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8 ABSTRACT: The photochemistry of tris(p-bromophenyl)amine was investigated in a nitrogen- and oxygen-flushed solution
9 under laser flash photolysis conditions. The detected intermediates were the corresponding amine radical cation (“Magic Blue”)
10 and the N-phenyl-4a,4b-dihydrocarbazole radical cation that, under an oxygen atmosphere, is converted to the corresponding
11 hydroperoxyl radical. The role of the last species was supported by the smooth co-oxidation of sulfides to sulfoxides. On the
12 other hand, co-oxidation of nucleophilic triarylphosphines to triarylphosphine oxides arose from an electron transfer between the
13 photogenerated “Magic Blue” and phosphine that prevented the amine cyclization. In this case, intermediate Ar3POO

•+ was
14 found to play a key role in phosphine oxide formation.

15 ■ INTRODUCTION
16 Single-electron-transfer processes [SETs (Scheme 1a)] play a
17 key role in fields ranging from synthetic chemistry1 to material

18 chemistry.2 However, because the key intermediate contains an
19 unpaired electron, it is muchmore reactive than the starting com-
20 pound, and therefore multielectron processes, interference with
21 oxygen, and chain reactions often followed spontaneously SET.
22 In the case of SET-based oxidation processes, organic oxidants,
23 such as the popular “Magic Blue”,3 are often preferred over metal
24 ions for mechanistic investigations because these reagents allow
25 better control of the kinetics of the reaction. In this context, the
26 case of tris(4-bromophenyl)amine [1 (Chart 1)], the precursor

27of Magic Blue would be of high interest, because in the past,
28structurally related but less oxidizing reagents such as di- and
29triaryl amines were reported to undergo smooth cyclization to
30the corresponding carbazoles upon irradiation. The reactions of
31such compounds in the presence of nucleophiles under photo-
32chemical conditions have also been investigated in detail,3 and
33the competition between different processes may be more infor-
34mative. Furthermore, the photoinduced electrocyclization of
35stable triarylamine radical cations has been thoroughly described
36by Fox and co-workers.4
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Scheme 1. (a) Single-Electron-Transfer (SET) Processes and
(b) SET Occurring on Triarylamines and Following the
Observed Pathways

Chart 1. Structure of Tris(4-bromophenyl)amine
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37 For this purpose, we thought that examining in detail the
38 photochemical behavior of the Magic Blue precursor, viz., tris(p-
39 bromophenyl)amine (1), in the presence of nucleophilic addi-
40 tives such as sulfides and triarylphosphines, oxygen, and solvents
41 of different nature would be worthwhile.

42 ■ RESULTS
43 Time-Resolved Spectroscopic Measurements of Tris(p-
44 bromophenyl)amine (1) in Solution. To obtain mechanistic
45 information about the photochemistry of amine 1 in MeCN at

46room temperature, laser flash photolysis studies were performed.
47Under a nitrogen atmosphere, the initial formation of a transient
48with three bands centered at 370, 590, and 695 nmwas evidenced
49(see Figure 1). This absorption pattern was identical to that of
50Magic Blue (1•+)5 and evolved in 38 μs into a further transient
51(λmax = 750 nm; τ > 200 μs) that has been assigned, on the basis
52of previous studies, to dihydrocarbazole 2 (Figure 1).4a,6 A com-
53parison between the absorption spectra of transients 1•+, 2, and
54commercial Magic Blue (Figure 2) pointed out that 1•+ is formed
55after the laser pulse. In Figure 2a, the decay of the intermediate

Figure 1. Time-resolved absorption spectra of transients of tris(p-bromophenyl)amine (1, 0.3 mM) recorded 200 μs after the laser pulse (355 nm) in
MeCN under (a) nitrogen and (b) oxygen atmospheres. (c) Absorption spectra of commercial Magic Blue (), photogenerated 1•+ recorded 10 μs
after the pulse (−−−), and transient 2 recorded 90 μs after the pulse (···).

Figure 2.Decay traces of transients from tris(p-bromophenyl)amine (0.3 mM) recorded after the laser pulse (355 nm) inMeCN under (a) nitrogen and
(b) oxygen atmospheres.
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56 and its corresponding conversion to 2 are clearly shown, and
57 Scheme 2 depicts the observed stepwise process.
58 On the other hand, in an oxygen-equilibrated solution, the
59 end-of-pulse spectrum showed an additional feature at 550 nm,
60 then evolving to give the same end spectrum as under nitrogen,
61 where the absorption spectra of transients 1•+ and 2 were
62 detected (Figure 1b). Figure 2b shows the decay trace of 1•+ and
63 the formation trace of transient 2 recorded after the laser pulse
64 under an oxygen atmosphere. The quantum yield values for for-
65 mation of the two intermediates along with their lifetime were
66 measured under both atmospheres, by using benzophenone in
67 benzene as a reference (Table 1).

68 The fleeting band located at 550 nm in the time-resolved
69 absorption spectrumof tris(p-bromophenyl)amine1 (see Figure 1b)
70 was assigned to the charge-separated complex between 1 and
71 molecular oxygen that is an energetically favorable process in
72 polar solvents as it was proposed by Wilkinson7 and in a recently
73 reported study.8 Scheme 3 shows the formation of the charge-
74 transfer complex that is converted to the tris(p-bromophenyl)-
75 amine radical cation (1•+) and superoxide ion, and Figure 3
76 depicts the decay trace of the charge-transfer complex in MeCN
77 under an O2 atmosphere.
78 The charge-transfer complex trace shown in Figure 3 fitted
79 with a biexponential decay and two half-lifetime decays were

80obtained, viz., 2.2 and 17.9 μs, respectively. The evolution of the
81charge-transfer complex involved the reversion pathway to tris(p-
82bromophenyl)amine (1) andmolecular oxygen with a rate constant
83kB of 4.5 × 105 s−1 and an electron-transfer pathway with a rate
84constant kET of 5.6 × 104 s−1 to provide tris(p-bromophenyl)-
85amine radical cation (1•+) and superoxide ion (see Scheme 3).
86It is noteworthy that under an O2 atmosphere the quantum
87yield values for the formation of 1•+ and 2 were halved,
88highlighting the interaction between molecular oxygen and 1 in
89its triplet excited state to produce singlet oxygen. Therefore, this
90competitive pathway diminishes the level of formation of both of
91the ensuing intermediates, 1•+ and 2. A similar oxygen effect was
92observed during the irradiation of triphenylamine in different
93solvents and was attributed to the quenching of the triplet excited
94state of triphenylamine by molecular oxygen producing singlet
95oxygen with a ϕΔ of 0.63.6 In this case, the corresponding
96intermediate dihydrocarbazole, which is equivalent to intermediate2,
97is formed to a lesser extent under an oxygen atmosphere than
98under a nitrogen atmosphere.

Scheme 2. Formation of Transients 1•+ and 2 in Nitrogen-Equilibrated Media

Table 1. Measured Quantum Yields (Φ) for the Formation of
Intermediates 1•+ and 2 under the Examined Conditionsa

transient λabs (nm) atmosphere concentration (M) ϕ τ (μs)

1•+ 695 N2 1.24 × 10−6 0.158 39
O2 8.29 × 10−7 0.077

5 750 N2 3.53 × 10−7 0.066 >200
O2 2.17 × 10−7 0.030

aMeasured in MeCN after the laser pulse (355 nm); ε(1•+) =
19000 M−1 s−1, and ε(2) = 30000 M−1 s−1. The initial absorbance of 1
was fixed at 0.40. Actinometer: solution of benzophenone in benzene
under a N2 atmosphere [A(355 nm) = 0.37]; ε(ketyl radical) =
7220 M−1 cm−1.

Scheme 3. Formation of a Charge-Transfer Complex and Transient 1•+ in Oxygen-Equilibrated Media

Figure 3.Decay trace of the charge-transfer complex recorded at 550 nm
after excitation with a laser pulse (355 nm) of a solution of tris(p-
bromophenyl)amine (0.3 mM) in MeCN under an oxygen atmosphere.
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99 In addition, the decay traces of transient 1•+ at 695 nm were
100 also measured in MeCN after a laser pulse (355 nm) under
101 different conditions (Figure 4) with the aim of determining both

102 the rate constants of cyclization (kcyc) and back-electron transfer
103 [kBET (see Scheme 2)]. The obtained results are listed in Table 2.

104 It is noteworthy that the traces of 1•+ show a nicely biexponential
105 decay fittingwith r2 values of >0.998 independent of the atmosphere
106 used. As shown in Table 2, τcyc and kcyc remain almost constant
107 for all the atmospheres used and also in an air-equilibrated
108 solution while a noticeable dependence on the atmosphere was

109seen for the back-electron-transfer process (τBET and kBET), parti-
110cularly in the cases of air-equilibrated and oxygen atmospheres.
111Likewise, a similar behavior was observed for the concentration
112of 1•+ at zero time after the laser pulse, which was attributed to
113the quenching of the triplet excited state of 1 by molecular oxygen.
114Because of the biexponential decay fitting of 1•+, the
115consumption of transient 1•+ can be written as eq 1 highlighting
116the unimolecular electrocyclization step and the bimolecular
117back-electron-transfer process, where the one ejected electron
118after the laser pulse is the solvated electron and is designated e−.
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• •
+

+ + −
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k k

1
1 1
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d

[ ] [ ][e ]cyc BET
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120The conversion of 1•+ to 2 (see Scheme 2) involves a first-
121order decay, and the kcyc can be calculated in a straightforward
122manner from the reciprocal of the half-lifetime (τcyc

−1) under all
123the conditions examined, and the data thus obtained are listed in
124Table 2. On the other hand, back electron transfer (BET) of 1•+

125to tris(p-bromophenyl)amine (see Scheme 2 and eq 1) can be
126represented by kBET. From the slopes of the linear regression of
127the reciprocal of the concentration of transient 1•+ versus time
128plots, bimolecular rate constants, kBET, of 10

10 M−1 s−1 were
129obtained under all the conditions examined (see Table 2).
130Co-Oxidation of Sulfides and Phosphines. The oxidation
131activity of the photogenerated intermediates, namely, 1•+ and 2,
132was tested by irradiating solutions of 1 in the presence of some
133substrates acting as electron donors such as sulfides and phos-
134phines (see Scheme 4). Under such conditions, 1 was consumed
135while the additives were co-oxidized selectively to the corre-
136sponding sulfoxides and phosphine oxides. In the case of benzyl
137ethyl sulfide, however, significant amounts of benzaldehyde were
138also formed. The results are summarized in Tables 3 and 4.
139Sulfides (including Ph2S that is inert toward singlet oxygen

9) were
140co-oxidized with a rate ranging from 0.003 and 0.244 μmol min−1,
141while the sulfoxidation/electrocyclic cyclization ratio was lower
142than unity (0.06−0.80) in all of the solvents investigated, the
143only exception being benzyl ethyl sulfide in a 9/1 MeCN/H2O
144mixture. Nucleophilic triarylphosphines were also co-oxidized with
145a phosphine oxidation/electrocyclic cyclization ratio ranging
146from ∼26/1 to 5/1 under irradiation of amine 1 in acetonitrile.
147Blank experiments were also performed. Thus, irradiation
148of oxygenated solutions of sulfides and phosphines in all the
149solvents used in the absence of tris(p-bromophenyl)amine
150(1) did not provide any sulfoxides or phosphine oxides. Like-
151wise, experiments performed under a N2 atmosphere but in the
152presence of tris(p-bromophenyl)amine (1) did not give any
153oxide.

Figure 4. Normalized decay traces of transients from tris(p-
bromophenyl)amine (1, 0.3 mM) recorded after the laser pulse
(355 nm) in MeCN under N2 (blue), N2O (black), Air (red), and O2
(violet) atmospheres.

Table 2. Rate Constants, Lifetimes, and Concentrations of
Tris(p-bromophenyl)amine Radical Cation (1•+) at the End
of the Pulsea

atmosphere
τcyc
(μs) kcyc (s

−1)
τBET
(μs)

kBET
(M−1 s−1)

concentration
(M)

N2 40.0 2.5 × 104 3.7 2.2 × 1010 5.93 × 10−6

N2O 40.0 2.5 × 104 3.7 2.1 × 1010 5.93 × 10−6

air 39.2 2.6 × 104 5.4 1.9 × 1010 4.39 × 10−6

O2 37.0 2.7 × 104 6.4 1.4 × 1010 3.29 × 10−6

aMeasured in MeCN after the laser pulse (266 nm); ε(1•+) =
19000 M−1 s−1. The initial absorbance of the solutions was fixed at
0.64. The error in τ1 is ±0.2 and in τ2 is ±0.1.

Scheme 4. Co-Oxidation of Sulfides (top path) and Triarylphosphines (bottom path) in the Presence of 1
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154 Interaction of Sulfides and Triphenylphosphine with
155 Photogenerated Transients. Time-resolved spectroscopy
156 was applied to solutions of 1 in the presence of selected sulfides
157 and triphenylphosphine. Diphenyl sulfide, thioanisole, and benzyl
158 ethyl sulfide caused no change in the previously observed transients.
159 On the other hand, p-methoxythioanisole and triphenylphos-
160 phine quenched radical cation 1•+ as shown in Figure 5.
161 In the case of p-methoxythioanisole and triphenylphosphine,
162 the observed first-order decay constant (kobs) of 1•+ depends
163 linearly on the quencher concentration as shown in eq 2.

= +k k k [Q]obs cyc Q164 (2)

165 Plotting kobs versus quencher concentration [Q] resulted in a
166 linear correlation (see Figure 5). The corresponding bimolecular
167 rate constants were obtained from the slope of the linear regres-
168 sions, viz., kpMeO = 9.7 × 105 M−1 s−1 for p-methoxythioanisole

169 and kPh3P = 2.1 × 106 M−1 s−1 for triphenylphosphine.

170 ■ DISCUSSION
171 Analysis of the Intermediates Formed during Irradi-
172 ation of Tris(p-bromophenyl)amine (1). The data presented
173 above show that excitation of 1 with a laser pulse (355 nm)
174 generates two key intermediates in both N2- and O2-saturated
175 solutions. However, one of these species reacts efficiently with
176 molecular oxygen, as shown in Scheme 5. Photoionization of 1

177forms radical cation 1•+ (path a). Under a nitrogen atmosphere,
178electrocyclization to radical cation 2 occurs [kcyc = 2.5 × 104 s−1

179in acetonitrile (path b)] in competition with electron recom-
180bination [kBET = 2.2 × 1010 M−1 s−1 in acetonitrile (path b′)]. Via
181an ensuing an electron-transfer pathway (path c) intermediate, 2
182reverts to amine 1 in competition with formation of products
183(path d). Irradiation of di(tri)arylamines can be counted among
184the many mild conversions into carbazoles.6,10,11 Indeed, the
185photochemical preparation of carbazoles under visible light in the
186presence of a copper-based sensitizer has been reported,7 and
187formation of the triarylamine radical cation followed by cycliza-
188tion to the dihydrocarbazole intermediate that in turn provides a
189substituted carbazole was also proposed.11f However, when amine
1901 was irradiated under visible light photoredox catalysis conditions,
191no tribromocarbazole was observed, and onlyN-phenylcarbazole
192was obtained in a low yield (>16%).11f

193On the other hand, under aerobic conditions, amine 1 in its
194triplet excited state sensitizes singlet oxygen, thus halving the
195formation of intermediates 1•+ and, as a consequence, 2, as can be
196judged from the quantum yields obtained under an oxygen atmo-
197sphere (see Table 1 and compare these values with those obtained
198under a nitrogen atmosphere). Photoionization of triplet amine (1)
199formed 1•+, and the ejected electron was trapped, at least in part,
200by molecular oxygen giving superoxide ion with a bimolecular
201rate constant of 2× 1010M−1 s−1.12 Additionally, a back-electron-
202transfer process (path b′ in Scheme 5) can occur between 1•+ and
203the ejected electron with a bimolecular rate constant (kBET) of
2041.4 × 1010 M−1 s−1. Cyclization (path b) afforded 2 that reacted
205with molecular oxygen and provided 4-peroxyl radical (I) (path e).
206Ensuing intramolecular hydrogen atom transfer led to intermediate
207II (path f), and both intermediates are, at least in part, potential
208oxidizing agents that are formed during irradiation of amine 1
209under an oxygen atmosphere. Superoxide ion then further reacted
210with adventitious water present in the organic media and led to
211ROS species, including OH•, HOO•, and H2O2.
212Under air-equilibrated conditions, a similar photochemical
213behavior was observed for 1 in MeCN, where both 1•+ and 2 were
214detected. Transient 1•+ decays competitively by two pathways,
215back-electron transfer to amine 1 (path b′ in Scheme 4; kBET =
2161.9× 1010M−1 s−1) and electrocyclization to 2 (path b in Scheme 4;
217kcyc = 2.6 × 104 s−1).
218Nitrous oxide is a good quencher of solvated electron and has
219often been used under pulse radiolysis and laser flash photolysis.13

Table 3. Rate of Co-Oxidation of Sulfides upon Irradiation in
the Presence of 1a

rate of reaction (μmol min−1)

substrate solvent sulfoxide 1b other products

Ph2S MeCN 0.003 0.051
9/1 MeCN/H2O 0.005 0.041
TFE 0.033 0.049
DCM 0.008 0.026

PhSMe MeCN 0.024 0.20
9/1 MeCN/H2O 0.091 0.31
TFE 0.193 0.24
DCM 0.012 0.05

p-MeOC6H4SMe MeCN 0.026 0.085
9/1 MeCN/H2O 0.118 0.239
TFE 0.240 0.234
DCM 0.005 0.030

PhCH2SEt MeCN 0.088 0.065 PhCHO, 0.010
9/1 MeCN/H2O 0.184 0.150 PhCHO, 0.024
TFE 0.244 0.320 PhCHO, 0.030
DCM 0.093 0.024 PhCHO, 0.013

aA 5 × 10−3 M solution of 1 irradiated in the presence of the chosen
sulfide (10−2 M) at 310 nm (10 × 15 W lamps). bRate of consumption
of 1.

Table 4. Rate of Co-Oxidation of Triarylphosphines upon
Irradiation in the Presence of 1 in MeCNa

rate of co-oxidation (μmol min−1)

substrate phosphine oxide 1b

Ph3P 2.91 0.11
(o-MeC6H4)3P 2.75 0.31
(2,4,6-Me3C6H2)3P 4.13 0.91

aA 5 × 10−3 M solution of 1 irradiated in the presence of the chosen
phosphine (1.1 × 10−2 M) at 366 nm (high-pressure Hg lamp
provided with a 366 nm interference Schott filter). bRate of
consumption of 1.

Figure 5. Quenching of 1•+ with increasing concentrations of
p-methoxythioanisole (□) and triphenylphosphine (○). Straight lines
are the best linear regression fits.
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220 However, bubbling N2O into a solution of 1 in MeCN had no
221 effect on the transient intermediates, the competitive rate con-
222 stants kcyc and kBET exhibiting the same values under N2O and N2

223 atmospheres (see Table 3). This is due to the fact that chemical
224 reaction occurs at the geminate pair level (1•+···e−) and no
225 solvated electron (e−solv) is formed. Furthermore, comparison of
226 the rate constant for the reaction of N2O with the electron (9 ×
227 109 M−1 s−1)13e and the BET reaction of 1•+ (2.1× 1010 M−1 s−1)
228 accounts for the observed spectroscopic behavior.
229 With regard to oxygen trapping by 2, it was surmised that some
230 intermediates generated during the irradiation may similarly
231 oxidize other compounds under mild conditions.
232 Photo-Co-Oxidation of Sulfides (Ph2S, PhSMe, and
233 PhCH2SEt) in the Tris(p-bromophenyl)amine/O2 System.
234 In steady-state experiments in which amine 1 was irradiated in
235 the presence of a range of sulfides, the latter are co-oxidized to
236 sulfoxides at a rate dependent on their structure and the solvent
237 used (rate values ranging from 0.003 to 0.244 μmol s−1) while
238 amine 1 is consumed efficiently. In addition, the rate ratio of
239 sulfoxide versus consumption of 1 was <1 (see Table 3), a fact
240 that we attributed to the intermediacy of one (or more) common
241 intermediate that is responsible for both cyclization and co-oxidation
242 of sulfides. It was pointed out that oxidant species such as singlet
243 oxygen and superoxide ion are formed during the irradiation of
244 amine 1 under an oxygen atmosphere (see Scheme 6). However,
245 we can state that the co-oxidation reaction is not a result of a
246 singlet oxygen reaction as shown by the following evidence:
247 (1) Sulfones are known to always accompany the sulfoxides in

248the singlet oxygen oxidation of sulfides (not observed in that case).
249(2) Benzyl sulfides undergo both sulfoxidation and oxidative
250cleavage to benzaldehyde in protic media,14 and oxidation also
251takes place on diphenyl sulfides, which are usually nonreactive
252toward singlet oxygen. With regard to superoxide ion, under
253these conditions it is not involved in the co-oxidation of sulfides
254but reduces the radical cation 1•+ to 1 through a back-electron-
255transfer process. Therefore, according to our results and to the
256literature data, we assigned to hydroperoxide intermediate II the
257role of the oxidant species that can transfer an oxygen atom to the
258sulfides to afford the corresponding sulfoxides and a new inter-
259mediate III. The latter underwent dehydration to furnish pro-
260ducts (see Scheme 6). Intermediate II also underwent aromatization
261by losing hydrogen peroxide, a process that has been previously
262observed to occur at room temperature with a rather slow radical
263chain mechanism.15 It is worth mentioning that dihydrocarba-
264zole aromatization (path e) and donor oxidation (path c) were
265coupled, and the result depended on the nature of the sulfide.
266Thus, diphenyl sulfide was co-oxidized with an efficiency lower
267than that of thioanisole or benzyl ethyl sulfide as can be observed
268in Table 3.
269Photo-Co-Oxidation of p-Methoxythioanisole in the
270Tris(p-bromophenyl)amine/O2 System. The photo-co-
271oxidation of p-methoxythioanisole with tris(p-bromophenyl)-
272amine in the presence of O2 deserves some comment and addi-
273tional analysis. p-Methoxythioanisole sulfoxide could arise from
274two alternative sequences of pathways: (1) an electron-transfer
275process followed by oxidation with molecular oxygen involving

Scheme 5. Proposed ReactionMechanism of the Photocyclization of 1 (filled arrows, nitrogen atmosphere; dashed arrows, oxygen
atmosphere)

Scheme 6. Proposed Mechanism for the Co-Oxidation of Sulfides during the Photocyclization of 1

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.8b00913
J. Org. Chem. XXXX, XXX, XXX−XXX

F

http://dx.doi.org/10.1021/acs.joc.8b00913


276 the sequence from path f to path h (see Scheme 7) and (2)
277 oxygen donation from intermediate II to p-methoxythioanisole
278 (path c in Scheme 7).
279 The electron-transfer process (path f in Scheme 7) occurs effi-
280 ciently because tris(p-bromophenyl)amine radical cation (1•+)
281 has an oxidation potential of 1.16 V versus SCE16 and can thus
282 oxidize p-methoxythioanisole (Eox = 1.13 V vs SCE),17 providing
283 the corresponding radical cation (see Scheme 7). Also, this pro-
284 cess is a thermodynamically feasible process by −0.03 V. On the
285 other hand, laser flash spectroscopy showed that p-methox-
286 ythioanisole quenches 1•+with a bimolecular rate constants kpMeO of
287 9.7 × 105 M−1 s−1 (see Figure 4), giving the p-methoxythioanisole
288 radical cation. Once the p-methoxythioanisole radical cation
289 was formed, reaction with molecular oxygen in the presence of
290 a further molecule of sulfide gave electrophilic radical cation
291 intermediate IV (path g). Then, this last intermediate reacted
292 with the sulfide and superoxide ion to give finally two molecules
293 of the sulfoxides (path h) completing the sequence from path f to
294 path h.
295 On the other hand, we pointed out above that in the photo-
296 reaction of tris(p-bromophenyl)amine under an O2 atmosphere,
297 superoxide ion was also formed (see Scheme 5). A possible
298 reaction between superoxide ion and sulfide radical cation could
299 provide a thiodioxirane, an electrophilic intermediate, as pro-
300 posed by Baciocchi.18 However, we have earlier demonstrated19

301 that dialkyl and diaryl sulfide radical cations react efficiently with
302 molecular oxygen to give a loose dipolar complex (R2S−O−O•+)
303 that further reacts with another molecule of sulfide and gives a
304 strongly bound electrophilic intermediate (R2S−O−O−SR2

•+)
305 rather than a thiadioxirane intermediate. The strongly bound
306 electrophilic intermediate was assigned to intermediate IV,
307 which is shown in Scheme 7. Then, we can conclude that O2

•−

308 has a role but does not add to the sulfide radical cation. A reason-
309 able alternative is that superoxide ion operates as an electron
310 carrier in the reduction of intermediate IV (ArMeS−O−O−
311 SArMe•+) as shown in path h (Scheme 7).
312 It is worth mentioning that the oxygen-donating sequence
313 pathways illustrated from path a to path d in Scheme 7 providing
314 p-methoxythioanisole sulfoxide cannot be ruled out. In fact, the
315 cyclization process of tris(p-bromophenyl)amine radical cation
316 (1•+) competes to a lesser extent with the one-electron-transfer
317 process between 1•+ and p-methoxythioanisole (path f in Scheme 7).

318Via comparison of the rate constant values of both competitive
319processes (kcyc = 2.5 × 104 s−1, and kpMeO = 9.7 × 105 M−1 s−1), it
320is clear that the main reaction pathway in the formation of
321p-methoxythioanisole sulfoxide is the one-electron-transfer
322oxidation process (path f) over the cyclization process of the
323tris(p-bromophenyl)amine radical cation (1•+).
324Photo-Co-Oxidation of Phosphines. Phosphines were
325stronger oxygen acceptors and, as demonstrated in Table 4 were
326co-oxidized efficiently upon irradiation of amine 1 in the pre-
327sence of molecular oxygen with a rate ranging from 2.75 to
3284.13 μmol s−1, while 1 is consumed smoothly. In addition, the rate
329ratio of phosphine oxidation versus consumption of 1 increases
330from ∼5/1 to 26/1, indicating that at least two common oxidant
331intermediates are responsible for the co-oxidation of phosphines
332that inhibit significantly the consumption of amine 1. On the
333basis of steady-state and laser flash photolysis measurements, the
334proposed reaction mechanism is shown in Scheme 8.
335As one can see in Scheme 8, irradiation of 1 gave amine radical
336cation 1•+ and superoxide ion. Two competitive pathways exist:
337(1) electrocyclization to provide intermediate 2 and (2) one-
338electron oxidation of triarylphosphine to furnish the correspond-
339ing radical cation. The first path exhibits a rate constant of 2.5 ×
340104 s−1, while the second pathway (path f in Scheme 8) exhibits a
341rate constant of 2.1× 106 M−1 s−1. Following the electrocyclization
342pathway, intermediate 2 reacted with molecular oxygen to form I
343and, after intramolecular hydrogen abstraction, II. Both species
344are potential oxygen-donating species that are able to transfer
345oxygen to the phosphines. It appears to be reasonable that phos-
346phines, which are strong nucleophiles, were able to trap inter-
347mediate I efficiently in competition with intramolecular hydro-
348gen abstraction (path b vs path d). Indeed, the reactivity of peroxy
349radicals with phosphines has been previously demonstrated.21

350Thus, I oxidized the phosphine to the corresponding phosphine
351oxides (path b), P−O bond formation being the driving force for
352the process. Finally, intermediate III transferred a second oxygen
353atom to phosphines (path c), and radical cation 2 was formed.
354Thus, two oxygen atoms were sequentially transferred to the
355phosphine and led back to 2 completing the oxidation cycle. This
356reaction pathway was previously proposed when triphenylamine
357was used instead of tris(p-bromophenyl)amine.6 The oxida-
358tion of phosphines inhibits the conversion of intermediate II
359to products, in agreement with the experimental evidence

Scheme 7. Proposed Mechanism for the Co-Oxidation of p-Methoxythioanisole during the Photocyclization of 1
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360 indicating that path b is an efficient process that competes with
361 path d.
362 On the other hand, an alternative oxidation pathway of phos-
363 phine may involve the direct one-electron transfer between 1•+

364 and Ar3P (path f in Scheme 8) to give triarylphosphine radical
365 cation (Ar3P

•+) as it was clearly confirmed by laser flash photolysis
366 experiments and thermodynamic calculations. In fact, triphenyl-

367 phosphine quenched 1
•+ with a bimolecular rate constant (kPh3P)

368 of 2.1× 106M−1 s−1 (see Figure 5), and the one-electron-transfer
369 process is thermodynamically feasible (ΔG = −0.13 V), because
370 1•+ has an oxidation potential of 1.16 V (vs SCE) whereas the
371 oxidation potential of triphenylphosphine is 1.00 V (vs SCE).20

372 Trapping of generated Ar3P
•+ with molecular oxygen occurred,

373 producing peroxyl radical cation Ar3PO2
•+ (path g), a reaction

374 pathway that has been previously observed during pulse radio-
375 lysis and laser flash photolysis experiments.22 Reaction of this
376 intermediate with another molecule of Ar3P and the ensuing
377 mesolytic cleavage yield triarylphosphine oxide and radical cation
378 Ar3PO

•+ (path h). Finally, the last intermediate reacted with
379 superoxide ion, giving another molecule of Ar3PO and molecular
380 oxygen (path i).
381 An active role of singlet oxygen that is formed during the
382 oxidative photoreactionwas excluded because the reaction between
383 Ar3P

•+ and molecular oxygen is faster than expected. In fact,
384 comparison of the bimolecular rate constant between Ph3P and
385 singlet oxygen (kr = 1.6× 107M−1 s−1)23 and the bimolecular rate
386 constant between Ph3P

•+ and molecular oxygen (k2 = 1.6 ×
387 1010 M−1 s−1 for DCA/biphenyl, and k2 = 3.4 × 1010 M−1 s−1 for
388 NMQ+ in MeCN)22e makes it clear that singlet oxygen sensi-
389 tization cannot compete efficiently with path g (see Scheme 8).
390 Furthermore, formation of intermediate Ar3PO2

•+ was proposed
391 for path g instead of a phosphodioxirane intermediate (Ph3PO2),

23

392 as recently demonstrated in the photosensitized electron-transfer
393 oxidation of triphenylphosphine with DCA and NMQ+ in differ-
394 ent organic solvents.22e Therefore, we excluded the reaction of
395 singlet oxygen with arylphosphines from the reaction mechanism
396 as a competitive oxidative pathway.

397Asmentioned for the co-oxidation of sulfides, superoxide ion is
398not involved in the oxidation pathway and coupling of Ph3P

•+

399with superoxide ion has been excluded. Therefore, the role of
400O2

•− is to operate as an electron carrier in the reduction of
401intermediate Ph3PO

•+, as depicted in path i (see Scheme 8).
402We can conclude that two competitive oxidation pathways
403exist, oxygen transfer from intermediates I and III to Ar3P (paths
404b and c, respectively) and subsequent oxidation of triarylphos-
405phine radical cation (paths h and i). However, intermediates I
406and III arise from the electrocyclization of 1•+ with a rate con-
407stant that is lower than the rate constant of the electron-transfer
408process between 1•+ and Ar3P. Therefore, the last competitive
409pathway prevails significantly over the first oxidation pathway
410because inhibition of the consumption of amine 1 in the presence
411of Ar3P was clearly described.

412■ CONCLUSIONS

413The photochemical co-oxidation of sulfides and phosphines
414examined in this paper takes place through at least two distinct
415reaction mechanisms, depending on the nucleophilicity of the
416substrates used. In any case, irradiation of tris(p-bromophenyl)-
417amine (1) gives the corresponding radical cation 1•+. The inter-
418mediate can undergo electrocyclization to 2 that in turn reacts
419with molecular oxygen to provide peroxyl I and hydroperoxyl II
420radicals, successively. These last two intermediates are potential
421oxidants and react with a mechanism that depends on the sub-
422strate used. Thus, sulfides are oxidized by hydroperoxyl II, while
423phosphines are oxidized by peroxyl I because of the strong nucle-
424ophilicity of these substrates in comparison with that of sulfides.
425In addition, consumption of amine 1 is observed in the presence
426of sulfides but in the presence of phosphines is significantly
427inhibited. On the other hand, for the case of p-methoxythioa-
428nisole and triarylphosphines, a one-electron-transfer process
429between 1•+ and these substrates operates efficiently (path f in
430both Schemes 7 and 8), which is supported by laser flash
431photolysis experiments. Then, reaction of p-methoxythioanisole
432and triarylphosphine radical cations with molecular oxygen gave

Scheme 8. Proposed Mechanism for the Co-Oxidation of Triarylphosphines during the Photocyclization of 1
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433 intermediates R2SOO
•+ and Ar3POO

•+, respectively, that finally
434 were converted into the corresponding oxides (path h in Scheme 5
435 for sulfides and paths h and i in Scheme 8 for phosphines). Singlet
436 oxygen sensitization of sulfides and phosphines was excluded
437 from the reaction mechanism as a competitive oxidation pathway
438 because reaction of triarylphosphine radical cation with molecular
439 oxygen is faster than singlet oxygen sensitization (compare the rate
440 constant of singlet oxygen, k = 1.6 × 107 M−1 s−1, with the rate
441 constant of Ph3P

•+ with molecular oxygen, k = 1.6 × 1010 M−1 s−1)
442 and the product distributions obtained for sulfides under our
443 experimental conditions are not those expected for a singlet oxy-
444 gen sensitization. In fact, under singlet oxygen sensitization, Ph2S
445 is unreactive with respect to singlet oxygen while benzyl ethyl
446 sulfide gives benzaldehyde and the corresponding sulfoxide and
447 sulfone.14a,b Furthermore, thioanisole and p-methoxythioanisole
448 give the corresponding sulfoxides and sulfones as the main pro-
449 ducts under singlet oxygen sensitization.14c Finally, the role of
450 superoxide ion that is formed during irradiation of 1 under an
451 oxygen atmosphere operates as an electron carrier that is involved
452 for sulfides in path h (see Schemes 6 and 7) and for phosphines in
453 path i (see Scheme 8) and does not react directly with sulfides
454 and phosphine radical cations, respectively.19,22e In conclusion,
455 the photoionization of the Magic Blue precursor (amine 1) is a
456 versatile tool for promoting oxidation of organic substrates.

457 ■ EXPERIMENTAL DETAILS
458 Materials. Tris(p-bromophenyl)amine, thioanisole, p-methoxy-
459 thioanisole, diphenyl sulfide, triphenylphosphine, triphenylphosphine
460 oxide, tris(2-methylphenyl)phosphine, tris(2,4,6-trimethylphenyl)-
461 phosphine, diphenyl sulfoxide, methyl phenyl sulfoxide, p-methox-
462 yphenyl methyl sulfoxide, benzaldehyde, and benzophenone were com-
463 mercial products. Sulfoxides and triarylphosphine oxides used as reference
464 compounds were prepared by reported procedures.24 The benzyl ethyl
465 sulfide25 and the corresponding sulfoxide26 were prepared by reported
466 procedures.
467 Co-Oxidation Reactions. The co-oxidation experiments were per-
468 formed by using 5.0 × 10−3 M 1 in the presence of 0.01 M solutions of
469 the chosen sulfide or triarylphosphine in different solvents (2,2,2-
470 trifluoroethanol, acetonitrile, acetonitrile/water mixture, and dichloro-
471 methane). The solutions were contained in rubber-stoppered, 1 cm
472 diameter quartz tubes, and a stream of dry oxygen saturated with the
473 appropriate solvent was passed into the solution through a needle for
474 10 min in the dark. The quartz tubes were exposed to 10 phosphor-
475 coated 15 W lamps (Rayonet) emitting at 366 nm. The products were
476 assessed by GC on the basis of calibration curves in the presence of
477 cyclododecane as the internal standard.
478 Time-Resolved Laser Flash Spectroscopy. Nanosecond-to-
479 microsecond transient absorption experiments were performed using
480 a nanosecond laser flash photolysis apparatus equipped with a 20 Hz
481 Nd:YAG laser (20 ns, 1 mJ at 355 and 266 nm) and a 150 W Xe flash
482 lamp as the probe light. Samples were placed in a quartz cell (10 mm ×
483 10 mm section) at a concentration adjusted to obtain an OD value of 1.0
484 at 355 nm. Nonlinear fitting procedures by the least-squares method and
485 χ2 and the distribution of residuals were used to judge the goodness of fit.
486 Quantum yields of formation [ϕ (see Table 1)] for 1•+ and 2 were
487 measured by comparison of the zero time intensity of the signal of
488 the transients with that of the ketyl radical formed after flash excitation
489 (355 nm) of a solution (in benzene) of benzophenone.
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