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Abstract

The photoinduced [4 + 2] cycloadditions of anthracene to maleic anhydride and various maleimides yield the Diels—Alder
adducts in high (chemical) yields. Analysis of the efficiency of these photoreactions as a function of the dienophile concentration
leads to limiting quantum efficiencies of ® =0.014 and & =0.16 for maleic anhydride and N-(pentafluorophenyl)maleimide,
respectively. Picosecond time-resolved spectroscopy reveals the one-electron transfer from excited (singlet) anthracene to the dienophile
acceptor (resulting in the formation of anthracene cation radical and dienophile anion radical) as the critical step prior to cycloaddition.
Competition between coupling, back-electron transfer and dissociation of the ion-radical pair which depends on the solvent
polarity and the presence of added (inert) salt, limits the quantum yields of adduct formation. © 1999 Elsevier Science S.A. All rights

reserved.
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1. Introduction

Photoinduced Diels—Alder reactions are attainable either
by irradiation of photosensitizers (such as ketones) [1-9] or
by direct photoactivation of the diene or dienophile [5-16].
Synthetically, such [4 + 2] photocycloadditions have been
employed (i) to efficiently prepare exo-adducts that are not
readily available by thermal Diels—Alder reaction [1-4,15],
(ii) to obtain thermally labile cycloadducts [5-9,13,14], or
(iii) to access cyclic azo compounds which serve as pre-
cursors for novel biradicals [5-9]. Most importantly,
these photoreactions occur with quantum efficiencies as
high as ® = 0.6 [5,6], despite the fact that (concerted)
photochemical [4 + 2] cycloadditions are symmetry-forbid-
den according to the Woodward—Hoffmann rules [17-
19]. Thus, [4 + 2] photocycloadditions have been treated
on the basis of MO theory by considering a polar
(excited) complex between the electron-rich diene and the
electron-poor dienophile as intermediate prior to coupling
[20-23].

In thermal Diels—Alder reactions, electron donor-acceptor
(EDA) complexes between dienes and dienophiles are fre-
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quently observed as (ground-state) transients [24-27],
and in some cases ion radicals have been observed by
ESR spectroscopy [28,29]. Moreover, the quantitative
comparison of the Diels—Alder cycloaddition of anthracene
to tetracyanoethylene (TCNE) with the alkylmetal
insertion reactions of TCNE under the same conditions
points to a (unifying) electron-transfer mechanism for both
reactions [25]. However, the general applicability of an
electron-transfer pathway for thermal Diels—Alder reactions
has remained controversial [25,26,28,29]. The majority of
photoinduced Diels—Alder reactions clearly involve electron
donors and acceptors as diene and dienophile, respectively
[1-16], and EDA complexes [5—10] (in the ground state) as
well as excited charge-transfer complexes (exciplexes)
[13,14,30] have been observed by absorption and emission
spectroscopy, respectively. Although these findings together
with the theoretical postulate of a polar intermediate com-
plex (vide supra) point quite inevitably to an electron-
transfer pathway for photoinduced Diels—Alder reactions,
no direct (experimental) evidence for such a mechanism has
been hitherto reported.

In this study, we investigate the photoinduced
[4 + 2] cycloaddition of anthracene to dienophiles such
as maleic anhydride [10] and the related maleimides in
Chart L.
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Chart I
Dienophiles:
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Diels-Alder Products:

1

Steady-state and time-resolved photochemical techniques,
such as fluorescence measurements and picosecond laser
photolysis experiments, reveal one-electron transfer from
the excited (singlet) anthracene to the dienophile as the first
reaction step towards [4 + 2] cycloaddition. Further evi-
dence for the proposed electron-transfer mechanism is
provided by the effects of quencher concentration, solvent,
and added inert salt on the photochemical quantum yields of
the formation of the Diels—Alder adducts in Chart I.

2. Experimental
2.1. Materials and methods

Anthracene, maleimide, and N-ethylmaleimide from
Aldrich were used as received. N-phenylmaleimide and
N-(pentafluorophenyl) maleimide were prepared via the
reaction of the corresponding aniline with maleic anhydride
[31]. Maleic anhydride, acetonitrile, dichloromethane, ben-
zene, toluene, p-xylene, tetrahydrofuran, and dioxane were
purified according to published procedures [32]. Melting
points were measured on a MEL-TEMP apparatus and are
uncorrected. 'H NMR spectra were recorded in CDCl; on a
General Electric QE-300 NMR spectrometer and the che-
mical shifts are reported in ppm units downfield from
internal tetramethylsilane. UV-Vis absorption and Infrared
spectra were recorded on a Hewlett-Packard 8453 diode-
array spectrometer and a Nicolet 10 DX FT spectrometer,
respectively. Fluorescence measurements were carried out
on a Perkin Elmer Luminescence Spectrometer LS 50. Gas
chromatography was performed on a Hewlett-Packard
5890A gas chromatograph equipped with a HP 3392 inte-

grator. GC-MS analyses were carried out on a Hewlett-
Packard 5890 gas chromatograph interfaced to a HP 5970
mass spectrometer (EI, 70 eV). HPLC analyses were per-
formed on an LDC Analytical instrument (SM 3100)
equipped with a Hypersil BDS C18 reverse-phase column
(20 cm) with acetonitrile/water mixtures as eluent. All
chemical analyses were carried out by Atlantic Microlab,
Norcross, GA.

2.2. Photoinduced Diels—Alder reaction of anthracene with
maleic anhydride and maleimides

General procedure for the preparative photolysis: To a
solution of maleic anhydride (0.4 mmol, 0.04 M) in chloro-
form under an argon atmosphere was added 0.6 mmol of
anthracene in small portions' while the solution was irra-
diated with a focused beam from a medium pressure mer-
cury lamp (500 W) passed through an aqueous IR filter and
an ESCO 340 nm sharp cut-off filter. Under these experi-
mental conditions, only anthracene and not maleic anhy-
dride absorbed the actinic light. The photoreaction was
carried out until HPLC analysis showed that most (>90%)
of the maleic anhydride was consumed, and the Diels—Alder
product was formed in >95% yield. After filtration, the
solvent was evaporated and the crude product was washed
with hexane and then recrystallized from toluene. The
Diels—Alder adduct 1 was isolated, purified by recrystalliza-
tion from toluene, and identified by comparison of the
spectral data with those of the thermal product. Similar
procedures were used for the Diels—Alder reactions with the

'The purpose of this procedure was to reduce the competing anthracene
dimerization and thus to facilitate the workup procedure.
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maleimides in Chart I and the characteristic physical data for
all Diels—Alder adducts (1-4) are as follows: Anthracene-9,
10-endo-a., B-succinic anhydride 1: mp > 250°C (lit. 256-
260°C) [33]; IR (cm™'): 2973, 2367, 2338, 1865, 1787,
1460, 1230, 1211, 1072, 975, 926, 842, 757, 715, 703, 636,
612,539,412; '"HNMR (CDCl5): 6, 7.14-7.37 (m, 8H), 4.79
(s, 2H), 3.50 (s, 2H); Anal. Calc. for C,3H;,05: C, 78.26; H,
4.35. Found: C, 78.39; H, 4.49%. Anthracene-9, 10-endo-a.,
B-succinimide 2: mp >250°C (lit. 303-304°C) [34]; IR
(cm™1): 2929, 2853, 2365, 2340, 1786, 1730, 1466, 1339,
1319, 1182, 1162, 1157, 989, 959, 806, 786, 771, 684, 663,
608, 532; 'H NMR (CDCls): 7.11-7.35 (m, 8H), 4.73 (s,
2H), 3.22 (s, 2H); Anal. Calc. for C1gH;3NO,: C, 78.55; H,
4.73. Found: C, 78.60; H, 4.69%. Anthracene-9, 10-endo-a.,
B-N-phenylsuccinimide 3: mp 201-202°C (lit. 203°C) [35];
IR (cm™"): 2961, 2368, 2344, 1774, 1712, 1496, 1466, 1387,
1199, 1175, 1024, 921, 886, 830, 763, 751, 721, 697, 636,
624, 557; '"H NMR (CDCl5): 6, 7.18=7.40 (m, 13H), 4.86 (s,
2H), 3.34 (s, 2H); Anal. Calc. for C,4H{7NO,: C, 82.05; H,
4.84. Found: C, 82.05; H, 4.96%. Anthracene-9, 10-endo-a.,
B-N-(pentafluorophenyl)succinimide 4: mp >250°C; IR
(em™'): 2961, 2362, 1738, 1526, 1466, 1363, 1302, 1181,
1145, 999, 781, 757, 603, 551; '"H NMR (CDCls): 8, 7.20—
7.42 (m, 8H), 4.88 (s, 2H), 3.47 (s, 2H); Anal. Calc. for
Cy4H,NFs0,: C, 65.31; H, 2.72. Found: C, 65.44; H,
2.83%.

2.3. Determination of quantum yields for the
photocycloaddition of anthracene to maleic
anhydride and maleimides

The quantum yields were measured with the aid of a
medium-pressure (500 W) mercury lamp focused through
an aqueous IR filter followed by an ESCO 340 nm cut-off
filter. The intensity of the lamp at A = 365 nm was deter-
mined with a freshly prepared potassium ferrioxalate actin-
ometer solution [36,37] in a 1 cm cuvette fitted with a
Schlenk adapter. The absorbance at A = 365 nm of a solu-
tion of anthracene (0.01 M) and maleic anhydride (0.02 M)
in chloroform remained above 1.5 throughout the irradia-
tion, and thus no correction for transmitted light was neces-
sary. A 50pul aliquot was taken, diluted with 2 ml of
acetonitrile, and the content quantified by HPLC using
benzophenone as an internal standard. The quantum effi-
ciencies for the formation of the Diels—Alder adduct and
anthracene dimer as well as for the anthracene consumption
are listed in Table 1.

2.4. Fluorescence measurements

Solutions of 0.0006 M anthracene and 0-0.1 M maleic
anhydride or N-(pentafluorophenyl)maleimide in chloro-
form were prepared in 1 cm quartz cuvettes. The fluores-
cence spectra were measured from 390 to 590 nm at room
temperature using a Perkin Elmer Luminescence Spectro-
meter LS 50. All samples were excited at 358 nm, and the

Table 1
Quantum yields for the photoinduced Diels—Alder addition of anthracene
to maleic anhydride and maleimide dienophiles (DP)*

DP° D ant” D ° Pyim”
MA 0.013 0.009 0.002
MI 0.051 0.040 0.005
PMI 0.038 0.031 0.004
PEMI 0.11 0.095 0.006

%0.01 M ANT and 0.02 M DP in chloroform irradiated at —30°C with a
medium pressure Hg lamp with 340 nm cutoff filter.

® Identified in Chart 1.

¢ Quantum yields for anthracene consumption.

9 Quantum yields for Diels—Alder-adduct formation.

¢ Quantum yields for anthracene dimerization as determined by ferri-
oxalate actinometry.

fluorescence intensities were determined at 403 nm and
427 nm.

2.5. Time-resolved (ps) absorption measurements

The picosecond time-resolved absorption measurements
were carried out with a kinetic spectrometer and a mode-
locked (25 ps) Nd:YAG laser using the third harmonic out-
put at 355nm (10 mJ per pulse) for the excitation of
anthracene [38]. The solutions of anthracene and maleic
anhydride were prepared under an argon atmosphere in a
1 cm cuvette fitted with a Schlenk adapter. The concentra-
tion of anthracene was adjusted for absorbances in the range
1.0-1.5 at the excitation wavelength (Aexc = 355 nm), and
the concentration of maleic anhydride was varied between
0.1 and 0.5 M.

3. Results

3.1. Photoinduced [4 + 2] cycloaddition of anthracene to
maleic anhydride and maleimides

An equimolar (0.04 M) solution of anthracene (ANT) and
maleic anhydride (MA) in chloroform was irradiated with
ultraviolet light from a medium-pressure mercury lamp
(Aire. > 340 nm) at —30°C. Under these conditions, the ther-
mal Diels—Alder reaction was completely suppressed and
more than 90% of the incident light (), = 365 nm) was
absorbed by anthracene as confirmed by UV—Vis spectro-
scopy?. Periodic HPLC analysis of the photolysate revealed
the simultaneous disappearance of ANT and MA, and the
monotonic appearance of a single product. After prolonged
(ca. 100 h) irradiation, the HPLC analysis showed 97%
consumption of maleic anhydride and 95% formation of
the Diels—Alder product. The Diels—Alder adduct 1 was
isolated and identified by comparison of the NMR and IR

2CT absorption of the electron donor—aceptor complex of anthracene
with maleic anhydride [10] could be neglected under these conditions.
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spectral data with those of the thermal Diels—Alder product.
Photoreactions of anthracene with the other dienophiles in
Chart I were carried out in a similar way, and the spectral
data of all photoproducts are given in Section 2.

3.2. Quantum efficiencies for the photocycladdition of
anthracene to maleic anhydride and maleimides

For the determination of the quantum yields, the photo-
induced Diels—Alder reactions were carried out with mono-
chromatic light at \;;, =365 nm, and the intensity of the
light source was measured by ferrioxalate actinometry
[36,37]. Photocycloaddition of maleic anhydride to anthra-
cene was found to be a rather inefficient process with
Pp_a =2 1% (see Table 1). By contrast, the photoreaction
of anthracene with the other dienophiles in Chart I afforded
better quantum efficiencies with ®p_, = 3-10% (entries 2—
4 in Table 1). In all cases, anthracene dimerization leading
to the [4 + 4] cycloadduct was also observed, however with
very low quantum yields of ®g;,, < 0.006.

3.3. Effects of dienophile concentration on the quantum
efficiencies

The quantum-efficiency (®p_a) for the photocycloaddi-
tion depended on the concentration of the dienophile [DP] as
exemplified for maleic anhydride and N-(pentafluorophe-
nyl)maleimide in Table 2. Thus, at low dienophile concen-
tration ([DP] < 0.02 M), ®p_, increased steadily with [DP].
However, at concentrations of [DP] > 0.02 M, the quantum
efficiencies reached a plateau value of 0.013 and 0.110 for
maleic anhydride and N-(pentafluorophenyl)maleimide,
respectively. Such an asymptotic behavior of ®p_, (see
Fig. 1(A)) is commonly evaluated in a double-reciprocal

Table 2
Concentration dependence of the quantum efficiencies®
[DPI® MA® PFMI®

Pp_a* Paim” Pp_a’ Paim”
0.0019 0.020 0.044
0.0026 0.028 0.037
0.0029 0.030 0.029
0.0034 0.042 0.031
0.0050 0.0043 0.0040 0.072 0.027
0.012 0.0062 0.0026 0.100 0.016
0.019 0.0090 0.0020 0.095 0.006
0.040 0.011 0 0.104 0.003
0.062 0.012 0 0.110 0.002
0.098 0.013 0
0.199 0.013 0

* A chloroform solution of 0.01 M anthracene and of varying dienophile
concentration was irradiated at A\, = 365 nm at —30°C.

" Dienophile concentration.

¢ As identified in Chart 1.

4 Quantum yields of Diels—Alder-adduct formation.

¢ Quantum yields of anthracene dimerization as determined by ferrioxalate
actinometry.

Table 3
Solvent and salt effects on the quantum efficiency of the photoinduced
cycloaddition of anthracene to PEMI*

No  Solvent Dp A° By E1(30)°
1 Dioxane 0.11 0.03 221 360

2 Chloroform 0.10 0.04 481 39.1

3 Dichloromethane 0.02 0.03 8.93  40.7

4 Acetonitrile 0.007 0.02 359 456

5 Chloroform (0.1 M TBA-PF4) 0.06 0.04

6 Chloroform (0.5 M TBA-PF¢) 0.03 0.02

# Photoreactions were carried out at room temperature.

® Quantum yield of Diels—Alder-adduct formation.

¢ Quantum yield of anthracene dimerization as determined by ferrioxalate
actinometry.

94 Dielectric constant from [39].

¢ Dimroth-Reichardt parameter for solvent polarity from [39].

presentation as shown in Fig. 1(B), and the linear plots of
1/®p_4 versus 1/[DP] gave intercepts of 72.4 and 6.33, and
slopes of 0.832 and 0.065 for MA and PFMI, respectively.
From the intercepts, limiting quantum yields of ®p 5 o =
0.014 and 0.16 were obtained for MA and PFMI, respec-
tively.

3.4. Solvent and salt effects

The photoinduced Diels—Alder reaction with PFMI was
carried out in various solvents of different polarity. The data
in Table 3 (entries 1-4) demonstrate that the quantum yield
of Diels—Alder addition (Pp_a) decreased with increasing
dielectric constant (¢) or Dimroth—Reichardt parameter,
Et1(30), both of which represent quantitative measurements
of the solvent polarity [39]. On the other hand, the quantum
yield of anthracene dimerization (®g;,,) remained more or
less the same in all four solvents. The presence of tetra-n-
butylammonium hexafluorophosphate salt in chloroform
resulted in quantum efficiencies which decreased by a factor
of 2 for 0.1 M salt (compare entries 2 and 5) and a factor of 3
for 0.5 M salt (compare entries 2 and 6).

3.5. Steady-state fluorescence measurements

The fluorescence spectrum of a diluted (ca. 6 x 1074 M)
solution of anthracene in chloroform excited at
Aexe = 358 nm showed the characteristic emission bands
of the excited (singlet) anthracene at 403, 427, 455 and
480 nm. Upon incremental addition of the dienophiles MA
or PFMI, the intensity of the fluorescence bands decreased
steadily reaching negligible values at dienophile concentra-
tions greater than 0.1 M. Thus, the quenching of the fluor-
escence of anthracene by both dienophiles was evaluated by
the Stern—Volmer relationship in Eq. (1), i.e.

’7": 1 + kyo [DP] ()

where I and I are the fluorescence intensities in the presence
and absence of quencher, respectively, kg is the second-order
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Fig. 1. (A) Asymptotic behavior of the quantum yields for photocycloaddition of anthracene to maleic anhydride (MA) and N-(pentafluorophenyl) maleimide
(PEMI) vs. dienophile concentration and (B) its double-reciprocal evaluation according to Eq. (8). The concentration dependence in (A) is simulated (solid
line) taking the limiting quantum yields and the rate constants extracted from the double-reciprocal plots.
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Fig. 2. Stern—Volmer presentation of the (steady-state) fluorescence
quenching of anthracene (6 x 10~ M) by maleic anhydride (MA) and
N-(pentafluorophenyl) maleimide (PFMI) in chloroform. The upward
deviation of the PFMI data from the linear Stern—Volmer relationship is
due to (charge-transfer) complex formation in the ground state.

quenching rate constant, 7, is the natural lifetime of the
excited singlet state of anthracene (in the absence of
quencher), and [DP] is the molar concentration of the
dienophile quencher. Thus, linear plots of I/l versus the
dienophile concentration were obtained as shown for maleic
anhydride and PEMI in Fig. 2°. Accordingly, taking
To=2.1 X 1077 s as singlet lifetime*, we determined the
quenching rate constants of ky=2.5 X 10" and 3.8 x
10"°M~" 57! for MA and PFMI, respectively.

3At quencher concentrations higher than 0.02 M for PEMI and 0.05 M
for MA, the Stern—Volmer plots showed an upward curvature due to the
formation of (ground-state) EDA complexes between anthracene and the
dienophiles. For a theoretical treatment of such deviations from the Stern—
Volmer reationship see [40].

“The lifetime of singlet excited anthracene in chloroform was
determined by time-resolved (ps) spectroscopy [vide infra]. For lifetimes
in other solvents see [41].

3.6. Time-resolved (ps) spectroscopy of the reactive
intermediates in the photoinduced Diels—Alder
addition of anthracene to maleic anhydride

To probe the nature of the intermediates formed upon the
quenching of excited anthracene by maleic anhydride, a
solution of anthracene (0.005 M) and MA (0.3 M) in chloro-
form was exposed to a 25 ps pulse of a mode-locked
Nd: YAG laser at 355 nm [38]. The time-resolved (ps)
spectra in Fig. 3(A) show two absorption bands centered
at 600 and 720 nm. The 600 nm absorption band with its
characteristic fine structure and steep fall-off toward the
longer wavelength region was identical with the transient
spectrum obtained upon photoexcitation of anthracene in
chloroform in the absence of maleic anhydride (see
Fig. 3(B)); and it was ascribed to the S;—S,, absorption band
of excited (singlet) anthracene (' ANT*). The second absorp-
tion at 720 nm was assigned to the cation-radical of anthra-
cene (ANT'") [42-44]. The absorption band of TANT*
decayed on the picosecond timescale following first-order
kinetics with a rate constant of Kgecay = 1 X 10'° s~ 1. This
decay rate constant depended on the concentration of maleic
anhydride [MA], and the linear plot of Kgecay versus [MA]
gave the second-order rate constant k, =3.2 X
10" M~ 57! for the quenching of excited (singlet) anthra-
cene by maleic anhydride (see Fig. 4), which was in good
agreement with the quenching rate constant obtained from
the fluorescence measurements. On the same time scale as
that of the decay of excited anthracene, the appearance and
disappearance of anthracene cation-radical was observed at
720 nm (see Fig. 3(A)), and its (first-order) decay rate
constant was determined to be k =8 x 10° s~ ",

4. Discussion

Photoinduced [4 + 2] cycloaddition of anthracene to
maleic anhydride and the maleimides in Chart I leads to
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Fig. 3. (A) Concomitant decay of the absorption spectra of singlet excited anthracene (' ANT*) and anthracene cation radical (ANT"") obtained at 10, 20, 50
and 120 ps (top-to-bottom) upon 25 ps laser excitation (355 nm) of anthracene (1 x 107* M) in the presence of 0.3 M maleic anhydride in chloroform. (B)
Absorption spectrum (S;—S,,) of singlet excited anthracene obtained 50 ps upon 355 nm excitation of anthracene (1 x 10~* M) in chloroform.

the Diels—Alder adducts 1-4 in high (>90%) yields. In these
photoreactions, only anthracene is photoactivated by the
actinic light which results in the generation of excited
(singlet) anthracene (' ANT™*) with its distinct fluorescence
emission bands and its characteristic S;—S,, absorption spec-
trum (see Fig. 3(B)), i.e.

ANT 1 ANT* )

4.1. Electron-transfer quenching of excited anthracene

The excited anthracene (' ANT*) subsequently reacts with
the various dienophiles in Chart I at diffusion-controlled
rates (i.e. kr =23 x 10" M ! s7!) as determined by Stern—
Volmer analysis of the fluorescence quenching experiments
in Fig. 2. The nature of the quenching process is revealed by
the time-resolved absorption measurements with maleic

20
15
Yo
(=]
v
X 10 |
3
= 57
(]
0 N L
0.00 0.20 0.40 0.60
[MA] mol/L

Fig. 4. Plot of the observed (first-order) rate constants of ' ANT* decay vs.
the maleic anhydride concentration. The slope yields a second-order
quenching rate constant of k, =3.2 x 10'°M '™,

anhydride as a typical example®. Thus, the quenching of
excited anthracene by maleic anhydride leads to the forma-
tion of anthracene cation radical as a result of one-electron
transfer from the electron-rich anthracene (!ANT”) to the
electron-poor maleic anhydride (MA) 6 ie.

3)

This electron transfer is highly exothermic (AGgt =
—1.5eV)’ which explains its diffusion-controlled rate
[46]. Interestingly, the anthracene cation radical generated
by electron-transfer quenching of the excited anthracene
shows about the same decay rate as 'ANT* itself, which
points to a very short lifetime of the anthracene cation
radical. In other words, the appearance and disappearance
of ANT"" follows the appearance and disappearance of
'ANT*; and at completion of the quenching process all
cation radicals have reacted further.

TANT* + MAR=3x10OMI Nt MA ]

4.2. Electron-transfer as the critical reaction step prior to
cycloaddition

The observation of electron-transfer quenching of singlet
excited anthracene by the dienophiles as established by
fluorescence and time-resolved absorption measurements

>Time-resolved absorption measurements with the maleimides were
unsuccessful owing to their absorption profiles which strongly overlapped
with that of anthracene and thus precluded the unambiguous photoactiva-
tion of anthracene.

SThe stoichiometry of the electron transfer demands that MA™ is
cogenerated with the anthracene cation radical ANT"". However, the MA™
absorption band is centered at 330 nm [42] which is outside the detection
window of the 25 ps pump-probe experiments [45].

"According to Rehm and Weller [46], the free energy for electron
transfer from an excited donor to an acceptor is determined by
AG =E, — Ereq — Es. By taking EP, =~ 0.95V as oxidation (peak)
potential of anthracene [25], EF,; = —0.81 V as reduction (peak) potential
of maleic anhydride [47], and E; = 3.3 V as singlet energy of anthracene
[41], we calculate AGgr = —1.5 eV.
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1 . kq +o o kDA
ANT + DP —> [ANT °,DP*] — > ANT-DP

lko lkBET

ANT ANT, DP

Scheme 1.

leads to the question whether this electron transfer is the
critical reaction step prior to cycloaddition, or whether it is
an unrelated side reaction. To answer this question, let us
analyze the concentration dependence of the quantum yields
(Pp_p) for Diels—Alder adduct formation in Table 2 and
Fig. 1. Fig. 1(A) illustrates the asymptotic behavior of ®p_x
with increasing dienophile concentration, which results in
the maximum observed quantum yields of 0.013 and 0.11 for
MA and PFMI, respectively. On the basis of a simple
reaction scheme (Scheme 1), the overall quantum efficiency
(®p_a) for the formation of the cycloadduct ANT-DP can be
expressed as the product of the quenching efficiency (®q)
and the limiting cycloaddition efficiency (Pp_a ), i.€.

Pp_a = P X Pp_a o (5)

with
kq[DP]

—_a=y 6

™ ko + ky[DP] ©
and

kp_a
Ppppg = 7
DA kp—a + ket 0

The combination of Egs. (5) and (6) leads to a double-
reciprocal relationship between the quantum yields and the
dienophile concentrations which is graphically depicted in
Fig. 1(B), i.e.

1 1 1 ko 1

all 8
By k [DP) ®)

dp_a Pp_a

Thus, the intercepts of the double reciprocal plots represent
the reciprocal limiting quantum yields, and the ratio between
the natural singlet decay rate (ko) and the quenching rate
constant (k) can be extracted from the slope. From the
intercepts of the double-reciprocal plots (see Section 3), we
obtain 0.014 and 0.16 as limiting quantum yields for MA and
PFMI, respectively, which are in good agreement with the
highest obtained experimental quantum yields. Taking
ko= /g = 4.8 x 108 s~ ! (vide supra), quenching rate con-
stants of kg~ 4 x 10'°M "' s™! were obtained for both
dienophiles in good agreement with the diffusion-controlled
quenching rate constants derived from the Stern—Volmer
plots in Fig. 2 and the time-resolved absorption measure-
ments in Fig. 4. Yet, the good agreement of the k, values
obtained from the Stern—Volmer plots (Fig. 2), the absorp-
tion measurements (Fig. 4), and the double-reciprocal plots
(Fig. 1(B)) is merely necessary, but not sufficient evidence
for the electron-transfer mechanism put forward in Scheme
1 since the kinetic analysis only implies that a diffusion-

controlled process proceeds the cycloaddition step. Thus,
additional evidence is needed to underpin the electron-
transfer concept. In fact, the solvent and salt effects on
the cycloaddition quantum yields provide the strongest
experimental support since both effects probe the role of
ions in the cycloaddition reaction sequence. Thus, polar
solvents as well as inert salt in high concentrations intercept
the initial ion-radical pair [ANT'", DP~'] in Scheme 1 by
either enhanced ion dissociation or by ion exchange, respec-
tively, i.e.

polar

[ANT* ,DP~"| 2. ANT*" + DP~* )
solvent
[ANT*", DP~"| 2A P ANT ' PF, + TBA"DP~  (10)

As aresult, the efficiency of cycloaddition that occurs within
the geminate ion-radical pair decreases substantially with
increasing solvent polarity and/or addition of inert salt (see
Table 3).

In summary, the fluorescence quenching experiments, the
time resolved absorption measurements and the effects of
solvent polarity and added salt all reveal the cation-radical
pair in Scheme 1 as the critical intermediate in the photo-
induced [4 + 2] cycloaddition of anthracene to dienophiles
such as maleic anhydride and maleimides. As such, the
observation of the ion-radical pair prior to cycloaddition
represents striking experimental evidence for the polar
reaction intermediate invoked in MO correlation diagrams
[20-23] to accommodate for high quantum efficiencies of
(otherwise) symmetry-forbidden [17-19] photocycloaddi-
tions.
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