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4,4′-Dimethoxybiphenyl-2,5,2′,5′-bisquinone1 is thought to be issued, in wood and lignin-rich pulps, from
the photochemical coupling and oxidation of methoxy(hydro)quinone. Under irradiation in solution,1 is
transformed to a highly colored dibenzofuran derivative,2, as unique photoproduct. The mechanism of the
conversion1 f 2 has been studied by laser flash photolysis and by quantum yield measurements in several
solvents at various temperatures. The reaction proceeds via the triplet state of1 and a cyclizedX transient
species which rearranges to2 by a sequence of deprotonation-protonation reactions, quite efficiently in
polar or acidified solutions but with a low yield in nonpolar solvents. As temperature increases, the quantum
yield increases in polar solutions but decreases in nonpolar solvents. This unusual temperature dependence is
explained by activation energy barriers on the cyclization31* f X and reopeningX f 1 elementary reactions,
≈ 35.5 and 58.5 kJ/mol respectively, and by a conversionX f 2 much faster in polar solvents than in
nonpolar ones. The zwitterionic or biradicaloid structure ofX is discussed on the basis of semiempirical
calculations (AM1 or PM3) and of spectroscopic and kinetic measurements. Under laser flash photolysis
conditions, a special mechanism involving a second-order rearrangement ofX was found to be very efficient
in any type of solvents.

Introduction

The major components of wood and mechanical pulps are
cellulose, hemicelluloses, and lignin. Of these, only lignin is
considered to contribute in a major way to wood and pulp color.1

Other possible contributors to color are substances called
extractives which are minor wood components. Lignocellulosic
materials such as wood2 and mechanical pulps3 are very sensitive
toward exposure to sunlight where strong yellowing is observed.
Recently major advances in mechanical pulping and bleaching
have provided the means of manufacturing bleached high-yield
(> 90%) pulps with a high brightness (> 80% ISO).4 Such pulps
could potentially replace bleached kraft pulps for high-value
paper products. The mechanisms of color alteration of woody
materials were approached using model compounds5 or studying
ground wood pulps6 and wood.7,8 These studies have shown
the importance ofo-quinoid lignin structures which are formed
under light irradiation. Also,p-quinones and hydroquinones such
as 3-methoxy-5-substitutedp-benzoquinones and 3-methoxy-
5-substitutedp-hydroquinones were involved in the color
reversion of bleached mechanical pulps.9,10These structures are
formed by the Dakin reaction from the corresponding substituted
p-carbonyl phenols when the pulps are bleached with hydrogen
peroxide in an alkaline medium. The photochemical reactivity
of 2-methoxy-hydroquinone3 and 2-methoxy-p-quinone4 in
aerated dimethoxyethane solution was investigated by Forsskåhl
et al.11 It was observed that irradiation of compound3 gives
the quinone4 and the dimer5, while irradiation of the quinone
4 or dimer 5 (see Scheme 1) generates the 8-hydroxy-3,7-
dimethoxydibenzofuran-1,4-quinone2 probably via the 4,4′-

dimethoxybiphenyl-2,5,2′,5′-bisquinone1. Compound1 is easily
converted by irradiation to the highly colored dibenzofuran2.11,12

The reactions involving the methoxy-p-quinone, the dimer
quinones, and their rearranged photoproducts might play a
significant role in the production of color in woody materials.

The photoconversion of the bisquinone1 in the dibenzofuran
2 resembles the reaction of photocyclization of many substituted
p-benzoquinones such as 2,6-diphenyl-p-benzoquinone,13 iso-
propenyl-p-benzoquinone,14 and dimethylamino-p-benzoquino-
ne.15 It was shown, by laser flash photolysis, that the photocy-
clization of the phenyl- and 4-anisyl-p-benzoquinones in
dibenzofuran16,17 involves the triplet state of the quinone and
an hypothetical cyclized transient species,X, which, depending
on the solvent, rearranges to the photoproduct or reverts to the
starting quinone. However, this mechanism is certainly not valid
for all of the substitutedp-benzoquinones yielding a benzofuran
moiety upon photocyclization. This article describes photo-
physical and photochemical analyses of the formation of
compound 2 using continuous and flash photolysis. The
observation of the intermediateX allowed us a complete kinetic
analysis of the different photochemical pathways leading from
the bisquinone1 to the dibenzofuran2.

Experimental Section

Solvents and Products.4,4′-Dimethoxybiphenyl-2,5,2′,5′-
bis-p-benzoquinone,1, was prepared from vanillin (Aldrich)
according to the method described by Erdtman,18 involving the
“quinhydrol” intermediate5. Yellow crystals were obtained by
recrystallization of the crude product in acetic anhydride under
nitrogen and were identified as1 by 1HNMR spectroscopy
(Bruker AC250, 250 MHz, CDCl3): δ 6.77 (s, 2H), 6.04 (s,
2H), 3.87 (s, 6H); mp 216°C (ref 18, 212-214°C). UV: λmax

≈ 366 nm,ε ) 1500( 50 M-1cm-1 in a variety of solvents.
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8-Hydroxy-3,7-dimethoxydibenzofuran-1,4-quinone,2, was
prepared by irradiation of1 in anhydrous methanol with two
400 W Hg lamps, according to the method described by Shand
and Thomson.19 Red needle crystals were obtained after
recrystallization in ethanol and were identified as2 by 1HNMR
spectroscopy (250 MHz, CD3COCD3): δ 7.38 (s, 1H), 7.31 (s,
1H), 5.91 (s, 1H), 3.97 (s, 3H), 3.88 (s, 3H); mp 245°C (ref
19, 248-249°C). UV: λmax [ε] ) 466 nm [4500 M-1cm-1] in
benzene, 478 nm [4620] in MeCN, 498 nm [4750] in EtOH.

Acetonitrile (Prolabo), benzene (Carlo Erba), benzonitrile
(Aldrich), and dichloromethane (SDS) were of spectroscopic
grade. Ethanol (95%, for UV spectroscopy) was purchased from
Prolabo. Acetic acid and anisole were purchased from Rhoˆne-
Poulenc, and di-n-butyl ether from Aldrich. These solvents were
used without further purification, but acetonitrile and benzene
were stored on 4 Å molecular sieves.

Continuous Irradiation. Continuous irradiation was per-
formed by using a 2 kWXenon arc coupled to an irradiation
monochromator (Jobin-Yvon) providing about 3× 1015 photons
cm-2 s-1 on a 5 nmspectral bandwidth around 355 nm. Spectra
of irradiated solutions were recorded on an HP8452A diode
array spectrophotometer.

Laser Flash Photolysis (LFP).The laser flash photolysis
apparatus used a crossed-beam arrangement. The sample in a
10 × 10 mm cell was excited by single 355 nm pulses (5-30
mJ, 200 ps) provided by a frequency-tripled mode locked Nd:
YAG laser (Quantel). The detection system, with a 5-ns response
time, consisted of a pulsed Xenon arc, a prism monochromator,

a red sensitive photomultiplier (Hamamatsu R-446), and a
Tektronix TDS 620B digital oscilloscope connected to a
microcomputer.

Results

Continuous Irradation. Under photolysis at 355( 5 nm of
a solution of1 in N2-flushed acetonitrile ([1] ≈ 0.7 mM), a
new absorption develops from 580 to 300 nm (lower limit of
the domain where absorbance measurements are significant) and
rapidly overcomes the absorption of1. The absorption spectrum
of the species responsible for this absorption is obtained as the
difference between the absorption spectrum recorded after a
short irradiation and one recorded before irradiation (multiplied
by a factor corresponding to the percentage of non photolyzed
1). The resulting spectrum exactly fits the absorption spectrum
of an authentic sample of2 in the same solvent, characterized
by maxima at 320 and 478 nm and a minimum at 354 nm as
shown in Figure 1. Thin-layer chromatography (Silica gel; CH2-
Cl2:Et2O, 90:10) of the reaction mixture after a prolonged
irradiation (more than 50% of1 photolyzed) revealed the
presence of only two products,1 and2. This indicates that the
chemical yield of the photoconversion1 f 2 is (close to) unity
and that2, which absorbs at the excitation wavelength, is
photostable. The latter point was checked by irradiation of a
solution of2 during a period of time five times longer than the
longest irradiation performed during this study: no measurable
decrease of the absorbance at 478 nm could be detected.

SCHEME 1: Structures of Compounds 1-5

Figure 1. Absorption spectrum of1 (≈ 0.7 mM) in N2-flushed acetonitrile before and after irradiation at 355 nm during 5, 16, and 50 min. Inset:
(-), simple differential spectrum t(16) - t(0); (O), the same differential spectrum when assuming that 40% of1 has been transformed, i.e., t(16) - 0.6
× t(0); (- through circles), absorption spectrum of an authentic sample of2.
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The quantum yield of the photoconversion1 f 2 was
determined by measuring (i) the rate of growth of the absorbance
at 478 nm, d(A478)/dt, easily converted to the rate of growth of
the concentration of2 since the absorption coefficient of2 at
478 nm is known and (ii ) the flux of photons irradiating the
sample, obtained by actinometry using the photocoloration of
Aberchrome 540.20 The number of photons absorbed by the
sample during a short period of time was then calculated from
the value of the absorbance of1 at 354 nm. As the reaction
progresses, the absorbance of1 decreases and an increasing
fraction of the excitation is absorbed by2 so that the curve
A478 vs time curves downward. The values of d(A478)/dt were
thus determined from the initial slope of the curveA478 vs time,
accurately determined by repeatedly recording the spectra after
short irradiations (10 to 20 s) corresponding to photolysis of
only a few percents of1. The plot ofA478 vs time is then nicely
linear and its slope is easily determined. On prolonged irradia-
tion, up to conversion of 10 to 30% of1, the curvature of the
plot A478 vs time was evident and the resulting curve was fitted
by non linear regression to a functionA ) at + bt2 where the
a coefficient is the initial slope of the curve. This method was
used as an alternative to the previous one, especially in solvents
such as benzene where the ratioε354

(2)/ε354
(1) is much larger than

in acetonitrile so that the screening effect of2 is more important.
In N2-flushed solutions, the quantum yield of formation of2

in acetonitrile at 27°C was found to be 0.48( 0.02. The values
determined in other solvents using the same procedure are listed
in Table 1: the quantum yield is small in benzene and increases
as the polarity of the solvent, quantified by the value of itsET-
(30),21 the polarity parameter defined by Reichardt,22 increases.

The value ofΦ12 in benzene increases rapidly upon addition
of small amounts of acetic acid or ethanol. As shown in Table
2, concentrations of these compounds as low as 10-2 M boost
the value ofΦ12 up to a limit in the range 0.4-0.5, i.e.,
comparable to the value obtained in polar solvents. Therefore,
the value ofΦ12 in benzene could be due, at least in part, to
the presence of trace amounts of moisture in the solvent
(although benzene was stored over molecular sieves).

It seems reasonable to assume that the reaction proceeds via
the triplet state of1. This hypothesis was checked by measuring
the influence of dissolved oxygen on the quantum yield in
solutions flushed with air N2, O2, and a 1:1 mixture of N2 and
O2. The results are given in Table 3 where the last line gives

the value of “kqτ” obtained by assuming that only one
intermediate species,31*, with a lifetimeτ is quenched with a
rate constantkq.23 If this assumption is correct and with a value
of kq around 3× 109 M-1 s-1 as it is usually for the quenching
of triplet states by O2, the lifetime of31* would be 400 ns in
both solvents. This indicates aππ* nature for31*: the lifetime
of a nπ* triplet would be much shorter in EtOH than in MeCN
due to H-abstraction, and this would give reduction product(s)
which are not detected.

The influence of the temperature on the reaction quantum
yield gave puzzling results presented in Table 4: as the
temperature increases,Φ12 increases in acetonitrile but it
decreases in benzene!

Laser Flash Photolysis.Spectral Data.A series of traces
“optical transmission vs time” recorded every 10 or 20 nm
between 330 and 830 nm have been converted into absorption
spectra at given times after excitation as shown in Figure 2 for
a N2-flushed solution in MeCN.

Immediately (5-10 ns) after excitation, a first transient
species absorbs over the entire visible region. It is characterized
by an absorption band with a maximum at 450 nm, a minimum
at 390 nm, and a second band rapidly growing from 360 to 330
nm. This transient species decays with a lifetime around 500
ns, and gives rise to a second transient species,X, characterized
by two absorption bands with maxima at 370 and around 750
nm, which decays during a few tens of microseconds. After
100 µs, theX species has disappeared and a new absorption
spectrum is obtained with a maximum at 480 nm, a minimum
at 360 nm, and a shape that is nearly identical to the differential
absorption spectrum shown in the inset of Figure 1. It corre-
sponds to stable products: the major one is easily identified as
the final product2 and the minor one is responsible for the
larger value of the absorbance in the 350-380 nm range.

In N2-flushed benzene and benzonitrile, the spectral features
of the transient absorptions are nearly the same as in acetonitrile.
In benzene, the following slight differences can be noticed: (i)
a broadening, especially on the red side, of the absorption band
of the first species with a maximum around 450 nm; (ii ) a shift
of the maximum of the red band of theX species from 750 to
800 nm and a slight increase of the ratio between the intensities
of the UV (370 nm) and red (800 nm) bands.

TABLE 1: Quantum Yield of Formation of 2 ( Φ12) at 27 °C,
in Various N2-Flushed Solvents Characterized by Their
ET(30) Polarity Parameter

solvent Φ12 ET(30)

PhH 0.08( 0.01 34.5
PhOMe 0.18( 0.02 37.2
CH2Cl2 0.45( 0.02 41.1
PhCN 0.45( 0.02 42.0
MeCN 0.48( 0.02 46.0
EtOH 0.53( 0.05 51.9

TABLE 2: Quantum Yield of Formation of 2 in N 2-Flushed
Benzene (PhH) Containing Various Amounts of Acetic Acid
(AcOH) or Ethanol (EtOH)

[AcOH] or
[EtOH] (mM)

Φ12 in PhH
+ AcOHa

Φ12 in PhH
+ EtOHb

0 0.09 0.125
0.1 0.17
0.2 0.24
0.5 0.37
1.0 0.48
5.0 0.52 0.39

10 0.48 0.40

a At 26 °C. b At 18 °C.

TABLE 3: Quantum Yield of Formation of 2 in Solvents
Flushed with a Gas Mixture Containing Various Amounts of
O2 (measurements at 27°C)

O2 content in flushing gas Φ12 in EtOH Φ12 in MeCN

0% O2 0.55 0.48
21% O2 0.18 0.16
50% O2 0.08 0.08
100% O2 0.03 0.04
kqτ (M-1) 1200 1100

TABLE 4: Effect of Temperature on the Quantum Yield of
Formation of 2

T (°C) Φ12 (meas) ΦTX
a ΦX2

a

in benzeneb
11 0.14 0.430 0.325
20 0.12 0.543 0.221
27 0.08 0.624 0.129
35 0.05 0.705 0.071

in MeCNc

12 0.303 0.291 1.04
27 0.42 0.466 0.92
38 0.60 0.592 1.01

a See Discussion and Interpretation section for definition of these
yields. b ΦTX calculated withk0 ) 0.73× 106 s-1, ∆E ) 35.1 kJ/mol
andA ) 1012.16 s-1. c ΦTX calculated withk0 ) 1.08× 106s-1, ∆E )
36 kJ/mol andA ) 1012.2 s-1.
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Surprisingly, the amplitude of the final increase of the
absorbance in the 350-550 nm region, assigned to2, is nearly
the same as in acetonitrile, whereas, under continuous irradia-
tion, the quantum yield of formation of2 in benzene is 6 times
smaller than in acetonitrile.

Kinetic Data.The first transient species is formed within the
time resolution of our LFP setup (≈ 5 ns) and it decays
according to a first-order law with a lifetime,τ, which depends
slightly on the solvent and strongly on the temperature. This
lifetime depends also on the concentration of O2 dissolved in
the solution, and the following values of the quenching rate
constantkq were obtained from the linear plots of 1/τ vs [O2]:
kq ) 1.6 × 109 and 2.5 × 109 M-1s-1 in benzene and
acetonitrile, respectively. These values, approximately equal to
1/9 of the diffusion rate constant in these solvents, are typical
for the quenching of a triplet state by O2 and support the idea
that the first species must be identified as the triplet state of1.

The temperature dependence of the lifetime of this first
transient species was studied in benzene and acetonitrile on the
range 8-70 °C, and the corresponding Arrhenius plots, Ln(1/
τ) vs 1/T are given in Figure 3. These plots are clearly curved
indicating that two processes, at least, contribute to the decay
of the observed species: one with a low (or null) activation

energy and a rate constantk0, another with a rate constantk1 )
A1 exp(-∆E1/RT). Nonlinear curve fitting of 1/τ ) k0 + A1

exp(-∆E1/RT) vs 1/T gave the values ofk0, A1, and∆E1 listed
in Table 5.

Since the quantum yield of the reaction in benzene is very
sensitive to the addition of trace amounts of acetic acid or
alcohol, we have checked the effect of these compounds on the
lifetime of the first species. No significant effect could be
observed up to [AcOH]> 0.5 M whereas the quantum yield of
the reaction reaches a limit values when [AcOH]> 2 mM.

The decay of the second species,X, is not first order. In
acetonitrile and monitored at 750 nm, it can be analyzed as the
sum of first and second-order processes, withk2/ε ≈ 5 × 105

cm s-1 and a first-order rate constantk1 ≈ 2 × 104 s-1. In
benzene, it can be analyzed as a “good” second-order reaction
with k2/ε ) 1.9 × 106 cm s-1 at 800 nm and a possible
contribution of a first-order process would correspond tok1 ≈
104 s-1. A second-order analysis at 370 nm yieldedk2/ε ≈ 106

cm s-1, about half of the value measured at 800 nm, in
agreement with the ratio of theε values at these two wave-
lengths. The first value is more accurate than the second one
because the results of the analysis at 370 nm greatly depend on
the estimation of the value of the residual permanent absorption,
whereas, at 800 nm, this value is zero.

Upon addition of acetic acid in benzene, the kinetics of the
decay of theX species progressively changes from a second-
order to a first-order process. The values ofk1 andk2/ε obtained
for solutions containing various amounts of acetic acid in
benzene and acetonitrile are given in Table 6. The increase of
k1 as a function of [AcOH] indicates that theX species reacts
with (or is quenched by) acetic acid. The slope of the linear
plots ofk1 vs [AcOH] gives the values of the rate constant for
this process,kAc ) 1.49× 107 M-1 s-1 in benzene and 4.3×
105 M-1 s-1 in acetonitrile, and the intercept gives the rate
constant associated to the first-order component of the decay
of X as equal to 1.38× 104 s-1 in benzene. This value seems
more reliable than the estimate obtained from the analysis of
decays in the absence of AcOH where the second-order

Figure 2. Transient absorption spectra in acetonitrile in the time ranges 0.005-1 µs and 1-80 µs.

Figure 3. Arrhenius plots for the triplet lifetime in benzene (4) and
acetonitrile (O). Open symbols: Ln(1/τ). Filled symbols: Ln(1/τ -
k0) with k0 ) 0.73 and 1.14× 106 s-1, respectively.

TABLE 5: Kinetics Parameters for the Decay of the Triplet
State of 1

solvent benzene acetonitrile

k0 (106 s-1) 0.73( 0.18 1.14( 0.17
log(A1) 12.16( 0.40 12.20( 0.30
∆E1 (kJ/mol) 35.1( 2.5 36( 1.7
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component was largely predominant. A more accurate value
(7.7× 103 s-1) will be obtained later by an independent method.

Discussion and Interpretation

Proposed Mechanism.The above results may be rationalized
by the mechanism represented in Scheme 2. The first step is
intersystem crossing of the excited singlet state11* to the triplet
31*, a ππ* state, with a yield probably close to unity (the
fluorescence from11* is extremely weak and its quantum yield
is < 0.1%).

The next step is the cyclization of31* into an intermediate
X. Its efficiency,ΦTX, is determined by the competition between
deactivation of31* to the 1 ground state and cyclization toX.
The two components identified during the study of the triplet
lifetime as a function of temperature obviously correspond to
these two processes: (i) the deactivation of31* to 1, associated
to k0 ≈ 106 s-1 with a null activation energy and (ii ) the
cyclization toX, with an activation energy 35.5( 2 kJ/mol
and a frequency factorA ≈ 1012 ( 0.5 s-1. The order of magnitude
of theA factor indicates a spin-allowed intramolecular process
so that, most certainly,X is first produced as a triplet biradical
which may rapidly equilibrate with (or be transformed into) a
singlet biradical and/or a zwitterionic structure.

The values of the yield of cyclization,ΦTX ) kTX/(k0 + kTX)
with kTX ) A exp(-∆E/RT), calculated with the values ofk0,
A and∆E given in Table 5, are shown in Table 4. In acetonitrile,
the values ofΦTX compare quite well with those of the overall
reaction quantum yield,Φ12, whereas the situation is completely
different in benzene.

The value ofΦTX also depends on O2 sinceΦTX ) kTX/(k0

+ kTX + kq[O2]). The effects of oxygen onΦTX and on the
overall reaction are roughly the same: in acetonitrile, thekqτ
product obtained from the values ofkq andτ measured by LFP
for the triplet (kqτ ) 1000) is close to the value of the “global

kq τ”, 1100, obtained from the plot ofΦ°12/Φ12 vs [O2]. This
supports the hypothesis that oxygen interacts only with31* and/
or does not change the yield of the next step(s). The effect of
O2 seems to be relatively independent of the solvent since similar
values of thekqτ product were obtained in ethanol (1200 M-1)
and in benzene (800 M-1).

The last step of the mechanism is the conversion ofX into 2
by a sequence of deprotonation-protonation reactions resulting,
formally, in a 1,6-migration of an H atom from the cyclization
center to the oxygen in para position of the furan moiety.

The comparison of the values ofΦTX with those ofΦ12, in
Table 4, indicates that for the conversion ofX f 2, ΦX2 is
quantitative or close to unity in acetonitrile whereas, in benzene,
this yield decreases from 0.32 to 0.07, as the temperature
increases from 11 to 35°C. This implies that, in benzene, a
strongly temperature-dependent process competes with the
conversionX f 2. This is most probably a reopening ofX into
1 since no product other than1 and2 could be detected after
continuous irradiation. With this assumption, the yield of the
conversionX f 2 is ΦX2 ) kX2/(kX1+kX2) wherekX1 andkX2,
the rate constants of the reactionsX f 1 andX f 2, can be
written askXn ) AXn × exp(-∆EXn/RT). From these relations,
simple mathematics give

The plot of Ln[(ΦTX/Φ12) - 1] vs 1/T, in Figure 4, gives
estimates24 of AX1/AX2 and∆EX2 - ∆EX1 to beAX1/AX2 ) 4.8
× 1010 and∆EX1 - ∆EX2 ) 56.8 kJ/mol.

Assuming that∆EX2 is small and may be set to zero,25 AX2

≈ kX2 and∆EX1 ≈ 56.8 kJ/mol. It was shown above, from the
kinetic analysis of the complex decay of the absorption ofX in
benzene (with or without added AcOH), that (kX1 + kX2) ≈ 1.4
× 104 s-1. From this value and withΦX2 ) kX2/(kX1 + kX2) )
Φ12/ΦTX ) 0.129 at 27°C, one getskX2 ≈ 1.8 × 103 s-1, kX1

≈ 1.2 × 104 s-1, and thusAX1 ≈ 8.6 × 1013 s-1.
The values ofkX1 andkX2 may be evaluated by another way.

The addition of 0.1 mM AcOH in benzene increases the value
of Φ12 from 0.08 to 0.17 (see Table 2) but has strictly no effect
on the triplet and therefore onΦTX. Acetic acid clearly increases
the value ofΦX2 by opening new channel to the conversionX
f 2. The rate constant of this reaction ofX with AcOH,
obtained from the slope of the linear plot of the data given in

TABLE 6: Rate Constants of First- and Second-Order
Decay Processes of the X Species in the Presence of Various
Amounts of Acetic Acid

[AcOH] (mM) k1 (104 s-1) k2/ε (106 cm s-1)

added in benzene (ε at 800 nm)
0 1 1.9
1 3.4 1.7
10 16 1.6
20 31.5 1.6

added in MeCN (ε at 760 nm)
0 2.0 0.44
10 2.4 0.57
20 2.8 0.54
50 3.8 0.57
100 6.5 0.46

SCHEME 2: Simplified Reaction Mechanism

Figure 4. Arrhenius plot for the reopening reaction ofX in benzene.

Ln[(1/ΦX2) - 1] ) Ln[(ΦTX/Φ12) - 1] ) Ln(AX1/AX2) +
(∆EX2 - ∆EX1)/RT
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Table 6, iskAc ) 1.5 × 107 M-1 s-1. Then, the values ofΦX2

) (kX2+ kAc [AcOH])/(kX1+kX2+ kAc [AcOH]), obtained from
the ratioΦ12/ΦTX as equal to 0.129 and 0.274 when [AcOH]
) 0 and 0.1 mM respectively, givekX1 ) 6.7× 103 s-1, kX2 )
103 s-1, andAX1 ) 4.8× 1013 s-1. Thus, the two methods give
similar values forAX1, in the range (4.8-8.6)× 1013 s-1, quite
reasonable for the frequency factor of an intramolecular reaction
favored by entropy (the rotation around the 1-1′ C-C bond is
restored by reopening).

The reopening reaction exists in acetonitrile too, withA and
∆E factors probably similar to those estimated in benzene.
However, withAX1 ≈ 5 × 1013 s-1 and∆EX1 ≈ 58.5 kJ/mol,
kX1 ≈ 3.5 × 103 s-1 at room temperature, a relatively small
value compared to the rate constant of the first-order component
of the decay ofX in acetonitrile,k1 ≈ 2 × 104 s-1. Therefore
kX2 . kX1 and the value ofΦX2 is close to unity in acetonitrile.

In the absence of acid, the reaction is much more efficient in
polar solvents than in benzene because the rate of the conversion
X f 2 increases as the solvent polarity increases. This suggests
a mechanism in which the cyclization center, C(12), loses a
proton to give the deprotonated form of the final product,2-;
see atom numbering on Figure 5. This process restores the
quinone moiety and is energetically favorable when the solvent
is polar enough to ensure the solvation of the resulting ions,2-

and H+. These ions then recombine to give the final product
with the H atom being transferred from C(12) to O(19) by this
sequence of deprotonation-protonation reactions. This mech-
anism seems somewhat different from the one observed in the
photocyclization ofm-anisylbenzoquinone,AnBQ,26 whereX′,
the species equivalent toX (see Scheme 3), must be first
protonated on the O atom equivalent to O(19) and the resulting
cation then expels as a proton the H atom located on the carbon
atom equivalent to C(12). This alternative mechanism may also
occur in the case ofX since the addition of acetic acid in
benzene is much more efficient than in ethanol to boost the
yield of the reaction (see Table 2). However, that the difference
between the rate constants of the reaction ofX and X′ with
AcOH respectively equal to 1.5× 107 M-1 s-1 and 4.6× 109

M-1 s-1 in benzene, suggests that structures of these species,

which can be drawn as a zwitterion or a biradical as shown in
Scheme 3, are probably different.

Structure of the X Intermediate. As stated above, theX
intermediate is most probably first produced as a triplet biradical,
3BR, since the frequency factorA1 associated tokTX clearly
corresponds to a spin-allowed process but it may rapidly
equilibrate with, or be transformed into, a singlet biradical,1BR,
or a zwitterionic species, ZW. The BR structure includes a
moiety which resembles a semiquinone radical known to absorb
in the 410-420 nm range.27 For instanceX′ does show an
absorption band with a maximum at 440 nm.26 That the
absorption spectrum ofX does not show any band in this region
argues against a BR structure. The shift of the maximum of the
absorption band ofX in the red from 750 nm in acetonitrile to
800 nm in benzene indicates that the ground state ofX is more
stabilized by a polar solvent than the excited state involved in
this optical transition. This may be rationalized by assuming
ZW and BR structures for the ground and excited states ofX,
respectively.

On the other hand, the reactivity ofX with AcOH is
surprisingly low for a ZW structure including a phenolate
moiety, whereas the large rate constant of the reaction ofX′
with AcOH is in agreement with a ZW structure forX′. Thus,
spectroscopic considerations are in favor of a ZW structure for
X and a BR one forX′ but the reactivity with AcOH suggests
the reverse.

Enthalpies of formation of the initial and final products,1
and2, and those of the ZW,1BR and3BR structures ofX have
been calculated using the AM1 and MP3 modules of AMPAC

SCHEME 3: Possible Limit Structures for the X and X′ Species

Figure 5. Charges calculated for the singlet biradical and the zwitterionic structures of theX intermediate, using the AM1 module of AMPAC 6.01

TABLE 7: Calculated Differences between the Enthalpies of
Formation of Various Structures of X (or X ′) and 2 (or 2′)
and Those of the Parent Compound, 1 (or AnBQ)

∆H(P) - ∆H(1) (kJ/mol) bis-quinone1 system AnBQ system

X (ZW) 115.8a; 97b 129.6a
X (1BR) 113.3a; 87.8b 65.6a

X (3BR) 94a; 65.6b 54.3a

2 -39.3a; -79.4b -151.3a

a From AM1. b From PM3.
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6.01.28 The relative∆H values, with1 taken as reference, given
by these calculations are listed in Table 7.

Considering the incertitude on these values and the effect of
solvation, these calculations do not allow to decide which is,
from the ZW and BR structures, the lowest in energy. The ZW
and 1BR structures appear to be nearly isoenergetic (with the
3BR being about 21 kJ/mol lower). By contrast, the same
calculations performed on theAnBQ system give the BR
structures to be 63 to 75 kJ/mol lower in energy than the ZW
one. This strongly suggests that, in agreement with the above
spectroscopic considerations,X′ is a biradical and implies that
the reactivity of theX andX′ species with acetic acid does not
give valid information about the structure of these species. As
shown in Figure 5, the calculated distribution of electron density
is nearly the same in ZW and1BR structures ofX. Along the
chain O(19)-C(3)-C(2)-C(1)-C(7), the small changes in the
charge on the various atoms are not as expected from the
mesomeric structures: the negative charge on O(19) is about
the same in both cases, C(7) is not positively charged in ZW
but is even more negative than in1BR, by 0.17e- unit, and the
most important other change affects C(2) by only 0.1e- unit.

It thus appears that the ZW and1BR structures ofX are nearly
indistinguishable so thatX would be a mixture of these two
limit structures in equilibrium, through1BR, with 3BR. The
substantial difference between the absorption spectra ofX′ and
X suggests that the latter would be mainly ZW: this seems
possible when assuming that the difference in energy between
1BR and3BR is overestimated by calculations and that solvation
will favor a ZW structure.

Special Mechanism under LFP Conditions.Under laser
flash photolysis conditions, in benzene as well as in acetonitrile,
the decay ofX is largely due to a second-order process with

k2/ε ≈ 1.7 × 106 cm s-1 in benzene at 840 nm and≈ 0.55×
106 cm s-1 in acetonitrile at 750 nm. Values ofε ≈ 4000
M-1cm-1 in benzene at 840 nm and about 8000 M-1cm-1 in
acetonitrile at 750 nm were obtained by the relative actinometry
technique using the absorption of the benzophenone triplet state
as standard29 and taking into account the values ofΦTX. This
yields values ofk2 around 6.4 and 4.0× 109 M-1 s-1 in benzene
and acetonitrile, respectively, close to the diffusion controlled
limit. The transient absorbance measured in the 700-800 nm
region being around 0.04 in benzene and 0.08 in acetonitrile,
the maximum concentration ofX is about 10µM in both
solvents so that the value ofk2[Xmax]/k1 is about 8 in benzene
and 2 in acetonitrile. Numeric integration indicates that the yield
of products resulting from the second-order process is then about
5 and 1.5 times larger than that the yield of products resulting
from the first-order process. Therefore, especially in benzene,
the final products obtained under our LFP conditions mainly
result from the second-order decay ofX. It has been noted above
that, after the full decay ofX, the amplitude of the final increase
of the absorbance in the 400-550 nm region, assigned to2, is
nearly the same in benzene as in acetonitrile. Clearly, the
second-order process of decay ofX produces the benzofuran2
with a high efficiency, in benzene as well as in acetonitrile.
The encounter of twoX species in the head-to-tail position, as
shown in Scheme 4, is favored since the zwitterionic structure
most probably contributes largely to the real structure of theX
species, and easily gives two benzofuran molecules by mutual
exchange of the H atom located at the cyclization center.
Consequently, the quantum yield of the reaction in benzene
increases when the experimental conditions of irradiation favor
the formation of high concentrations ofX and, therefore, the
encounter of twoX species. Under irradiation with a frequency-

SCHEME 4: Reaction Mechanism as It Appears from This Study
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tripled Q switch Nd3+ laser (BMI, 20 ns,≈ 20 mJ/pulse, 1 Hz)
of samples in a 10 mm cell with an absorbance at 355 nm,A355,
≈ 1.0, the ratio of the rates of formation of2 in acetonitrile
and benzene is around 2, whereas it is at least equal to 5 under
continuous irradiation. The value of this ratio decreases to 1.4
when the laser beam is slightly focused with a cylindrical cell
and irradiates the sample in a 2 mmcell with A355 ≈ 0.2 (i.e.,
in conditions which mimic those of LFP experiments).

Finally, if the encounter of twoX species does not occur in
the head-to-tail position, it may give a dimer-type product which
could explain that the absorption spectrum obtained after
irradiation under LFP conditions shows, in the 330-400 nm
region, an absorption significantly larger than the absorption
spectrum obtained after continuous irradiation.

Conclusion

The mechanism of the photoconversion1 f 2, as established
by this study, is represented in Scheme 4. In all of the tested
experimental conditions, the chemical yield is equal (or very
close) to unity since the (main) reactions competing with the
formation of2 restore the initial compound1.

The overall quantum yield, which can reach (and probably
exceed) 60 to 70% in deaerated and warm polar solvents, is
only around 3% in aerated nonpolar solvents at room temper-
ature. Its temperature dependence is explained by the large
activation energies (around 33 and 58 kJ/mol, respectively)
associated with two elementary reactions of this mechanism,
one on the way to the final product, the other one restoring the
initial compound.

Let us recall that1 is a model compound for products which
may be formed by photolysis and oxidation of lignin. These
products would certainly differ from1 by additional substitution-
(s) and/or by changes of the methoxy substituents to other alkoxy
groups. Most probably, the values of the above-mentioned
activation energies would be affected by these changes in the
substitution pattern. From the “rule” relating∆G and∆E for a
given reaction in an homogeneous series of compounds, any
structural change inducing a relative stabilization of theX
intermediate is expected to decrease∆E for the cyclization step
31* f X and to increase∆E for the reopening stepX f 1,
both of these changes acting toward an increase of the quantum
yield. Changes of the∆E values by 4 or 8 kJ/mol may increase
or decrease the quantum yield by 1 or 2 orders of magnitude.30

The postulated structure of lignin does not include the bis-
methoxyquinone moiety or even an hydroxy-alkoxybiphenyl
structure such as8′ which could be considered as an obvious
precursor of the bis-alkoxyquinone. By contrast, it includes a
number of alkoxyp-carbonyl phenols (7′) which may give rise
to alkoxyhydroquinones (3′) and alkoxybenzoquinones (4′).

The reaction studied can be relevant for the process of
yellowing of lignocellulosic materials only if it is preceded by
a reaction of coupling of the substituted quinones/hydroquinones
to give a bis-hydroquinone (6′) or the dihydro-bisquinone (5′)
the (photo)oxidation of which will give the bis-quinone. This

coupling reaction is known in the case of the system hydro-
quinone/p-benzoquinone (unsubstituted) in slightly basic aque-
ous solution and its mechanism was studied by Boule et al.31

On the other hand, photolysis of the quinone4 in aerated
dimethoxyethane gives probably the dimeric products5 and/or
6 since dibenzofuran2 was observed as one of the final
products.11 In the latter case, the irradiation was given in the
quinone absorption band (Rayonet 350 UV lamps), whereas in
the former it was given in the absorption band of the hydro-
quinone. The real mechanism of the coupling reaction(s)4 + 4
f 5 and/or4 + 3 f 6 still needs to be elucidated.

The effect of substituents on the values of the activation
energies of the elementary reaction involved in the reaction
bisquinonef dibenzofuran and the mechanism of the coupling
reaction yielding the bisquinone are currently under investiga-
tion.

Supporting Information Available: Some of the results of
a study of the photocyclization of them-anisylbenzoquinone
(transient absorption spectra, quantum yield, and kinetic mea-
surements as a function of the concentration of acetic acid and
oxygen in the solvent) are given and interpretated to support
the mechanism proposed for this reaction. This material is
available free of charge via the Internet at http://pubs.acs.org.
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