Egs. (1) and (2), Scheme 4.
P9
Y 1+ kq(s) [Q] 1) Ket +. kr
'DCA + ANO =—2=[DCA* -ANO-] — Product

K-e
D14 k0 Q) @ k;/ \kf ’ V \k‘f

hereindo, ® are the fluorescence quantum yields measured pcp  pea + hyg ANO + DCA  ANO + DCA + hv®*
by the relative fluorescence intensity of DCA in the absence
and presence of the quencher Q, respectiuelit refers to Scheme 5.

the ratio of fluorescence lifetimes of DCA in the absence and
presence of quencher. The Stern—Volmer plots show good
linear correlationi(> 0.990). The data dfy(s) andky(t) for

the quenchers (AN, ANGz-DAN) in Table 2 are close to an
order of diffusion-controlled rate~10°°M~1s~1), which
indicate that the quenching are characteristic of ET process.
The interactions of the quenchers and DCA in their ground
states are negligible because both valueky(d) andkq(t)

are close to each other.

was enhanced apparently by adding BP but the nature of
ET mechanism still remains the same in both cases. For-
mation of the radical cation, BP, in the primary ET from

P to IDCA is thermodynamically favored because of its
negative AG (—2.8 kcal motl). This process was proved
as an efficient one by Farid et al. in a transient spectrometry
study [19]. The secondary ET from AN or ANO to BP
gives rise to AN+ or ANO** due to higher oxidation po-

_ tential of BP E°X =1.86V) than AN and ANO (Table 2).
3.2.3. Enhanced effect of BP on the photooxygenation  Therefore, these ET lead to increase of both the concentra-
Some aromatics can behave as a relay via secondarjjons of ANO'+ and DCA—. This enhancement effect of
ET to accelerate the desired ET process [19]. Accord- gp corresponds to insert an efficient ET chain of BP in the

ingly, biphenyl (BP) was used as a co-sensitizer in the qgina] ANO/DCA ET cycle as depicted in Scheme 4.
DCA-sensitized photooxygenation of AN and ANO, re-

spectively. The enhanced action of BP on both photooxy-
genations of AN and ANO was observed. The results
in Table 3 indicate that the quantum yields; for the
disappearance of AN or ANO in DCA-sensitized pho-
tooxygenation increase substantially by 0.7 or 1.6 fold
when BP was added to the AN/DCA ([BP]/[AN]=0.5)
or ANO/DCA ([BP)J/[ANO]=0.5) system, respectively. In
addition, the data of entry 6 and 7 in Table 1 also show
that the DCA-sensitized photooxygenation of ANO is con-
siderably accelerated by adding BP. However, the product
distribution (ratios) remains essentially unchanged in the
absence and presence of BP. This implies that the reactio

3.2.4. Fluorescence kinetics of the exciplex ANO/DCA

Since ANO is proposed to be the principle precursor
in the title reaction, the fluorescence quenching of DCA
by ANO was further examined. Formation of the exciplex
(DCA/ANO)* based on its weak emission at 470-520 nm
in different solvents including hexane, cyclohexane, chloro-
form and acetonitrile was also observed. The exciplex emis-
sion, A%, show an apparent red-shift upto 43nm in ace-
tonitrile than in hexane, whereas the emission intensity de-
creases with increase of the solvent polarity, indicating that
charge separation of the radical-ion pair, ANGDCA®~,
ndepends on the solvent polarity [20]. In addition, existence
of the radical-ion pair, AN®/DCA®~, was demonstrated
by a CIDNP study [15].

Table 3 Iti Il d d that f . d f .

Enhanced effect of BP on DCA-sensitized photooxygenactions of AN and tis we ) ocument.e that Ormat'f)” and transformation

ANO? of the exciplex play important role in the PET processes.

[Substrate] (moldm?) [BP] (moldm 1) (@q)° The Ware model_for the transignt exciplex kinetics [2_1] was
employed to estimate approximate rate constants involved

[AN]=0.034 0 0.08 in the DCA/ANO system as shown in Scheme 5.

[AN]=0.034 0.017 0.14 5

[ANO] = 0.030 0 0.05 The fluorescence decay curves of DCAX40~> M)

[ANO]=0.030 0.017 0.18 at 448nm in cyclohexane with different concentrations

ADCAI=4 x 10 molam 3 of ANO in the time interval (0-100ns) were found to
=4 x 10" molam ~.

b . . . be bi-exponential, whereas that at 530nm are approxi-
®q is the consumed quantum yield, measured by potassium ferriox- . . .
alate actinomter at conversions of AN or ANGLO%. mately mono-exponential. The bi-exponential decays can be
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Table 4

For the first-order process
Transient fluorescence decay of DCA with different [ANQ] in cyclohexane P

-2 = = 1 1
[ANO] 10-2M  A=448nm 2=530nm ka+hi = — and K4k = — ®)
C1 1 (ns) C 2 (ns) C Tex (NS) To Tex
0.6 0.158 543 00587 131  0.188 145 When the values oky(s) andkq(t) are close to each other
12 0172 507 00585 122 0195 142 and reach to the diffusion-controlled limit, there is
1.8 0.164 447 00224 149  0.172 140
2.4 0170 3.44 00285 13.8  0.188 13.7 ketkp
3.0 0.200 2.89 0.0315 13.5 0.167 135 9= (6)
36 0217 259 00340 140  0.163 138 (k—et + kp)

Since the values ofr, (10.9ns) of IDCA and Kq
(6.6x 10° M~1s~1) were measured in cyclohexane, all the
kinetic rates are estimated approximately from the Egs.
(4)—(6)and summarized in Table 5. It can be concluded that
both values oket andkq are diffusion-controlled and close
to each other, which indicates that the exciplex formation
by ET from ANO toDCA is the predominate process in
the fluorescence quenching. Furthermdkg,> k_t and

Ket > kg + ki, which mean that the forward Ekg) is much
faster than the reverse ETk () by ~ 8.8x 10? folds
and also than the deactivations through the non-radiation
(back et) and radiation decay processes of the exciplex
(kg + kf)approximately by~ 100 folds.

M+, (X108

2 T L T
1

2 3 4

[ANO] (x 10 moldm®)

Fig. 1. Plot of {1 +12) vs. [ANQ] obtained From the fluorescence decays 4. Conclusion

of DCA in cyclohexane.
Di- and mono-cyanoanthracene-sensitized photooxy-

genation of acenaphthylene in this work has been proved to

undergo a competing sequential reaction. The reaction leads

[IDCA] = C1€M + o6/ (3) to three initially generated precursors (acenaphthenone,
1,2-acenaphthene-quinone and ttis-dimer of acenaph-

in which A1, 2 are the decay parameters related to the con- thylene). Each precursor undergoes distinct sequential pho-

centration of ANO, respectively, andy + Ao =1/r1 +1/to. tooxygenation, furnishing carbonyl-containing products.

Cl and C2 are constants. The data are listed in Table 4. The ChemicaL Spectrometric and dynamic experiments

As seen from the preceding results of steady fluorescencenaye verified that the sequence 1 (ANANO — 1— 2)

guenching [15], the emission at 530 nm should be attributed gng 2 (AN— c-DAN — ANO — 1— 2) are essentially

to the exciplex fluorescence. Moreover, the data in Table 4 ET-derived processes. In sequence 3 (ANQ — 2), the

also indicates thatex decreases slightly with the increase jnjtial step (AN— AQ) is ET-controlled reaction, whereas

of [ANO] although the change is comparably small. The av- the subsequent step (AQ 2) is not. Therefore, the title
erage values Of'ex is 14.04+0.5ns. With the Steady-state reaction is main|y PET process.

treatment, we can obtain

expressed by the formula (3):

A1+ A2 = kd + ki + k_et + kp + ket [ANO 4
1+ h2 =ka H ke + koot kp + kel ] @ Acknowledgements

herekp, = kr + k¥ + k3 and A1+ A2 should be a linear

function of [ANO]. The deconvolution of the decay curve This work was supported by the National Natural Science
gives the values af1 + A». The plot of .1 +12) vs. [ANO] Foundation of China (NNSFC, No. 29772025). We also ex-
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the plot slope and intercept, respectively. and suggestions on the manuscript.

Table 5

Estimated kinetic parameters for the exciplex (ANO/DCA)* in cyclohexane

To (NS) Tex (NS) kg M~s7h) ket M~1s7h) Keet (579 K+ kE* (s7Y kat+k (s7) k (s7h)

10.9 14.0 6.6< 10° 7.2x 10° 0.82x 107 7.1x 10 9.2x 107 1.9x 107
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