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Aerobic oxygenation of diaryl tellurides under photosensitized conditions is investigated. Unlike PhoS and Ph,Se,
reaction of diaryl tellurides with singlet oxygen proceeds smoothly to yield diaryl telluroxides and the corresponding
tellurones. The product distribution is largely affected by the substrate and the reaction conditions. In particular, the
photooxygenation of bulky diaryl tellurides principally produces tellurones. The results of a series of trapping
experiments suggest that the diaryl telluroxides can capture transient intermediates such as Me,S*0O~ and
Ar,Te"00™, generated in the singlet oxygen oxidation of chalcogenides, to yield diaryl tellurones, and therefore it may

be the most potent precursors of the tellurones.

Introduction

Since the first report by Schenck and Krauch in 1962," the
reactions of diorganosulfides with singlet oxygen have been
studied extensively” because of their relevance to the biolo-
gical and antioxidation processes. Under standard photo-
sensitized conditions, the oxidation of sulfides mainly
produces sulfoxides, along with a small amount of sulfones.
Despite the simplicity of the reaction, the pathway for the
formation of sulfoxides and sulfones has proven to be very
complex. Many mechanistic studies have been conducted to
elucidate the nature of the reaction intermediates included in
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the photooxidation of sulfides.’ Currently, it is accepted that
the initially formed intermediate in the oxidation of a sulfide
(R,S) with singlet oxygen is a persulfoxide (R,STO0™).*

Photosensitized oxygenation of diorganoselenides to selen-
oxides was reported by Krief and co-workers,” and the process
was successfully applied to the reoxidation of osmium catalyst
used in the dihydroxylation of olefins.®

For the photosensitized oxygenation of organotellurium
compounds, Detty and co-workers have shown that the diaryl
tellurides and tellurapyrylium dyes act as a chemical quencher
of singlet oxygen and afford the corresponding telluroxides or
their hydrates.” However, there are no synthetic studies on the
photosensitized formation of organotellurium oxides from
organotellurides and molecular oxygen. In our preliminary
communication,® we showed that, unlike other diaryl chalco-
genides such as Ph,S and Ph,Se that are inert to singlet oxygen,
the diaryl tellurides react rapidly with singlet oxygen to afford
diaryl telluroxides in quantitative yields. Later, the process was
applied to the diaryl telluride-catalyzed oxidation of phos-
phites to phosphates and silanes to silanols.” In this paper, we
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Table 1. Formation of Diaryl Telluroxide 2 and Tellurone 3 by Photosensitized Oxygenation of Diaryl Telluride 1

hv, sensitizer, air

Ar,Te Ar,TeO  +  Ar,TeO,
1 solvent, 8-15°C, 1 h 2 3

entry Ar,Te (1)¢ solvent (sensitizer®) conv. (%)° product ratio? (3/2) 2 (%) 3 (%)
1 PhyTe (1a) EtOH (RB) >99 0/100 92 0
2 An,Te (1b) EtOH (RB) >99 0/100 99 0
3 Mes,Te (1¢) EtOH (RB) >99 0/100 99 0
4 Tip,Te (1d) EtOH (RB) >99 53/47 f
5 Tip,Te (1d) CH,Cl, (TPP) >99 62/38 38 56
6 Tip,Te (1d) CH,Cl, (TPP) 93 68/32
7 Tip,Te (1d)" CH,CL, (TPP) >99 67/33
8 Tip,Te (1d) MeCN (RB) >99 64/36
9 Tip,Te (1d) pyridine (HP) >99 71/29
10 MesTipTe (le) CH,Cl, (TPP) >99 21/79 79 20
11 Dep,Te (1f) CH,Cl, (TPP) >99 25/75 66 18
12 DepTipTe (1g) CH,Cl, (TPP) >99 37/63 61 28
13 Dip,Te (1h) CH,Cl, (TPP) >99 58/42 38 53
14 Dpp,Te (1i) CH,Cl, (TPP) no reaction

“An = 4-methoxyphenyl, Mes = 2.4,6-trimethylphenyl, Tip =2,4,6-triisopropylphenyl, Dep = 2,6-diethylphenyl, Dip = 2,6-diisopropylphenyl, Dpp
=2,6-diphenylphenyl. ®RB, HP, and TPP denote rose bengal, hematoporphyrin, and tetraphenylporphyrin, respectively.  Determined by '"H NMR
spectroscopy based on consumed 1. Determined by 'H NMR spectroscopy. ¢ Isolated yield./ Not isolated. € The reaction was conducted at —65 °C.

"Concentration at 0.001 M.

describe the photosensitized formation of diaryl tellurones,
which are relatively new compounds, in addition to tellur-
oxides. The present study also features bulky diaryl tellur-
oxides as novel and highly efficient trapping agents for the
reactive intermediates generated in the oxidation of organo-
chalcogenides with singlet oxygen.

Results and Discussion

Photosensitized Oxygenation of Diaryl Tellurides.
Photosensitized oxygenation of diaryl tellurides 1la—i was
examined under various reaction conditions, and the results
are summarized in Table 1.

When a 0.01 M ethanol solution of Ph,Te (1a) contain-
ing rose bengal (RB, 1.00 x 10~* M) as a photosensitizer
in an ice bath (actual reaction temperature increased to
8—15 °C during irradiation) was irradiated under aerobic
conditions using a 500 W halogen lamp for 1 h, the 'H
NMR spectrum of the reaction mixture showed complete
consumption of la and quantitative formation (92%
isolated yield) of Ph,TeO (2a) (entry 1). Similar treatment
of bis(4-methoxyphenyl) telluride (An,Te, 1b) and bis-
(2,4,6-trimethylphenyl) telluride (Mes,Te, 1¢) gave the
corresponding telluroxides 2b and 2c quantitatively
(entries 2 and 3). In contrast, the photooxygenation of
bis(2,4,6-triisopropylphenyl) telluride (Tip,Te, 1d) pro-
duced mainly Tip,TeO, %3d) along with Tip,TeO (2d) in a
ratio of 53:47 (entry 4).'

With Tip,Te as a substrate, reactions in an aprotic
solvent, such as dichloromethane, acetonitrile, or pyri-
dine, resulted in an increased ratio of tellurone to tell-
uroxide (entries 5, 8, and 9). This ratio was also increased
when the reaction was conducted at low temperature
(entry 6) or low concentration (entry 7). Using the same
conditions as employed in entry 5, but with a 10-fold
concentration of Tip,Te to facilitate the NMR analysis,

(10) In our preliminary investigations, we did not use an ice bath to
maintain the reaction temperature, therefore, the temperature of the reaction
mixture rose to 50 °C. At this temperature, the oxidation of Tip,Te gave
Tip,TeO exclusively.

14

[Tip2TeO,)/[Tip,TeO]

0 10 20 30 40 50 60 70 80 90 100
% conversion

Figure 1. Time course of the photooxygenation of Tip,Te. The plot of
[Tip,TeO,]/[Tip,TeO] versus % conversion (slope = 0.0107, intercept =
0.1994, correlation coefficient, R> = 0.9892).

we investigated the time course of the formation of
Tip,TeO and Tip,TeO,. The plot of Tip,TeO,/Tip,TeO
ratio against the conversion of Tip,Te yields a linear
relationship (correlation coefficient R” = 0.9892) (Figure 1).
This observation indicates that Tip,TeO may act as a
precursor of Tip,TeO,. Extrapolation of this ratio to
zero conversion, however, does not yield a value of zero,
suggesting the existence of an additional pathway for Tip,.
TeO, formation, in which Tip,TeO is not involved as a
precursor.

To evaluate the effect of bulky substituents on the
formation of tellurone, we investigated the photooxy-
genation of tellurides 1le—i having varying size of aryl
substituents, such as Mes, 2,6-diethylphenyl (Dep), 2,6-
diisopropylphenyl (Dip), and 2,6-diphenylphenyl (Dpp)
groups. As shown in Table 1 (entries 10—13), the propor-
tion of tellurone formation increased from 21% to 58% as
the two aryl substituents on the tellurium atom became
bulkier. In the case of Dpp,Te (1i), we could not detect
any oxidized product, probably because of steric hin-
drance of the Dpp group (entry 14).
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Figure 2. HOMO diagrams for diaryl chalcogenides bearing Mes and
Tip groups.

These reactions did not proceed in the dark, without
sensitizer, or in the presence of S-carotene (10 mol %), a
highly effective singlet oxygen quencher,'" indicating that
the reaction involves singlet oxygen. It is well-known that
diaryl chalcogenides such as diphenyl sulfide and selenide
are completely inert to singlet oxygen under standard
photooxygenation conditions, as employed above.?*®
The enhanced reactivity of diaryl tellurides 1 toward
moderately electrophilic singlet oxygen can be attributed
to the localized nature of the highest occupied molecular
orbitals (HOMOs) at the tellurium atom. Figure 2 shows
the HOMOs of Mes,Te and Tip,Te, together with those
of the sulfides and selenides bearing the same substitu-
ents, as calculated by density-functional theory (DFT)
methods.'?> The outstanding localization of HOMOs at
the chalcogen atom is evident in Mes,Te and Tip,Te as
compared with the corresponding diaryl sulfides and
selenides.

On the basis of the above experimental results, photo-
sensitized oxygenation of Ar,Te (1) to form Ar,TeO (2)
and Ar,TeO, (3) is assumed to proceed as illustrated in
Scheme 1, in a manner similar to the generally accepted
mechanism proposed for the oxidation of diorganosul-
fides with singlet oxygen.>* It begins with the formation
of pertelluroxide intermediate A by singlet oxygen oxida-
tion of Ar,Te. If the reaction is performed in alcohol, the
intermediate A immediately interacts with alcohol to
produce hydrogen-bonded pertelluroxide B or hydroper-
oxytellurane C, which reacts with the remaining Ar,Te to
give Ar,TeO exclusively. In the case of Tip,Te, the
alcohol addition might be significantly impeded because
of steric hindrance; accordingly, the product distribution
becomes similar to that when the reaction is performed in
an aprotic solvent described below.
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Scheme 1. Plausible Reaction Pathway for the Formation of Ar,TeO
(2) and Ar,TeO, (3) by the Singlet Oxygen Oxidation of Ar,Te (1)

HOR OR 1
o ] ——— AnTeO
Ar,Te*OO™ or Ar,TeOOH 2
B c
1
ROH
102 .
Ar,Te | Ar,Te*00" | 2 + Ar,TeO,
1 A 3

O O-~n-TeAr

-7 or (o) 2| —>

[ AryTel é ArzTe// 0 \O/ 3
D E

Table 2. Trapping Experiments of the Intermediates Generated in the Photo-
oxygenation of Tip,Te

trapping agent, hy, 1PP, air  trapping product
+ TipzTeO + TipzTeOZ
2d 3d

TipTe -
1d CHCl,, 8-15°C, 1h

entry trapping agent trapping product (%)¢ 2d (%)*  3d (%)“

1 Ph,S not obtained 41 59
2 Ph,SO not obtained 42 58
3 Ph,Se not obtained 41 59
4 Ph,SeO not obtained 41 59
5 Dep,TeO Dep,TeO, (40) 82 18
6 Dip,TeO Dip,TeO; (57) 72 28

“Determined by "H NMR spectroscopy.

In an aprotic solvent, the intermediate A oxidizes
Ar,Te to form two molecules of Ar,TeO, which also react
with A to produce Ar,TeO, along with Ar,TeO. It follows
that the Ar,TeO,/Ar,TeO ratio increases as the reaction
proceeds as shown in Figure 1. For consistency with the
nonzero intercept in Figure 1, we propose the existence of
another pathway for the formation of diaryl tellurones;
intramolecular isomerization of dioxatellurirane D or
homolytic cleavage of the O—O bonds of dimeric inter-
mediate E. The increase in the tellurone formation ratio
observed in experiments at low temperature or low con-
centration conditions or with bulky Ar,Te as a substrate
(Table 1) is attributable to the retardation of the inter-
molecular processes, and thus to the relatively enhanced
contribution of the intramolecular process to produce
Ar2T602.

Trapping Experiments. To obtain some insight into the
nature of the reaction intermediates produced in the
singlet oxygen oxidation of diaryl tellurides, a series of
trapping experiments was conducted (Table 2). Various
agents to trap the intermediates formed in the reaction of
diorganosulfides with singlet oxygen have been reported
to date. In this stud}y,. we employed Ph,S,*® Ph,Se,*
Ph,S0,*" and Ph,SeO”" as trapping agents. In particular,
Ph,SeO is known to be 34 times more reactive than Ph,SO
toward the dimethyl persulfoxide intermediate, Me,S*-
OO, and is recognized as the most efficient trapping
agent known so far. Thus, the singlet oxygen oxidation of
Tip,Te was conducted in the presence of an equimolar
amount of the above four trapping agents. However, we
could not detect any trapping products in the reaction
mixture, and the Tip,TeO,/Tip,TeO ratios were essentially
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Table 3. Trapping Experiments of Persulfoxide Intermediate Me,STOO0™

trapping agent (1 equiv), hv, TPP, air
CH20|2, 8—1500, 20 min Mezso

trapping product
+

Mezs

entry trapping agent trapping product (%)¢ Me,SO (%)*

1 Tip,TeO Tip,TeO, (>99) 99
2 Dip,TeO Dip->TeO, (>99) 99
3 Dep,TeO Dep,TeO, (> 99) 99
4 Ph,SO Ph,SO, (13)° 91°
5 Ph,SeO Ph,SeO, (57) 92

“Determined by 'H NMR spectroscopy. * Determined by GC.

the same as those observed in the reaction without trapping
agents (entries 1—4). These results indicate that the nucleo-
philicity of the intermediate generated in the photooxygena-
tion of Tip,Te is relatively low.

We next directed our attention to diaryl telluroxides as
trapping agents. When the oxidation of Tip,Te was
performed in the presence of Dep,TeO, Dep,TeO, was
obtained in 40% yield along with Tip,TeO and Tip,TeO,
in a ratio of 82:18 (entry 5). Because Dep,TeO is com-
pletely inert to singlet oxygen as well as both Tip,TeO and
Tip,TeO,, the formation of Dep,TeO, can be attributed
to the trapping of the nucleophilic pertelluroxide inter-
mediate, Tip,Te OO~ (A), by the electrophilic Dep,TeO.
The trapping efficiency of the telluroxide is very high
since it trapped the very non-nucleophilic intermediate A.
Similar treatment of Dip,TeO also afforded the trapping
product, Dip,TeO,, in 57% yield (entry 6), suggesting
that the bulky telluroxide is more reactive toward the
pertelluroxide intermediate A. We assume that the
observed acceleration of the trapping rate by bulky diaryl
telluroxides is also responsible for the preferential forma-
tion of the tellurone in the photooxidation of bulky diaryl
tellurides.

To evaluate the trapping abilities of the telluroxides
relative to conventional trapping agents, trapping experi-
ments of dimethyl persulfoxide, Me,STOO™, were inves-
tigated (Table 3). Photosensitized oxygenation of Me,S
was performed in the presence of 1 equiv of Tip,TeO as a
trapping agent. The "H NMR analysis of the reaction
mixture revealed the quantitative formation of Tip,TeO,,
a trapping product, and Me,SO (entry 1). Under the
reaction conditions employed, Tip,TeO was completely
inert to Me,SO. Other telluroxides Dip,TeO and Dep,-
TeO also proved to be efficient trapping agents, giving the
corresponding tellurone in quantitative yields (entries 2
and 3). For comparison, similar treatment of Ph,SO*® or
Ph,SeO.*" a well-known trapping agent, was performed;
however, the trapping product Ph,SO, or Ph,SeO, was
obtained only in 13% or 57% yields, respectively (entries
4 and 5). Apparently, the diaryl telluroxides have higher
reactivity toward Me,STOO™ than conventional trap-
ping agents. The trapping rate of Me,STOO ™ by Tip,TeO
was measured by direct competition and determined to
be k,.; = 43 relative to Ph,SeO (Scheme 2). Tip,TeO is
consequently a new, and most efficient, trapping agent of
persulfoxide intermediates.

The highly electrophilic nature of diaryl telluroxides
compared with Ph,SO and Ph,SeO observed in the trap-
ping experiments is attributable to the localization of
lowest unoccupied molecular orbitals (LUMOs) at the
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2

DepzTe

TipaTeO

Figure 3. LUMO diagrams for the diaryl telluroxides, Dep,TeO, Dip,.
TeO, and Tip,TeO, in comparison with Ph,SO and Ph,SeO.

Scheme 2. Competitive Trapping of Persulfoxide Intermediate
Me,STOO™ by Tip,TeO with Ph,SeO

MeuS hv, TPP, air MeoS 00"
2> TCR,Cly, 8-15°C, 20 min €2

i Ph
Tip,TeO kreo Koo ,Se0

Tip,TeO, + Me,SO

krel = Kreo/kseo = 43

Ph,SeO, + Me,SO

tellurium atom. Figure 3 illustrates the distribution of
LUMOs in Dep,TeO, Dip,TeO, and Tip,TeO, as well as
Ph,SO and Ph,SeO calculated by DFT methods. Appar-
ently greater LUMO localization is observed in Dep,.
TeO, Dip,TeO, and Tip,TeO than in Ph,SO and Ph,SeO.

On the basis of these findings, we investigated the
complete conversion of diaryl tellurides to tellurones
from a synthetic viewpoint (Table 4). Thus, we performed
the photooxygenation of Tip,Te in the presence of Me,S
(2 equiv), where the persulfoxide Me,STOO ™, formed by
the reaction of Me,S and singlet oxygen, was expected to
oxidize Tip,TeO generated in the reaction mixture. The
chromatographic purification of the reaction mixture
afforded Tip,TeO, in 92% yield. Similar treatment of
other tellurides le—h also afforded the corresponding
tellurones 3e—h in good yields.

Characterization of Diaryl Telluroxides and Tellurones.
The structures of diaryl telluroxides and tellurones were
confirmed by 'H, 13C, and '»Te NMR, IR, and elemental
analysis. The crystal structures of Ph,TeO and An,TeO
were previously reported by Alcock'® and Beckmann,'*
respectively. Recently, we succeeded in determining the
X-ray crystal structure of Tip,TeO, prepared by NalOy-
oxidation of Tip,Te, which is the first example of a fully
characterized diorganotellurone.'> In this study, we were
able to obtain single crystals of Tip,TeO and Mes,TeO,
and their structures were unambiguously determined by
X-ray crystallographic analysis.

The X-ray structures of Tip,TeO and Mes,TeO are
shown in Figures 4 and 5, respectively. The molecular

(13) Alcock, N. W.; Harrison, W. D. J. J. Chem. Soc., Dalton Trans. 1982,
709-712.

(14) Beckmann, J.; Dakternieks, D.; Duthie, A.; Ribot, F.; Schiirmann,
M.; Lewcenko, N. A. Organometallics 2003, 22, 3257-3261.

(15) Oba, M.; Okada, Y.; Nishiyama, K.; Shimada, S.; Ando, W. Chem.
Commun. 2008, 5378-5380.
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Table 4. Preparation of Diaryl Tellurone by Co-Photooxygenation of Diaryl
Telluride and Me,S

Me,S (2 equiv), hy, TPP, air
Ar,Te - Ar,TeO,
CH,Cl,, 8-15°C, 20 min

3
entry Ar,Te (1) 3 (%)

1 Tip,Te (1d) Tip,TeO, (92)

2 MesTipTe (1e) MesTipTeO, (73)
3 Dep,Te (1f) Dep,TeO, (69)

4 DepTipTe (1g) DepTipTeO, (81)
5 Dip,Te (1h) Dip,TeO, (86)

“Tsolated yield.

Figure 4. ORTEP diagram of Tip,TeO (2d) with ellipsoids drawn at
30% probability. Hydrogen atoms have been omitted for clarity. Only one
orientation of each disordered Tip group attached to the Te2 is displayed.
Selected bond distances (A) and angles (deg): Tel—O1 1.853(5), Te2—02
1.861(5), Tel—02 2.536(5), Te2—O1 2.518(4), Tel—Cl 2.150(5),
Tel—=Cl16 2.191(6), O1—=Tel—=C1 100.8(2), O1-Tel—=Cl16 101.7(2),
Cl1—=Tel—C1694.7(2).

structure of Tip,TeO (Figure 4) is essentially the same as
those of Ph,TeO'? and (C4Fs),TeO,'® adopting a dimeric
structure bonded by short intermolecular Te—O interac-
tions (Tel—02 2.536(5) and Te2—01 2.518(4) A). Further
Te—O contacts, shorter than the sum of the van der Waals
radii (3.58 A), were not observed.

As shown in Figure 5, the structure of Mes,TeO also
consists of dimers with short secondary Te—O interac-
tions (Tel—02 2.613(4) and Te2—01 2.647(4) A); how-
ever, the arrangement of the aromatic rings is different
from that of Tip,TeO. Two Mes groups are located in cis
positions with respect to the Tel—O1—Te2—02 plane,
where the CH/mr interactions between one ortho-methyl
proton and the facing aromatic ring are observed. The
distances between the protons and the aromatic ring cen-
troids are H11—Ct2 2.940 and H31—Ct1 2.780 A, which
are within the standard range of values.'” Furthermore,

(16) (a) Klapotke, T. M.; Krumm, B.; Mayer, P.; Piotrowski, H.; Ruscitti,
O. P. Z. Naturforsch. 2002, 57b, 145-150. (b) Naumann, D.; Tyrra, W.;
Hermann, R.; Pantenburg, I.; Wickleder, M. S. Z. Anorg. Allg. Chem. 2002,
628, 833-842.

(17) Suezawa, H.; Yoshida, T.; Umezawa, Y.; Tsuboyama, S.; Nishio, M.
Eur. J. Inorg. Chem. 2002, 3148-3155.
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Figure 5. ORTEP diagram of Mes,TeO (2¢) with ellipsoids drawn at
30% probability. Hydrogen atoms have been omitted for clarity except
for those which participate in intermolecular interactions. Ctl —4 are the
centroids of the aromatic rings. Selected bond distances (A) and angles
(deg): Tel—O1 1.855(4), Te2—02 1.847(4), Tel—02 2.613(4), Te2—O1
2.647(4), Tel—Cl 2.151(7), Tel—C10 2.196(7), Te2—C19 2.131(6),
Te2—C28 2.185(7), O1—=Tel—Cl 105.7(2), O1—Tel—C10 101.5(2),
Cl—Tel—C10 94.1(2), 02—Te2—C19 104.4(2), O2—Te2—C28 100.9(2),
C19—Te2—C28 96.8(2). Symmetry operation used to generate equivalent
atoms:a = —x, —y, 2—z.

two dimers are linked together by longer secondary Te—O
interactions (Tel—O1la 3.040(6) A, a = —x, —y,2—z) to
form a tetrameric structure. A close inspection of the
tetramer reveals the existence of Te/r and CH/x interac-
tions between the dimer pairs. The distance between Te2
and Ct4a is 3.324 A, which is shorter than the average
value (ca. 3.8 A) observed in the crystal structures of
organotellurium compounds.'® It is also assumed that the
association of the dimer pairs is further stabilized by the
interactions between the para-methyl proton of the Mes
group and the facing aromatic ring (H18—Ct3a 2.829 A).

Conclusion

Photosensitized oxidation of diaryl tellurides under aero-
bic conditions has been investigated. Unlike Ph,S and Ph,Se,
diaryl tellurides are highly reactive toward weakly electro-
philic singlet oxygen to yield diaryl telluroxides and varying
amounts of the corresponding tellurone, depending on the
substrates and reaction conditions.

The most marked feature of this photooxygenation is the
formation of diaryl tellurones in a considerable quantity
when a bulky diaryl telluride is employed as a substrate.
The trapping experiments of the nucleophilic intermediate,
such as Ar,TetOO™ or Me,STOO™, demonstrated that the
trapping abilities of the diaryl telluroxides are much higher

(18) Zukerman-Schpector, J.; Haiduc, 1. CrystEngComm 2002, 4, 178—
193.
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than those of the conventional trapping agents, and it
produces diaryl tellurones very efficiently. In particular,
Tip,TeO is found to be 43 times more reactive than Ph,SeO.
DFT calculations suggest that the highly nucleophilic nature
of Ar,Te and enhanced electrophilicity of Ar,TeO are attri-
butable to the localization of frontier molecular orbitals,
HOMOs and LUMOs, respectively, at the tellurium atom.
The time course and other controlled experiments also
suggest the possibility of intramolecular pathway for the
formation of diaryl tellurones.

Among the diaryl tellurium oxides obtained, molecular
structures of Mes,TeO and Tip,TeO were determined by
X-ray crystallographic analysis.

Experimental Section

NMR Measurements. 'H, °C, and '**Te NMR spectra were
measured on a Varian Mercury plus 400 spectrometer at 400,
100, and 126 MHz, respectively. All chemical shifts are reported
as 0 values (ppm) relative to residual chloroform (dy 7.26), the
central peak of deuteriochloroform (d¢ 77.00), and Mes,Te (O
275). For '**Te NMR, An,Te (01, 667) or Tip,TeO (O 1319)
was used as a secondary external standard.

General Procedure for the Photosensitized Oxygenation of
Diaryl Telluride (Table 1). A 10.0 mM solution (50 mL) of diaryl
telluride 1 (0.500 mmol) in the presence of an appropriate
photosensitizer (1.00 x 10~* M) was irradiated under aerobic
conditions (in an open flask with vigorous stirring) using a
500 W halogen lamp for 1 h. An ice bath was used to maintain
the reaction temperature between 8 and 15 °C during irradia-
tion. The progress of the reaction was monitored by TLC. After
evaporation of the solvent, the residue was analyzed by 'H
NMR spectroscopy to determine the ratio of diaryl telluroxide 2
and tellurone 3. Diaryl telluroxide 2 and tellurone 3 were
isolated using flash column chromatography on silica gel using
CHCI; containing 1% MeOH as the eluent, and the yields are
compiled in Table 1. Physical and spectral data of diaryl tell-
uroxides 2a—h and tellurones 3d—h are as follows.

Ph,TeO (2a).'* Colorless solid from benzene—hexane, mp
178—181 °C (dec) (lit,'"* mp 182—186 °C (dec)); "H NMR (400
MHz, CDCly): 6 = 7.37—7.40 (br, 6H), 7.68 ppm (br, 4H); '*C
NMR (100 MHz, CDCls): 6 = 129.5, 130.7, 131.0, 138.5 ppm.

An,TeO (2b).'* Colorless solid from benzene—hexane, mp
180—183 °C (dec) (lit,"* mp 185—188 °C (dec)); 'H NMR (400
MHz, CDCl;): 6 = 3.81 (s, 6H), 6.95 (d, J = 9 Hz, 4H), 7.60
ppm (d, J = 9 Hz, 4H); '*C NMR (100 MHz, CDCl5): § = 55.3,
115.2, 128.7, 132.4, 161.8 ppm.

Mes,TeO (2¢).' Colorless solid from ethyl acetate, mp
180—182 °C (lit," mp 179—180 °C). '"H NMR (400 MHz,
CDCl3): & = 2.26 (s, 6H), 2.54 (s, 12H), 6.84 (s, 4H) ppm; '°C
NMR (100 MHz, CDCls): 6 = 21.2,21.6, 130.7, 131.1 [sand d
(satellite, 'J (C,Te) = 350 Hz)], 141.1, 143.0 ppm; '>Te NMR
(126 MHz, CDCl;, Tip,TeO): 6 = 1268 ppm; IR (KBr): v = 745
cm™ ! (Te—0).

Tip,TeO (2d). Colorless solid from hexane, mp 181—183 °C;
"H NMR (400 MHz, CDCl3): 6 = 1.05(d, J = 7 Hz, 12H), 1.06
(d,J =7Hz,12H), 1.19(d, J = 7Hz, 12H), 2.82 (sept, J/ = 7Hz,
2H), 3.74 (sept, J = 7 Hz, 4H), 7.01 ppm (s, 4H); '*C NMR (100
MHz, CDCl;): 6 = 23.6, 24.1, 24.4, 32.4, 34.0, 123.4, 132.2 [s
and d (satellite, 'J (C,Te) = 346 Hz)], 151.9, 153.0 ppm; '*Te
NMR (126 MHz, CDCl;, An,Te): 6 = 1319 ppm; IR (KBr): v =
740 cm ! (Te—O0); elemental analysis caled (%) for C3gH46OTe:
C 65.48, H 8.43; found: C 65.41, H 8.33.

(19) Akiba, M.; Lakshmikantham, M. V.; Jen, K.-Y.; Cava, M. P. J. Org.
Chem. 1984, 49, 4819-4821.

(20) Taka, H.; Yamazaki, Y.; Shimizu, T.; Kamigata, N. J. Org. Chem.
2000, 65, 2127-2133.
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MesTipTeO (2¢).%° Colorless solid from CH,Cl,—hexane,
mp 164—165 °C (lit,* mp 165—167 °C); '"H NMR (400 MHz,
CDCly): 0 = 1.04(d, J = 7Hz, 6H), 1.12(d, J = 7Hz, 6H), 1.19
(d,J = 7Hz, 6H),2.24 (s, 3H),2.50 (s, 6H), 2.82 (sept, J = 7 Hz,
1H), 3.73 (sept, J = 7 Hz, 2H), 6.80 (s, 2H), 7.00 ppm (s, 2H); '*C
NMR (100 MHz, CDCl3): 8 = 20.9, 21.4,23.4,24.2, 32.5, 34.0,
124.7,131.2,136.4 [s and d (satellite, 'J (C,Te) = 347 Hz)], 137.8
[s and d (satellite, 'J (C,Te) = 353 Hz)], 141.0, 143.6, 152.5,
154.9 ppm; '*Te NMR (126 MHz, CDCl;, Tip,TeO): 6 = 1320
ppm; IR (KBr): v = 740 cm™ ! (Te—0).

Dep,TeO (2f). Colorless solid from CH,Cl,—hexane, mp
151—153 °C; '"H NMR (400 MHz, CDCl;): 6 = 1.07 (t, J=7
Hz, 12H),2.94 (dq,J = 15and 7 Hz, 4H), 3.09 (dq, J = 15and 7
Hz, 4H), 7.09 (d, J = 8 Hz, 4H), 7.30 ppm (t, J = 7 Hz, 2H); *C
NMR (100 MHz, CDCly): & = 15.7,27.6,127.9, 131.1, 134.7 [s
and d (satellite, 'J (C,Te) = 353 Hz)], 148.8 ppm; '>*Te NMR
(126 MHz, CDCls, Tip,TeO): 6 = 1329 ppm; IR (KBr): v =750
cm~ ' (Te—0); elemental analysis caled (%) for CooHogOTe: C
58.59, H 6.39; found: C 58.70, H 6.38.

DepTipTeO (2g). Colorless solid from CH,Cl,—hexane, mp
123—124 °C; '"H NMR (400 MHz, CDCl3): 6 = 1.07 (d, J = 7
Hz, 6H), 1.07 (t,J = 7Hz, 6H), 1.12 (d, J = 7 Hz, 6H), 1.20 (d,
J = THz,6H),2.84 (sept,J = 7THz, 1H),2.96 (dq,J = 15and 7
Hz, 2H), 3.08 (dq, J = 15 and 7 Hz, 2H), 3.77 (sept, J = 7 Hz,
2H), 7.03 (s, 2H), 7.09 (d, J = 8 Hz, 2H), 7.28 ppm (t, J = 8 Hz,
1H); '3C NMR (100 MHz, CDCl;): 6 = 15.6, 23.7, 24.3, 24.6,
27.4, 32.5, 34.0, 123.4, 127.8, 130.8, 131.8 [s and d (satellite,
1J(C,Te) = 348 Hz)], 135.3 [s and d (satellite, 'J (C,Te) = 356
Hz)], 148.5, 152.1, 153.3 ppm; '**Te NMR (126 MHz, CDCl5,
Tip,TeO): 6 = 1325 ppm; IR (KBr): v = 750 cm ™' (Te—0);
elemental analysis caled (%) for C,sH360Te: C 62.54, H 7.56;
found: C 62.62, H 7.91.

Dip,TeO (2h). Colorless solid from hexane, mp 186—188 °C;
"H NMR (400 MHz, CDCl3): 6 = 1.07(d, J = 7 Hz, 12H), 1.09
(d,J = 7Hz, 12H), 3.79 (sept, J = 7Hz, 4H), 7.18 (d, J = 8 Hz,
4H),7.35 ppm (t, J = 8 Hz, 2H); '*C NMR (100 MHz, CDCl,):
0 = 24.3,24.6,32.6,125.5,131.3, 135.3 [s and d (satellite, '.J (C,
Te) = 347 Hz)], 153.3 ppm; '*Te NMR (126 MHz, CDCl5,
Tip,TeO): 6 = 1325 ppm; IR (KBr): v = 742 cm™ ' (Te—0);
elemental analysis caled (%) for C,4H340Te: C 61.84, H 7.35;
found: C 61.75, H 7.31.

Tip,TeO, (3d)."> Colorless solid from hexane, mp 108—
110 °C (lit,"> mp 108—110 °C). '"H NMR (400 MHz, CDCls):
0 =1.12(d./ = 7Hz,24H), 1.21 (d./ = 7 Hz, 12H), 2.88 (sept.
J =7Hz, 2H), 4.09 (sept, J = 7 Hz, 4H), 7.14 ppm (s, 4H); 1*C
NMR (100 MHz, CDCly): 6 = 23.6, 24.3, 32.7, 34.3, 124.8,
137.9 [s and d (satellite, 'J (C,Te) = 81 Hz)], 152.2, 154.8 ppm;
125Te NMR (126 MHz, CDCl;, Tip,TeO): & = 1331 ppm; IR
(KBr): v =800, 825 cm ™! (Te—0).

MesTipTeO, (3e). Colorless solid from acetonitrile, mp
126—128 °C; '"H NMR (400 MHz, CDCl3): 6 = 1.14 (d, J =
7Hz, 12H),1.22(d,J = 7Hz, 6H),2.28 (s, 3H), 2.69 (s, 6H), 2.88
(sept,J = 7Hz, 1H),4.06 (sept, J = 7 Hz, 2H), 6.95 (s, 2H), 7.15
ppm (s, 2H); '*C NMR (100 MHz, CDCl3): 6 = 20.9,21.3,23.4,
24.2,32.5,34.0,124.7, 131.2, 136.4 [s and d (satellite, '.J (C,Te)
= 90 Hz)], 137.9 [s and d (satellite, 'J (C,Te) = 95 Hz)], 140.9,
143.6, 152.5, 154.9 ppm; '*Te NMR (126 MHz, CDCls,
Tip,TeO): 6 = 1333; elemental analysis calcd (%) for Co4Hzy-
0,Te-H,0: C 57.64, H 7.26; found: C 57.95, H 7.39.

Dep,TeO, (3f). Colorless solid from acetonitrile, mp 134—
138 °C; 'H NMR (400 MHz, CDCl3): 6 = 1.18 (t, J =7 Hz,
12H),3.22(q,J = 7Hz, 8H), 7.26 (d, J = 8 Hz, 4H), 7.49 ppm (t,
J = 8 Hz, 2H); *C NMR (100 MHz, CDCl;): 6 = 15.9, 28.0,
129.4, 133.6, 140.6 [s and d (satellite, 'J (C,Te) = 99 Hz)], 147.8
ppm; '**Te NMR (126 MHz, CDCls, Tip,TeO): ¢ = 1332 ppm;
elemental analysis caled (%) for CoH,60,Te-H,0: C 56.42, H
7.58; found: C 56.68, H 7.45.

DepTipTeO, (3g). Colorless solid from hexane, mp 137—
140 °C; "H NMR (400 MHz, CDCl3): 6 = 1.16 (t, /=7 Hz, 6H),
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1.16 (d,J = 7Hz, 12H), 1.24 (d, J = 7 Hz, 6H), 2.91 (sep,J = 7
Hz, 1H),3.23(q,J = 7THz,4H),4.11 (sep,J = 7THz,2H), 7.17 (s,
2H), 7.25 (d, J = 8 Hz, 2H), 7.46 ppm (t, J = 8 Hz, 1H); 1°C
NMR (100 MHz, CDCl,): 6 = 15.7,23.5,24.3,27.8,32.8, 34.2,
125.0,129.2, 133.3, 137.3 [s and d (satellite, 'J (C,Te) = 89 Hz)],
141.1 [s and d (satellite, 'J (C,Te) = 95 Hz)], 147.4, 152.5, 155.1
ppm; 2*Te NMR (126 MHz, CDCls, Tip,TeO): 6 = 1332 ppm;
elemental analysis calcd (%) for C,5H360,Te-2H,0: C 56.42, H
7.58; found: C 56.68, H 7.45.

Dip,TeO; (3h). Colorless solid from hexane, mp 194—195 °C;
"H NMR (400 MHz, CDCI5): 8 = 1.13(d, J = 7 Hz, 24H), 4.13
(sept,J = 7Hz,4H),7.32(d, J = 8§ Hz, 4H), 7.51 ppm (t, J = §
Hz, 2H); '3C NMR (100 MHz, CDCl5): 6 = 24.3, 32.8, 126.9,
133.6, 140.8 [s and d (satellite, 'J (C,Te) = 85 Hz)], 152.3 ppm;
'Te NMR (126 MHz, CDCl;, Tip,TeO): 6 = 1331 ppm; IR
(KBr): v = 800, 822 cm™ ! (Te—0); elemental analysis calcd (%)
for C4H340,Te: C 59.79, H 7.11; found: C 59.55, H 7.23.

General Procedure for the Photosensitized Co-Oxygenation of
Tip,Te (1d) and Various Trapping Agents (Table 2). A 10.0 mM
CH,Cl, solution (50 mL) of 1d (267 mg, 0.500 mmol) containing
1.00 equiv of a trapping agent was irradiated in the presence
of tetraphenylporphyrin (1.00 x 10~% M) as a photosensitizer.
After 1 h, the solvent was evaporated, and the residue was
analyzed by "H NMR spectroscopy to determine the product
distribution. The yields of the trapping product as well as 2d and
3d are compiled in Table 2.

General Procedure for the Trapping Experiments of the Per-
sulfoxide Intermediate by Ar,TeO, Ph,SO, or Ph,SeO (Table 3).
Toa 10.0 mM CH,Cl, solution (50 mL) of trapping agent (0.500
mmol) containing tetraphenylporphyrin (1.00 x 10~* M) as a
photosensitizer was added a 1.00 M CH,Cl, solution of Me,S
(0.500 mL, 1.00 mmol), and the solution was irradiated for
20 min. After evaporation of the solvent, the residue was
analyzed by "H NMR spectroscopy to determine the product
distribution. The yields of the trapping product, such as Ar,.
TeO,, Ph,SO,, or Ph,SeO,, and Me,SO are compiled in Table 3.

Competitive Trapping of the Persulfoxide Intermediate by
Tip,TeO (2d) and Ph,SeO (Scheme 2). To a solution of 2d
(57.4 mg, 0.104 mmol) and Ph,SeO (249.3 mg, 1.00 mmol) in
CH,Cl, (50 mL) containing tetraphenylporphyrin (1.00 x 10~*
M) as a photosensitizer was added a 1.00 M CH,Cl, solution of
Me,S (50.0 uL, 50.0 umol) and the solution was irradiated for
20 min. After evaporation of the solvent, the residue was analyzed
by '"H NMR spectroscopy to determine the ratio of 3d and
Ph,SeO,. Three runs were averaged and the trapping rate of
Me,STOO™ by 2d relative to Ph,SeO was determined to be
k,; = 43. Under the conditions employed, Ph,SeO, and Tip,TeO,
were completely inert to Tip,TeO and Ph,SeO, respectively.
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General Procedure for the Photosensitized Co-Oxygenation of
Ar,Te with Me,S (Table 4). A 10.0 mM CH,Cl, solution (50 mL)
of Ar,Te (0.500 mmol) and 2 equiv of Me,S was irradiated in the
presence of tetraphenylporphyrin (1.00 x 10~% M) as a photo-
sensitizer for 20 min. After evaporation of the solvent, the
residue was chromatographed on silica gel using CHCI; as the
eluent. The isolated yields of the Ar,TeO, are listed in Table 4.

Theoretical Calculations. All calculations were performed
using the Gaussian 03 program package.'? The geometries were
optimized with the density functional theory at the B3PWO91
level. The LANL2DZdp basis set was used for Se and Te, while
the 6-31G(d,p) basis set was used for C, H, and O. Stationary
points were confirmed to be minima by vibrational frequency
calculations that gave no imaginary frequencies.

Crystal Data for Mes,TeO (2¢). C3H,,OTe, M = 381.97,
crystal dimensions 0.20 x 0.17 x 0.06 cm?, orthorhombic, a =
16.8808(12), b = 29.017(2), ¢ = 13.8314(10) A, V' =6775.2(8)
A3, T=153(2) K, space group Pccn (#56), Z = 16, peaiea = 1.498
gem Y, u(Mo Ka)) = 1.751 mm ™', 38271 reflections measured,
7698 independent reflections (R;,, = 0.070). The final R, values
were 0.0495 (I > 20([)). The final wR(F>) values were 0.1190 (all
data). The goodness of fit on F? was 1.063. CCDC-773378
contains the supplementary crystallographic data for this com-
pound. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Crystal Data for Tip,TeO (2d). C50Hy4sOTe, M = 550.29,
crystal dimensions 0.16 x 0.14 x 0.10 crrf, monoclinic, a =
9.1860(5), h=22.2220(13), ¢ = 28.6662(17) A, 8 = 96.2280(10)°,
V= 5817.1(6) A>, T = 153(2) K, space group Clcl (#1), Z = 8,
Pealea = 1.257 gem >, u(Mo Ka)) = 1.041 mm ™', 17355 reflec-
tions measured, 11719 independent reflections (R,,, = 0.027).
The final R, values were 0.0508 (I > 20(/)). The final wR(F”)
values were 0.1264 (all data). The goodness of fit on F> was
1.025. CCDC-773379 contains the supplementary crystallo-
graphic data for this compound. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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