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Introduction

The generation of a highly activated intermediate under
mild conditions is one of the most interesting applications of
photochemistry. Mostly, this principle finds application in
mechanistic studies since irradiation offers a smooth way of
generating the desired intermediate, which can be spectros-
copically characterized either in a cryogenic matrix or in
solution through fast kinetics studies. Moreover, the photo-
chemical formation of intermediates may also have synthetic
applications since this method is essentially independent of
the experimental conditions and offers a great versatility;
for example, the photochemical generation of carbenes is
often advantageous with respect to thermal methods for syn-
thetic purposes.[1] However, several other potentially useful
intermediates have been scarcely exploited. As an example,
the phenyl cation has been characterized in matrix[2] and in

the gas phase[3] but is difficult to access in solution, the only
general method being photolysis of diazonium salts,[4] where
care must be given to avoid competing radical paths.[5] As a
result, this cation has almost never been used as a synthetic
intermediate.[6] We have recently shown that the 4-amino-
phenyl cation 2 is efficiently generated by photoinduced het-
erolysis of the C�Cl bond in 4-chloroanilines[7,8] (1, see
Scheme 1) and this offers a smooth path for the arylation of
alkenes, aromatics and heterocycles.[9]

Apparently the interest of the reaction would increase if
it could be extended to other haloaromatic compounds, at
least to electron donating substituted derivatives. An obvi-
ous extension includes halophenols. In this case, there is
substantial literature available, but no indication on a
phenyl cation. In fact, the photochemistry of 4-chlorophenol
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Abstract: The photochemistry of 2,6-
dimethyl-4-chlorophenol (6) has been
studied in methanol and trifluoroetha-
nol (TFE) through product studies and
transient absorption spectroscopy.
Chloride loss from triplet 6 gave triplet
hydroxyphenyl cation 14, which equili-
brated with triplet oxocyclohexadieny-
lydene 15 within a few tens of nanosec-
onds; the cation can, however, be se-
lectively trapped by allyltrimethylsilane
(kad = 108–109 m�1 s�1) to give a pheno-

nium ion and the allylated phenol. In
neat alcohols, 14 and 15 are reduced
through different mechanisms, namely
by hydrogen transfer through radical
cation 17 and via phenoxyl radical 16,
respectively. The mechanistic rationali-
zation has been substantiated by the

parallel study of an O-silylated deriva-
tive. The work shows that the chemis-
try of the highly (but selectively) reac-
tive phenyl cation 14 can not only be
discriminated from that of the likewise
highly reactive carbene 15, but also ex-
ploited for synthetically useful reac-
tions, as in this case with alkenes. Pho-
tolysis of electron-donating substituted
halobenzenes may be the method of
choice for the mild generation of some
classes of phenyl cations.

Keywords: aryl cations · carbenes ·
chlorophenols · laser flash
photolysis · photochemistry

Scheme 1. Photoheterolysis of C�Cl bond in 4-chloroanilines according
to ref. [7] and [8].
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(3, Scheme 2) has been extensively studied, mainly in water,
and it was found that chloride liberation is involved. In this
case, the first intermediate characterized by flash photolysis
has been 4-oxocyclohexa-2,5-dienylidene (5).[10] This may

arise from the deprotonation of cation 4, but there is no evi-
dence for this path. The role of 5 is supported by the forma-
tion of p-benzoquinone in the presence of oxygen. The proc-
esses occurring under anaerobic conditions, namely forma-
tion of hydroquinone, reduction to phenol (highly efficient
in the presence of, or in neat, alcohols) and addition to the
starting compound have been attributed to the same inter-
mediate 5. With this rationalization, photolysis of halophe-
nols appears to supplement photolysis of quinone monodia-
zo derivatives[11] for the preparation of electrophylic car-
benes such as 5.

Recently, however, unambiguous cationic arylations of
arenes and of alkenes, similar to that observed for the ani-
line, have been reported for 4-chlorophenol.[12] This suggest-
ed the intriguing question of whether fast deprotonation
precludes obtaining a phenyl cation chemistry from halophe-
nols, or both intermediates might have a role under suitable
conditions and the intervention of highly reactive species
such as cation 4 and carbene 5 could be discriminated and,
in the event, controlled. If this were possible, the synthetic
scope of the photochemical arylation could be assessed.

We decided to tackle this problem by product studies, di-
agnostic chemical trapping, steady state measurements and
time-resolved studies. 2,6-Dimethyl-4-chlorophenol (6,
Scheme 3) was chosen as the model compound in order to
minimize self-addition to give dihydroxybiphenyl (compare
Scheme 2). Since the key issue was whether deprotonation
would inhibit reaction via the cation, the study was carried
out in alcohols of different basicity (methanol and 2,2,2-tri-
fluoroethanol) and the investigation was extended to the
corresponding silyl ether, where an alternative O-linked
electrofugal group was present.

Results

Products studies : The photochemical studies were carried
out both on 1E10�3

m solutions with GC or HPLC periodical
determination in order to monitor the course of the reaction
as well as on more concentrated solutions (3 to 5E10�2

m)

followed by chromatographic separation for the identifica-
tion of the products. Irradiation of phenol 6 in argon-flushed
methanol led to quantitative reductive dehalogenation and
gave phenol 7 (Scheme 3). In oxygen-equilibrated methanol,
however, phenol 7 was absent and 2,6-dimethyl-1,4-benzo-
quinone 8 was formed quantitatively in dilute solutions, al-
though the yield was low at a higher concentration, probably
due to polymerization.

The reaction was then carried out in the presence of a p-
nucleophile. We chose an alkene rather than a benzene in
order to facilitate selective irradiation (particularly for flash
photolysis experiments, see below) and in particular allyltri-
methylsilane (AS), because previous experience with related
arylation reactions[7,9a] showed that a single product (an al-
lylbenzene) is obtained in this case. Indeed, when 6 was
photolyzed in deoxygenated MeOH in the presence of grow-
ing amounts of AS, phenol 7 was gradually replaced by allyl-
phenol 9, which became the main product at 0.2m AS and
was conveniently obtained by preparative irradiation in the
presence of 1m AS (Table 1). In preparative irradiation ex-
periments with 5E10�2

m solutions of 6 allylphenol 9 was ob-
tained as the main product also when omitting degassing.

The photochemistry of 6 was next examined in 2,2,2-tri-
fluoroethanol (TFE) and gave a similar result, with reduc-
tion to phenol 7 and oxidation to quinone 8 in the absence
and in the presence of oxygen, respectively (see Table 1).
Furthermore, the allylated derivative 9 was largely dominat-
ing at 0.2m AS. Preparative experiments in TFE led exclu-
sively to 9 with 1m AS, independently of the presence of
oxygen.

In order to understand the role of the phenolic proton in
the reaction, the photolysis of a silyl ether of the phenol was
investigated. tert-Butyldimethylsilyl ether 10 (Scheme 4) was
chosen since the corresponding trimethylsilyl ether was
labile to traces of acids in methanol. The loss of the tBuMe2-
Si+ cation from an intermediate during the above photore-
actions would give compounds 7 to 9, that is, the same prod-
ucts obtained from phenol 6. This did, however, not occur.
Irradiation in methanol under the same conditions as above
led to two products, the silylated phenol 11, which resulted

Scheme 2. Photochemistry of 4-chlorophenol in water according to
ref. [10a].

Scheme 3. Photoproducts on irradiation of phenol 6 (for conditions see
Experimental Section).
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from reduction, and the 4-methoxy derivative 12, likewise
maintaining the silyl group, which resulted from formal sol-
volysis (Table 1). Only a trace amount of product 7 (<2%)
was detected. In the presence of oxygen the reaction was
slightly slowed, but no further product (e.g. quinone 8) was
formed. Likewise, irradiation in TFE gave 11 and the tri-
fluoroethyl ether 12’.

In the presence of AS, the silylated allylphenol 13 was
formed at the expense of products 11 and 12 (or 12’) in an
amount depending on AS concentration in both methanol
and TFE (Table 1 and Figure 1). Slightly negative intercepts
in the linear plots of Figure 1 are reasonably due to experi-
mental errors in the yield determinations at low AS concen-
trations. Product 13 was virtually free from the correspond-
ing desilylated derivative 9 (<2%) (Scheme 4, Table 1). Ir-
radiation of 10 in air equilibrated alcohols gives 11 and 12,
though the yield decreases at high conversion, apparently
due to secondary decomposition. In the presence of AS the
yield of 13 remains the same when omitting degassing.

Quantum yields and steady state competition : The fluores-
cence quantum yield was measured for compounds 6 and 10
and found to be in the order of 1% (see Table 2), independ-
ently of the solvent (e.g. for 6, Ff 1.4, 0.9 and 0.8E10�2 in

cyclohexane, methanol and TFE, respectively). Low conver-
sion experiments were also carried out to measure the quan-
tum yield of the photodehalogenation reaction (Fr). The re-
sults are reported in Table 2 and show a modest effect of
the presence of oxygen. The overall efficiency for the pho-
tolysis of both 6 and 10 was virtually unaffected by the pres-
ence of AS. In Figure 1, the ratio of the formation yield of
allyphenol 9 to that of phenol 7 is plotted versus the AS
concentration. A more steep dependence was observed in
TFE than in MeOH. As for silyl ether 10, the corresponding
plot for the ratio of the yield of product 13 to the yield of
the products formed in neat methanol (11+12 or 12’) is like-
wise reported in Figure 1.

Transient intermediates from 6 in TFE : Figure 2a shows the
difference absorption spectrum obtained upon 266 nm laser
flash photolysis of 1.5E10�3

m 6 in degassed TFE at 35 ns
from pulse end (the shortest delay we were able to examine
because of the fluorescence, see Experimental Section). This
is characterized by a structured absorption with lmax = 375/
385 nm (the more intense peak is underlined) and additional
peaks at 290 and 250 nm. All the signals exhibited linear
pulse energy dependence up to about 5 mJ per pulse (corre-

Table 1. Photochemical reactions of phenol 6 and silyl ether 10.

Reagent Conditions Products Yield
[%][a]

1E10�3
m solutions

6 MeOH, Ar 7 85
MeOH, O2 7 <2

8 86
MeOH, Ar,
0.2m AS

7 40

9 48
TFE, Ar 7 85
TFE, O2 7 <2

8 92
TFE, Ar, 0.2m
AS

7 7

9 83
10 MeOH, Ar 11 40

12 48[b]

MeOH, O2 11 13
12 5

MeOH, Ar,
0.2m AS

11 4

12 tr
13 85[b]

preparative experiments on
3.5E10�2

m solutions
6 MeOH, Ar 7 9

9 52
TFE, Ar 9 70
MeOH, Ar,
1m AS

11 18

12 tr
13 67

[a] Calculations based on converted starting material, at 70–85% conver-
sion. [b] A small amount of 2,6-dimethyl-4-fluorophenyl tert-butyldime-
thylsilyl ether was also present.

Scheme 4. Photoproducts on irradiation of tert-butyldimethylsilyl ether 10
(for conditions see Experimental Section).

Figure 1. Ratio of the yield of product 9 vs that of product 7 in methanol
(*) and in trifluoroethanol (*). Ratio of the yield of product 13 versus
the sum of the yields of products 11 and 12 (or 12’) in methanol (&) and
in trifluoroethanol (&).
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sponding to 17 mJcm�2), in agreement with formation of the
transients via a one photon mechanism.

The time evolution of the absorbance in the whole wave-
length range was well described by a first-order kinetics
with a time constant of 630�60 ns and within this period,
the first detected spectrum evolved to another one, rather
similar in the UV but different in the near-visible region. It
was characterized by peaks at 375/390 nm and by an intense
shoulder at l >400 nm. The same time constant was mea-

sured for the absorbance growing at 420, 250 and 390 nm
(Figure 2b). On a longer time scale, the absorbance at
390 nm decayed biexponentially with t1 ~50 ms and t2
~450 ms. As for the transient at 420 nm, a lifetime t �250 ms
could be estimated, but the absorbance did not decay com-
pletely, in part persisting in the millisecond time domain.

In the presence of AS, the difference spectrum at 30 ns
from pulse end showed maxima at 250, 290 and 375/385 nm
and evolved with pseudo first order kinetics into an intense
band at about 290–300 nm. With AS 0.045m the time con-
stant for the formation of the latter band was 90�20 ns (see
Figure 3a and b). The buildup rate of this band depended on
the AS concentration according to Equation (1).

kobs ¼ k0 þ kAS ½AS� ð1Þ

A bimolecular rate constant kAS = (2�0.2)E108m�1 s�1 with
k0 = (1.3�0.5)E106 s�1 could be estimated (see inset in Fig-
ure 3a). The absorbance decay measured at 320 nm was sat-
isfactorily described by a biexponential function with time
constants t1=30�2 ms and t2=150�10 ms.

Photolysis of air-equilibrated TFE solutions of phenol 6
resulted in a difference absorption spectrum characterized
by broad structured absorption with lmax=430 nm
(Figure 4). This absorption band grew with pseudo first
order kinetics with rate depending on the oxygen concentra-
tion. Thus, oxygen quenched a precursor characterized by k0

~ (2.1�0.6)E106 s�1 and a bimolecular rate constant kO2
q =

3.6E109m�1 s�1 could be evaluated using an equation analo-
gous to Equation (1) (see inset of Figure 4).

Transient intermediates from 6 in MeOH : Laser flash pho-
tolysis of Ar-flushed methanol solutions of 6 resulted in a
difference spectrum exhibiting at 30 ns from pulse end two
peaks of similar intensity at 375 and 390 nm, as well as in-
tense bands at 250 and 290 nm (Figure 5). The time evolu-
tion of this transient was exponential with a time constant
of about 50�10 ns, essentially the same all over the spec-
trum, and led to a well defined spectrum with maxima at
375/390 nm, 290 and 250 nm (see the spectral profile at
�100 ns in Figure 5). The tail of the absorption at l >

400 nm was weaker than in TFE. The decay of the transient
at 390 nm was biexponential with t1 = 10�1 ms and t2 =

80�10 ms.

Table 2. Quantum yields and kinetic parameters for the reactions of phenol 6 and silyl ether 10.

Reagent Solvent Ff Fr k0/s
�1 kad/m

�1 s�1 kad/(k
0
re+k 00

reKeq)/m
�1 kO2

q /m�1 s�1

(FO2
r )

k(9)/k(7)/m
�1

6 MeOH 9E10�3 0.60 6 2.0E107 �1E109 �10 3.0E109

(0.48)
6 TFE 8E10�3 0.42 53 1.6E106 � 2E108 125 3.6E109

(0.40)
k(13)/k(11+12)/m

�1

10 MeOH 6E10�3 0.29 6 �2E108

(0.24)
10 TFE 6E10�3 0.15 35

Figure 2. a) Difference absorption spectra of 1.5E10�3
m degassed TFE

solution of 6 at (&) 35 ns and (*) 775 ns after pulse end. (3.5 mJ per
pulse). b) Time course of DA at 1) 250 nm, 2) 390 nm, and 3) 420 nm
(zero time at pulse onset).
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In air-equilibrated methanol, an intense band at 490 nm
was observed in addition to the 375/390 absorption

(Figure 6). The buildup rate of both bands was the same in
agreement with the reaction of a common precursor with
molecular oxygen (kO2

q = 3.0E109m�1 s�1, k0 = (1.8�0.6)E
107 s�1).

The initial transient was quenched by AS also in MeOH,
although the concentration of the additive required for ob-
serving a significant effect was larger than in TFE. This re-
sulted in the buildup of a strong absorbance at 290 nm
(compare the difference spectrum at 100 ns in Figure 7 with
that in neat methanol in Figure 5), analogously to what ob-
served in TFE. The bimolecular rate constant for the reac-
tion with AS was approximately estimated from the buildup
of the absorbance at 250 and 390 nm and found to be kAS �
2E108m�1 s�1. The decay of the transient at 390 nm was biex-
ponential with t1=20�2 ms and t2=190�30 ms (see inset of
Figure 7). At 320 nm a major fraction of the signal decayed
with t=1.7 ms, but a part persisted longer.

Figure 3. a) Difference absorption spectra of 1.5E10�3
m degassed TFE

solution of 6 in presence of 0.045m AS at (&) 35 ns, (*) 105 ns, (~)
180 ns, (!) 780 ns from pulse end (4.0 mJ per pulse). Inset: Dependence
of the build-up rate constant kobs at 320 and 400 nm (in AS absence) on
the AS concentration. b) Time course of DA at 1) 250 nm, 2) 290 nm, and
3) 320 nm (zero time at pulse end).

Figure 4. Difference absorption spectra from 1.5E10�3
m air-equilibrated

TFE solution of 6 at (&) 30 ns, (*) 95 ns, (~) 180 ns, and (!) 380 ns after
pulse end (2.0 mJ per pulse). Inset: Dependence of the build-up rate con-
stant kobs at 460 and 390 nm (in oxygen absence) on the oxygen concen-
tration.

Figure 5. Difference absorption spectra of 1.4E10�3
m argon-flushed

MeOH solution of 6 at (&) 30 ns, (*) 100 ns, and (~) 775 ns after pulse
end (2.9 mJ per pulse).

Figure 6. Difference absorption spectra of 1.4E10�3
m air-equilibrated

MeOH solution of 6 at (&) 100 ns, (*) 480 ns, and (~) 1600 ns after pulse
end (2.9 mJ per pulse). Inset: Dependence of the build-up rate constant
kobs at 460 nm and 390 nm (in oxygen absence) on the oxygen concentra-
tion.

B 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 140 – 151144

S. Monti, A. Albini et al.

www.chemeurj.org


Transient intermediates from 10 in MeOH : Laser photolysis
of silyl ether 10 in Ar-flushed methanol (Figure 8a) resulted
in a difference absorption spectrum characterized 10 ns after
the laser pulse by bands at 260 and 360–390 nm. The spec-

trum taken at �110 ns delay had well defined peaks at 255
and 290 nm and a broad band extending beyond 500 nm.
The time evolution of the absorption changes was well de-
scribed by a biexponential function with t1 ~22�5 ns and t2
~250�50 ns. The surviving absorption (i.e. , that at 1.5 ms
delay in Figure 8a) persisted in the millisecond range. The
time constant t1 was slightly shorter in oxygen saturated so-
lutions (tO2

1 ~15 ns), but was not affected by the presence of
0.25m AS. The time constant t2 was likewise unaffected by
AS. On the contrary this additive strongly reduced the in-
tensity of the visible absorption (Figure 8b). In Figure 9a the
biphasic time course of the absorbance can be appreciated
at 250 and 420 nm. In Figure 9b the effect of the presence of
AS on the intensity of the longer lived component is shown
at both wavelengths.

Discussion

Cation versus carbene : The aim of the present study is the
identification and the evaluation of the synthetic utility of
the intermediates generated by photolysis of 4-chlorophenol
derivatives. Comparison of the photochemistry of com-

Figure 7. Difference absorption spectra of 1.4E10�3
m argon-flushed

MeOH solution of 6 in presence of 0.1m AS at (&) 30 ns, (*) 100 ns, and
(~) 775 ns after pulse end (3.5 mJ per pulse). Inset: Biexponential decay
of DA at 390 nm in 1mm 6 in presence of 4.5E10�2

m AS in methanol.

Figure 8. a) Difference absorption spectra of 1.4E10�3
m argon-flushed

MeOH solution of 10 at (&) 10 ns, (*)110 ns and (~) 1500 ns after pulse
end (2.0 mJ per pulse). b) Difference absorption spectra of 1.4E10�3

m

argon-flushed MeOH solution of 10 in the absence of AS (&) and in the
presence of 0.25m AS (*) at 110 ns after pulse end (2.0 mJ per pulse).

Figure 9. Time course of DA at 1) 255 nm and 2) 420 nm of 1.4E10�3
m

argon-flushed MeOH solution of 10 a) in the absence of AS and b) in the
presence of 0.25m AS (2.7 mJ per pulse; zero time at pulse onset).

Chem. Eur. J. 2005, 11, 140 – 151 www.chemeurj.org B 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 145

FULL PAPERAryl Cation and Carbene Intermediates

www.chemeurj.org


pounds 6 and 10 shows that both the reactions expected
from triplet phenyl cation 14 and those expected from trip-
let carbene 15 are obtained in the presence of the appropri-
ate traps (Schemes 5 and 6); for simplicity, 14 and 15 are in-
dicated by a single formula, even if delocalization on the
ring is important, see for example ref. [11k]). Indeed, allyl-
phenol 9 is the product expected by addition of cation 14 to
AS and subsequent elimination of the good electrofugal
Me3Si

+ group from adduct cation 19. The reaction is closely
analogous to that observed with chloroanilines, where addi-
tion processes followed by elimination of an electrofugal
cation (H+ , Me3Si

+) have been characterized for a variety
of p nucleophiles (alkenes, aromatics, heterocycles) and
firmly rationalized as involving triplet aminophenyl cation
2.[9a] Formation of 9 via carbene 15 is not expected, since lit-
erature suggests that an isolable spiro-cyclopropanecyclo-
hexadienone would rather be formed[11] and such a hypothe-
sis is finally discarded because the allylphenol 13 is obtained
from 10 conserving the tert-butyldimethylsilyl group, and
thus necessarily involving cation 22 (Scheme 6). Further, the
benzoquinone 8 is a diagnostic trapping product of the car-
bene via carbonyl oxide 18 and is obtained from 6, and not
from 10 (see Table 1). Since the two observed reactions,
with oxygen and with AS, cannot be imputed to a single in-
termediate, a convenient hypothesis is that cation and car-
bene are in equilibrium. As it will appear in the following,
fast kinetic and steady state experiments support that kineti-
cally indistinguishable intermediates are involved; indeed,
the time resolved data obtained for 6 in both TFE and
MeOH can be consistently rationalized assuming that the
protonation equilibrium (kdepr/kpr) between triplet aryl
cation 14 and triplet carbene 15 is established within a few
tens of nanoseconds, that is, with rates of the order of
108 s�1. In the following, a structure assignment for the ob-
served intermediates is presented and their role in the
chemistry occurring discussed.

Assignment and role of transient species : Structure assign-
ment for the transients observed under the various condi-
tions is proposed on the basis of the analogy with previous
studies and consistence with the mechanistic scheme dis-
cussed below.

The fluorescence of phenol 6 hinders acquisition of mean-
ingful signals before 30–35 ns from pulse end. In TFE, the
first observed spectrum (Figure 2a) with maxima at 375/385,
290 and 250 nm is closely reminiscent of that attributed to
triplet carbene 5 in water (Scheme 2).[10a,11k] Recent compu-
tational investigations suggest that phenyl cations, except for
particular substitution patterns, do not present intense ab-
sorption in the near UV or visible[13] and thus cation 14 is
not expected to contribute significantly in the spectral
region explored. Thus, it seems reasonable to assign the ear-
lier spectrum of Figure 2a to 15. As hinted above, the time
evolution of the absorbance changes in the whole wave-
length range occurs with a single time constant (630 ns), re-
quiring that interconversion between 14 and 15—if any—
occurs with rates significantly faster than that of the decay
of these intermediates (Figure 2b). This time constant is rel-
ative to the formation of secondary intermediates, absorbing
stronger than the precursor(s) in the explored range. Thus,
the fact that the aryl cation does not contribute to the initial
spectrum is irrelevant to the single exponential behavior of
the system.

Actually, two secondary transients are formed with the
same rate. Phenoxyl radical 16 is identified by the distinctive
peaks at 375/390 nm, apparent in the spectrum at 775 ns in
Figure 2a that well fits what found with the non methylated
analogue.[14] This product results from hydrogen abstraction
from the solvent by triplet carbene 15 (k 00

re in Scheme 5). A
shoulder at l >400 nm is apparent in the same spectrum,
and is assigned to the radical cation 17, arising from solvent
hydrogen transfer to aryl cation 14 (k 0

re). Radical cations

Scheme 5. Proposed mechanism of aryl cation evolution upon heterolytic
photodehalogenation of 6. For simplicity, mesomeric formulae of inter-
mediates are not explicity indicated.

Scheme 6. Proposed mechanism of aryl cation evolution upon heterolytic
photodehalogenation of 10. For simplicity, mesomeric formulae of inter-
mediates are not explicity indicated.
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from phenols are indeed known to absorb in the 380–
450 nm range[15] and hydrogen transfer to the phenyl cation
has been previously considered as an alternative mechanism
for reduction of halophenols and haloanilines.[7,10a] Final sup-
port for the assignment comes from the fact that a similar
transient is observed with the silyl ether, where only this
path is available for reduction (see below). The same inter-
mediates are observed in MeOH, though 16 greatly predom-
inates over 17 in this case (Figure 5).

In the presence of traps, the transients from 6 change in a
way that closely matches the changes in product distribution
(see Table 1). Thus, carbonyl oxide 18, characterized by a
strong absorption in the visible, dominates in the presence
of oxygen and arises from trapping of 15 by oxygen (kO2

),
analogously to the case of 3.[10a,b] Actually, this intermediate
has lmax=490 nm in MeOH (Figure 6), 460 nm in water[10a]

and 430 nm in TFE (Figure 4). This parallels the ability of
nucleophile assistance by these solvents,[16] consistently with
a not previously documented, but reasonable, increasing sta-
bilization of this cumulene by nucleophilic solvents.

The conspicuous absorption change with lmax=290–
300 nm observed in TFE in the presence of AS (Figure 3a)
is attributed to formation of phenonium ion 19. Such ions
have been often invoked as intermediates, particularly in
substitution reactions of phenethyl derivatives.[17] There is
no precedent in the literature available for a similar pheno-
nium, but 1,1-dimethyl-4-hydroxybenzenium ion 23, with a
closely analoguous structure, indeed absorbs at 295 nm (log
e 3.57 in both HClO4 and H2SO4), supporting the attribu-
tion.[18] Phenyl cations have been previously trapped by me-
sitylene yielding arylcyclohexadienyl cations (23’), which
absorb strongly at 260 and 350 nm.[4c] In methanol, observa-
tion of the AS effect requires a larger amount of the addi-
tive, but also in this case the intensity of the 290–300 nm
band at 100 ns delay indicates that cation 19 has been
formed, though to a lower extent than in TFE (Figure 7).

In the case of the silyl ether 10, the difference spectrum
could be registered after 10 ns. Under these conditions an
early transient with absorption bands at 260 and 360–390 nm
(Figure 8a) is detected. This is quenched by oxygen but not
influenced by high concentrations of AS, and is identified as
the triplet state 310. The broad band in the visible (Figures 8
and 9) with a lifetime in the order of hundreds of nanosec-
onds is assigned to radical cation 21 (Scheme 6). This band
is strongly decreased in the presence of 0.25m AS (indeed,
the visible part of the spectrum of the triplet is better evi-
denced under this condition); moreover its decay time is not
changed in the presence of the alkene (see Figure 9a and b).

In this case, no absorption attributable to phenonium ion 22
is detected (see Figure 8b); apparently, this species is blue-
shifted with respect to 19.

Cation–carbene equilibrium and kinetics : The photochemis-
try of 6 in the two alcohols is thus essentially the same, with
the difference that primary intermediates 14 and 15 decay at
a much faster rate in MeOH, where the rate of reaction
appproaches that of interconversion, particularly when these
species are trapped by some additive. In the simplified ap-
proach that equilibration between 14 and 15 is faster than
their decay, the oxygen trapping reaction can be used to
check the selfconsistency of the rationalization in Scheme 5
(with [AS]=0), since carbonyl oxide 18 is conspicuously de-
tected in both solvents. The kinetic equations are resolved
in the dynamic equilibrium approximation, that is, with kdepr,
kpr@ k 0

re, k 00
re, kO2

[O2]. Assuming the photodehalogenation
occurs “instantaneously” from excited 6 with quantum yield
Fr, the following equations apply, where superscript “0” in-
dicates the value at t=0:

Keq ¼
kdepr

kpr
¼ ½15�0

½14�0 ð2Þ

½14�0 þ ½15�0 ¼ Fr½6*� ð3Þ

In the presence of oxygen kobs is expressed by Equation (4):

kobs ¼ ððk 0
reþ k 00

reKeqÞ=ð1þKeqÞÞþ ðkO2
Keq=ð1þKeqÞÞ½O2�

ð4Þ

where k0 = (k 0
re + k 00

reKeq)/(1+Keq) is the rate measured in
the absence of oxygen and the experimental quenching rate
constant kO2

q by O2 is represented by Equation (5):

kO2
q ¼ kO2

Keq=ð1þKeqÞ ð5Þ

When the reaction with oxygen is completed, the maximum
concentration of carbonyl oxide 18 is expressed by Equa-
tion (6):

½18�max ¼ kO2
½O2�Keq½14�0=kobs ð6Þ

In air-equilibrated solutions (Figures 4 and 6, [6*] = 2.7E
10�5

m and 3.9E10�5
m, in TFE and MeOH, respectively),

[18]max can be calculated by using the dehalogenation quan-
tum yields Fr of Table 2, the experimental bimolecular
quenching rate constant kO2

q = 3.6E109 and 3.0E109m�1 s�1

(Grabner et al. found 3.5E109m�1 s�1 for 4 in water),[10a] the
oxygen concentrations 2.55E10�3

m and 2.1E10�3
m, the ob-

served decay rate constants kobs=1.2E107 s�1 and 2.4E
107 s�1 in TFE and MeOH, respectively. The calculated
values of [18]max are 7.8E10�6

m in TFE and 4.7E10�6
m in

MeOH and the ratio compares well with the ratio of the re-
spective experimental values of DAmax (0.10 and 0.07). This
fact can be taken as an indication of the reliability of the ki-
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netic model applied and of the validity of the dynamic equi-
librium approximation. On the basis of the above calcula-
tions, the molar absorption coefficient emax of 18 is predicted
to be about 12800 and 14800m�1 cm�1 in TFE and MeOH,
respectively, to be compared with the value of 9500m�1 cm�1

determined by Grabner for the analogous carbonyl oxide
derived from 3 in water.[10a]

Information about the position of the equilibrium in the
two solvents can be obtained from k0 (Table 2) with some
assumption on the rates of the reductive processes. For the
carbene derived from 3 in water, the rate constants for H
abstraction from MeOH and EtOH were determined by
Grabner to be 1E106m�1 s�1 and 6.4E106m�1 s�1, respective-
ly.[10a] Thus, for 15 in MeOH it can be assumed k 00

re ~
[MeOH]E106 s�1. The literature suggests that a,a,a-trifluori-
nation makes hydrogen transfer slower by at least one order
of magnitude, as shown by the �10 times decrease in the
rate coefficient for H-abstraction by the OH radical from
TFE with respect to EtOH.[19] Finally, k 0

re can be assumed to
be negligible in MeOH, as indicated by the fact that forma-
tion of radical cation 17 is a minor process in this solvent.
With these hypotheses, Keq turns out to be about 4 in
MeOH and �0.2 in TFE (T=295 K). This result is in agree-
ment with the different basicity of the two alcohols[16] that
governs the rate of deprotonation of cation 14 to carbene 15
(kdepr) and the rate of the back reaction (kpr).

The reservoir of the equilibrating primary intermediates is
emptied in neat alcohols through the two channels leading
to reductive dehalogenation. This has been monitored in dif-
ferent ways. First, transient absorption evidences that radical
16 is formed with a rate constant of 2E107 and 1.6E106 s�1

in MeOH and TFE, respectively (Table 2). In principle, in
TFE radical 16 could also result from the deprotonation of
17, which is known to be fast.[20] However, the transient
spectra indicate that the two radicals are more likely formed
in parallel. Second, the competition between reduction to
phenol 7 and allylation to give 9 via 19 has been studied by
steady state experiments in the presence of increasing
amounts of AS. A linear dependence of the ratio [9]/[7] on
AS concentration according to Equation (7) has been found.

½9�
½7� ¼

kð9Þ

kð7Þ
½AS� ð7Þ

The linear plot in Figure 1 gave k(9)/k(7) = 53m�1 in TFE
and 6m�1 in MeOH. Analogously, with silyl ether 10 the de-
pendence of the [13]/([11]/+ [12]) ratio on AS concentration
gave k(13)/k(11+12) = 35m�1 in TFE and 6m�1 in MeOH. On
the other hand, flash photolysis showed that the precursor
of radical 17, that is, 14Q15 is quenched by AS with rate
constants kAS = 2E108m�1 s�1 in TFE and �2E108m�1 s�1 in
MeOH. Within the equilibrium model assumed, kAS = kad/
(1+Keq) and k0 = (k 0

re + k 00
reKeq)/(1+Keq); thus the ratio kad/

(k 0
re + k 00

reKeq) can be evaluated on the basis of the experi-
mental values of k0 (1.6E106 s�1 in TFE and 2.0E107 s�1 in
MeOH). The calculated ratios are �10m�1 in MeOH and
125m�1 in TFE, showing a trend in reasonable agreement

with the k(9)/k(7) values from the steady state experiments in
the two solvents (see Table 2). As for the absolute value of
kad, in MeOH it can be calculated by neglecting k 0

re and
using k 00

re ~ [MeOH]E106 s�1 and the equilibrium constant of
4 and turns out to be about 109m�1 s�1. In TFE a lower limit
of 2E108m�1 s�1 is estimated.

In the case of silyl ether 10, the only path available for re-
duction to 11 involves hydrogen transfer through radical
cation 21. The rate constant for the formation of the latter
cannot be precisely measured due to the interference of the
triplet absorption, longer lived than for 6, but must be kre �
2.0E107 s�1, on the basis of the observed ratio k(13)/k(11+12)=

6m�1, with addition to AS occurring with a rate constant kad

~2E108m�1 s�1 also in this case.

Triplet versus singlet chemistry : Similarly to 4-chlorophe-
nol,[21] compound 6 shows a weak fluorescence (Ff ca. 1%)
and an intersystem crossing quantum yield Fisc �0.95 is esti-
mated; the same holds for compound 10. Triplet 36 is not ob-
served through transient absorption measurements in alco-
hols, although this should not be unduly stressed since,
before 30 ns from pulse end, fluorescence perturbs detection
of transient absorption signals, expected to be weak for trip-
let of phenol derivatives.[14] In the case of 10 triplet absorp-
tion is observed and the short lifetime of 22 ns well fits with
a dehalogenation reaction being an efficient decay channel
(phenol and anisole have a lifetime of 3.3 ms in polar sol-
vents).[22] Furthermore, the similar photochemistry of 6 and
10 supports that the photoreaction is actually chloride loss
in the triplet state, discarding the hypothesis that it involves
concerted HCl elimination (Schemes 7 and 1).[10a]

The rather efficient C�Cl bond cleavage thus proceeds
from the triplet and, analogously to what happens with 4-
chloroaniline, gives the corresponding phenyl cation in the
triplet state. A difference between these two intermediates
is that the triplet of 4-aminophenyl cation is markedly stabi-
lized compared to the singlet (�10 kcalmol�1 according to
B3LYP 6-31G(d) calculations), whereas the triplet of cation
14 is almost isoenergetic with the singlet (this latter is
�1 kcalmol�1 more stable).[23] In spite of this difference the

Scheme 7. Proposed mechanism of heterolytic photodehalogenation of 6
and 10.
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reactivity of the two intermediates is the same and proceeds
in both cases from the triplet state. Inspection of the poten-
tial energy surfaces for triplet 4-aminophenyl cation showed
that this adds easily to p, not to n, nucleophiles; with ethyl-
ene it gives a phenonium cation that intersystem crosses
down to the singlet of the same structure.[9a] Alcohols act as
hydrogen donors to the triplet cation (and as O-nucleophiles
to the singlet).[4b,9a] We find here that, just like the amino an-
alogue, cation 14 only gives addition to p nucleophiles and
solvent induced reduction.[24a] The cationic course of the re-
action is supported by the formation of allylphenol 9 by loss
of the trimethylsilyl cation from 19, a largely precedented
process with silanes when a cation, not a radical, is in-
volved.[24] It is worthwhile noting that Grabner found some
hydroquinone from the irradiation of chlorophenol 3 in
water (Scheme 2),[10a] which could be an indication that in a
non reducing medium triplet phenyl cation has no easy path
available and ISC to the singlet has some role.

A further support to the above mechanism is offered by
the chemistry of silyl ether 10. First of all, this compound
undergoes reductive dehalogenation to 11, just as 6, with no
competing desilylation. Moreover, the involvement of transi-
ent 21 analogous to 17, proves that a path for the reduction
of the phenyl cation is operative not involving a carbene,
that is, via the conversion 20!21, analogously to 14!17,
not 14!15!16. On the other hand, silyl ether 10 gives the
methyl ether 12 in an amount comparable to that of the re-
duced compound 11, through a reaction that is typical of sin-
glet phenyl cation, and involves previous ISC from 320 to
120. Addition of AS inhibits both reactions to the same
degree, indicating that effective trapping of the triplet cation
successfully inhibits other decay paths from this intermedi-
ate.

Overall course of the reaction : The choice of the medium
determines the course of the reaction after initial heterolytic
cleavage of the C�Cl bond of phenol 6. In methanol, proton
transfer to nucleophilic MeOH is fast and the 14Q15 equili-
brium is shifted towards the latter species. This property,
combined with the good hydrogen donor properties of this
solvent makes the dehalogenation occur essentially via the
carbene path as indicated for 3 by Grabner et al.[10a] on the
basis of flash photolysis data and further supported by
CIDEP experiments (in 2-propanol).[25] In more acidic TFE
the equilibrium is shifted towards 14. Additionally, this alco-
hol is a poor hydrogen donor and thus reduction to 7 is slow
and for a large part occurs via the radical cation path. The
two properties make this solvent better suited for trapping
of the cation by a p nucleophile; thus, allylation by AS is
largely predominant over reduction already at 0.1m AS con-
centration. However, a high enough concentration of the
alkene makes allylation successful even in MeOH, though
this would clearly not be the solvent of choice for such reac-
tion. Conversely, highly efficient O2 trapping of 15 results in
formation of the carbonyl oxide in both solvents, despite the
different initial position of the equilibrium. When using a
non deoxygenated 5E10�2

m solution of 6, the amount of

oxygen present is rapidly consumed and then the reaction
continues undisturbed; thus, the photochemical preparation
of allylphenol 9 can be carried out omitting degassing.

In the case of cation 20, cleavage of the silyl cation is not
sufficiently fast to be significant; therefore no 15 is formed
and only reaction via the phenyl cation are observed. How-
ever, the difference in H donation between MeOH and TFE
is well apparent, making trapping of the cation more effec-
tive in the latter solvent (compare Figure 1). A further dif-
ference with this cation is that ISC from the first formed
triplet to singlet 120, reasonably the most stable state, occurs
to some extent thus giving products 12 and 12’, where the
solvent act as n nucleophile, along with 11 (where it acts as
H donor to 320). However, addition of a p nucleophile sy-
phons away 320 before ISC.

Conclusion

This work based on the comparison between a chlorophenol
and the corresponding silyl ether strengthens the rationaliza-
tion of the photochemical behavior of such compounds. The
chemistry of 6 proceeds from the triplet and gives the hy-
droxyphenyl cation in the triplet state. This intermediate is
not detected, nor is expected to be due to unfavorable ab-
sorption characteristics. However, this is unambigously iden-
tified through trapping by an alkene leading to alkylation
via a second intermediate, a phenonium ion. A transient cor-
responding to the last species is detected here for the first
time, though such intermediates have been often invoked.[17]

In the protic solvents considered, a fast equilibrium between
the hydroxyphenyl cation and triplet oxocyclohexadienyly-
dene is established. Reactions both from the aryl cation
(alkene addition and reduction) and the carbene (oxygen
addition and reduction) have been characterized kinetically
and the respective intermediates detected.

The mechanistic support obtained gives more confidence
in synthetic applications. Triplet hydroxyphenyl cation is in-
teresting from this point of view, due to the selective reac-
tion with p nucleophiles, in particular with alkenes. The use
of a less nucleophilic and, what is actually more important,
less H-donating solvent such as TFE makes aryl cation
chemistry accessible also at relatively low alkene concentra-
tion. This demonstrates that it is possible not only to dis-
criminate, but also to direct the reaction. O-Silylation as in
compound 10 is another way to obtain the aryl cation
chemistry. In this case there is some incursion of singlet aryl
cation chemistry in neat alcohols, which does not, however,
decrease the efficiency of the arylation of alkenes.

The aryl cation chemistry previously obtained for 4-chloro-
anilines has been extended to a 4-chlorophenol derivative
and its silyl ether, generalizing the photochemical method
for the generation of aryl cations from electron-donating
substituted haloaromatics. Indeed, phenyl cations are virtu-
ally inaccessible by thermal methods[6] and their synthetic
potential has not been appreciated as yet. Photochemistry
may turn out to be the elective method in this case and may
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give access to another class of reactions where a highly reac-
tive intermediate is generated by irradiation under mild con-
ditions.

Experimental Section

General : MeOH, TFE (Fluka) and allyltrimethylsilane (Lancaster) were
used as received, 4-chloro-2,6-dimethylphenol (Lancaster) was purified
by crystallization from cyclohexane. NMR sectra were measured in
CDCl3 with TMS as internal standard and accompanied by the appropri-
ate DEPT experiments.

Preparation of 1-[(tert-butyldimethylsilyl)oxy]-2,6-dimethyl-4-chloroben-
zene (10): The title compound was obtained in 90% yield and purified
by bulb to bulb distillation starting from the corresponding phenol and
by using the procedure reported by Aizpurua et al.[26] Colorless solid,
m.p. 28–30 8C; elemental analysis calcd (%) for C14H23ClOSi: C 62.08, H
8.56; found: C 61.93, H 8.54; 1H NMR (CDCl3): d = 0.2 (s, 6H), 1.1 (s,
9H), 2.2 (s, 6H), 6.95 (s, 2H); IR (neat): n = 1470, 1224, 922, 854 cm�1.

Preparation of 2,6-dimethyl-4-methoxyphenyl tert-butyldimethylsilyl
ether (12) and 2,6-dimethyl-4-trifluoroethoxyphenyl tert-butyldimethylsil-
yl ether (12’): Authentic samples of these compounds for comparison
with the photochemically obtained products were prepared from 2,6-di-
methyl-4-methoxy- (or 4-trifluoroethoxy)-phenol. In turn, these were ob-
tained from 2,6-dimethylhydroquinone, obtained by sodium dithionite re-
duction of 2,6-dimethyl-1,4-benzoquinone,[27] followed by selective acid
catalyzed methylation or, respectively, trifluoroethylation)[28] in the corre-
sponding alcohols, by using the same procedure as above.

Compound 12 : colorless oil; elemental analysis calcd (%) for C15H26O2Si:
C 67.62, H 9.84; found: C 67.33, H 9.54; 1H NMR (CDCl3): d = 0.2 (s,
6H), 1.0 (s, 9H), 2.2 (s, 6H), 3.75 (s, 3H), 6.55 (s, 2H); 13C NMR
(CDCl3): d = 3.2 (CH3), 18.6, 19.7 (CH3), 26.0 (CH3), 55.3 (CH3), 113.6
(CH), 129.2, 145.7, 153.3; IR (neat): n = 1485, 1436, 1253, 1222, 1068,
898, 838, 778 cm�1.

Compound 12’: colorless oil; elemental analysis calcd (%) for
C16H25F3O2Si: C 57.46, H 7.53; found: C 57.10, H 7.80; 1H NMR
(CDCl3): d = 0.2 (s, 6H), 1.0 (s, 9H), 2.2 (s, 6H), 4.2 (q, 2H, J=8 Hz),
6.55 (s, 2H); IR (neat): n = 1473, 1284, 1224, 1162, 1090, 905, 839,
779 cm�1.

Photochemical reactions : 1E10�3
m or 5E10�2

m solutions of either 6 or
10 in 1 cm diameter quartz tubes were flushed with argon for 15 min—
when appropriate—, serum capped and irradiated at 295 K in a multi-
lamp apparatus fitted with six 15 W phosphor coated lamps (centre of
emission 310 nm). Conversion of the starting material and formation of
the photoproducts were periodically monitored by GC or HPLC. The
conversion was approximately linear up to >80% conversion. In the
photoreaction of 10 in TFE a small amount of 2,6-dimethyl-4-fluorophen-
yl tert-butyldimethylsilyl ether was also formed, as indicated by GC/MS.

Photochemical synthesis of 2,6-dimethyl-4-(2-propenyl)phenol (9): The
synthesis was carried out starting from 4-chloro-2,6-dimethylphenol 6
(82 mg, 0.52 mmol, 0.035m), allyltrimethylsilane (2.4 mL, 15 mmol, 1m)
in MeOH (15 mL) were irradiated as above for 5.5 h at 310 nm. After
column chromatography (cyclohexane/EtAc 98.5:1.5) the title compound
was isolated as an oil (45 mg, 52%) along with 2,6-dimethylphenol (8 mg,
9%).

Compound 9 : colorless oil,[29] elemental analysis calcd (%) for C11H14O:
C 81.44, H 8.70; found: C 81.40, H 8.77; 1H NMR (CDCl3): d = 2.25 (s,
6H), 3.30 (d, 2H, J=7 Hz), 4.55 (br s, 1H), 5.1 (m, 2H), 6.0 (m, 1H),
6.85 (s, 2H); IR (neat): n = 3568, 1638, 1196 cm�1.

Photochemical Synthesis of 1-[(tert-butyldimethylsilyl)oxy]-2,6-dimethyl-
4-(2-propenyl)benzene (13): From 10 (95 mg, 0.35 mmol, 0.035m), allyltri-
methylsilane (1.6 mL, 10 mmol, 1m) and TEA (48.5 mL, 0.35 mmol,
0.035m) in MeOH (10 mL) irradiated as above for 6 h. After column
chromatography (cyclohexane), the title compound was isolated as an oil
(65 mg, 67%) along with 1-[(tert-butyldimethylsilyl)oxy]-2,6-dimethylben-
zene (11; 15 mg, 18%).

Compound 11: colorless oil; 1HNMR (CDCl3): d = 0.45 (s, 6H), 1.15 (s,
9H), 2.5 (s, 6H), 6.65 (t, 2H, J=7 Hz), 7.00 (d, 1H, J=7 Hz); further
characteristics as reported.[30] Data of compound 13 in accordance with
literature.[31]

Quantum yield measurement : The fluorescence quantum yields (Ff) in
cyclohexane, methanol and trifluoroethanol were measured from the
area of the corrected emission spectra (T=295 K, excitation at 285 nm)
by using 9,10-diphenylanthracene as standard (Ff=0.91 in cyclohex-
ane).[32] Reaction quantum yields (Fr) were determined by irradiating 1E
10�3

m solutions of either 6 or 10 in 1 cm optical path cuvettes after flush-
ing with argon or oxygen. The lamp source was a focalized 150 W high
pressure mercury arc fitted with an interference filter (transmission,
280 nm). Potassium ferrioxalate was used as the actinometer.

Nanosecond laser flash photolysis : The setup for the nanosecond absorp-
tion measurements was described previously.[33] The minimum response
time of the detection system was of about 2 ns. The laser beam (a JK-
Lasers Nd/YAG operated at l=266 nm, pulse FWHM 20 ns) was focused
on a 3 mm high and 10 mm wide rectangular area of the cell and the first
2 mm in depth were analyzed at a right angle geometry. The incident
pulse energies used were <17 mJcm�2 (5 mJ per pulse). The bandwidth
used in the spectrokinetic measurements was typically 2 nm (0.5 mm slit
width). The spectra were reconstructed point by point from time profiles
taken each 5–10 nm. The sample absorbance at 266 nm was typically 1–
1.5 over 1 cm. Oxygen was removed from methanol by vigorously bub-
bling the solutions with a constant flux of Ar, previously passed through
an alcohol trap to prevent evaporation of the sample. The same proce-
dure was used to prepare oxygen saturated solutions. The solution, in a
flow cell of 1 cm path, was renewed after each laser shot. The TFE ex-
periments and some methanol experiments were performed on samples
degassed by repeated freeze-pump-thaw cycles at the vacuum line. In this
case too, the solutions were renewed after a few laser shots. The temper-
ature was 295�2 K. The detector system was perturbed from 290 to
380 nm by the intense emission of 6, generated by the laser excitation.
These troubles were minimized by using neutral density filters at the en-
trance slit of the monochromator and pulsing the 150 W high pressure
Xe lamp at high currents (~200 mA for 1 ms) to increase the intensity of
the analyzing light. In spite of this, transient spectra in this wavelength
region were not significant before 30–35 ns. Acquisition and processing
of absorption signals were performed by a home made program using
Asyst 3.1 (Software Technologies, Inc.). Nonlinear fitting procedures by
the least square method and c2 and distribution of residuals were used to
judge the goodness of the fit.
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