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Disproportionation reactions take place in solution of (diacetoxyiodo)benzene (DIB) in acetonitrile in the
presence of water, giving iodine(V) and iodine(I) species. This redox reaction is accelerated by the presence
of water and by increasing the temperature. Several species of the solution of DIB were identified by high-
resolution ESI-MS/MS, which allowed the elucidation of the mechanisms of disproportionation for DIB
in gas phase and in solution. Key species in the process are the dimers [PhI(OH)OIPh]+ at m/z 440.8864,
[PhI(OAc)OIPh]+ at m/z 482.8947, and [PhI(O)(OAc)OIPh]+ at m/z 498.8887.

© 2008 Elsevier B.V. All rights reserved.
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isproportionation
odobenzene diacetate

. Introduction

Hypervalent iodine compounds constitute a useful class of
eagents that can be used for several transformations. Most of
hese reactions occur cleanly in high level of selectivity, avoiding
he use of toxic heavy metals [1]. Although hypervalent iodine(III)
eagents have been intensively used in the last years, informa-
ion regarding their properties in solution are not completely
nderstood. Richter et al. [2] described that in the dissolution
f [hydroxy(tosyloxy)iodo]benzene (PhI(OTs)OH, HTIB or Koser’s
eagent) or of [hydroxy(mesyloxy)iodo]benzene (HMIB) in water
t pH > 4.3 dissociation proceed under formation of the solvated
odonium ion [PhIOH]+, as well as dimerization reactions giving
pecies, such as Ph(OH)I–O–I+(OH2)Ph. Furthermore, this dimeric
odine(III) species undergoes a thermally induced disproportion-
tion reaction giving PhI and PhIO2, as a white precipitate. This
edox reaction has been mentioned in several papers [3]. How-
ver, the mechanism for this process has not been elucidated.

oreover, a panorama of the species in methanolic solutions of

odosylbenzene was given by Sam et al. [4] when the mass spec-
ra of a solution of PhIO in MeOH was acquired using electrospray
onization mass spectrometry (ESI-MS). The most important fea-
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ure of the spectrum is the three peaks with equivalent intensity
t m/z 235, 455 and 501, which were assigned to [PhIOMe]+, to
PhIO+PhI+OMe] and to [PhI(OMe)2+PhI+OMe], respectively. Infor-

ation related to the species present in solutions of PhI(OAc)2
diacetoxyiodo)benzene (DIB) and PhI(O2CCF3)2 is even more
carce. Based on the work of Schardt and Hill [5] toward the
reparation of iodobenzene dimethoxide from iodosylbenzene, it
as been accepted that the reactive species in oxidations using
hI(OAc)2 or PhIO in MeOH in the presence of KOH is PhI(OMe)2
1q]. Recently, Cerioni and Uccheddu [6] have proposed an ion pair
tructure for bis(acetoxy)iodoarenes, such as PhI(OAc)2, based on
heir chemical shifts in 17O and 13C NMR.

Electrospray ionization mass spectrometry (ESI-MS) and elec-
rospray ionization tandem mass spectrometry (ESI-MS/MS) have
ow become a well established method to detect and character-

ze species in solution, including short-lived reaction intermediates
7]. For these reasons, some groups used ESI-MS and ESI-MS/MS for
he study of reactions promoted by hypervalent iodine [8].

Based on the above scenario, we herein present the characteri-
ation of the species present in solution of DIB and their reactions in
as phase, suggesting a mechanism of the disproportionation reac-
ions that take place in solutions of DIB. The techniques used to

chieve this goal were ESI-MS and ESI-MS/MS [9]. Considering that
he chemical behavior of iodine(III) and of iodine(V) may be very
ifferent, the understanding of factors governing the dispropor-
ionation reaction is of great importance in the use of hypervalent
odine reagents.

http://www.sciencedirect.com/science/journal/13873806
mailto:luizfsjr@iq.usp.br
mailto:npelopes@fcfrp.usp.br
dx.doi.org/10.1016/j.ijms.2008.06.012
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Fig. 1. Mass spectrum of a solution of PhI(OAc)2 i

. Experimental

DIB (98% from Acros) is commercially available and was used as
eceived. The purity of the reagent was confirmed by NMR anal-
sis (Bruker AC 200). Fresh solution of DIB in acetonitrile (HPLC
rade, water content 0.001%) was prepared at 4.7 mmol L−1 and at
H 5. This solution was used at up to 10 min after preparation. “Old”
IB solution was prepared as previously mentioned and allowed to

tand for 24 h. All mass spectra were acquired using an UltrOTOF
quadrupole time of flight hybrid instrument (Bruker Daltonics,

illerica, MA, USA) mass spectrometer equipped with an ionspray
nterface. Samples were introduced using syringe pump and Hamil-
on syringes (Hamilton Co., Reno, NE). Fragment ion (tandem) mass
pectra (MS/MS) were obtained by collision-induced dissociation of
recursor ion selected by their m/z value using nitrogen as collision
as. The ESI-MS analyses were performed at the positive-ion mode.
. Results and discussion

The ESI-MS experiments were carried out using acetonitrile as
olvent, because in this solvent disproportionation reactions are

m
[
t
a

Scheme 1
CN at r.t.: (a) freshly prepared and (b) after 24 h.

low enough to track changes in composition of the solution by
SI-MS. In addition, acetonitrile does not form other species by
ucleophilic attack on DIB, causing minimum interference. First,
e decided to check if the disproportionation of DIB indeed take
lace in acetonitrile. Thus, a solution of DIB in acetonitrile was
llowed to stand for 24 h and a white insoluble compound was then
btained. Direct comparison of this solid with an authentic sample
f PhIO2 indicated that disproportionation occurred. After this con-
rol experiment, the spectrum of a freshly prepared solution of DIB
n acetonitrile was acquired, presenting as the main species the
xpected Na+ and K+ adducts [PhI(OAc)2Na]+, (obs. m/z 344.9608,
alc. 344.9600, 2.3 ppm) and [PhI(OAc)2K]+, (obs. m/z 360.9339,
alc. 360.9339, 0 ppm). Other important species were [PhIONa]+

obs. m/z 242.9284, calc. 242.9283, −0.42 ppm), [PhIOAc]+ (obs. m/z
62.9554, calc. 262.9569, −5.7 ppm) and [PhI]•+ (obs. m/z 203.9440,
alc. 203.9430, 4.9 ppm) (Fig. 1a).
The cation radical [PhI]•+ would be generated by the source-
ediated homolytic cleavage of the iodine–oxygen bond of

PhIOAc]+ (Scheme 1) [10]. This hypothesis is sustained by the
andem mass spectrum of the cation [PhIOAc]+ that gener-
ted exclusively the cation radical [PhI]•+ (see supplementary

.
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Scheme 2.
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Scheme 3.

nformation). Finally, the ion [PhIONa]+ would be formed by the
xit of acetic anhydride from the ion [PhI(OAc)2Na]+ (Scheme 2).

Next, the solution of DIB in acetonitrile was allowed to stand at
oom temperature and a new mass spectrum was acquired in reg-
lar intervals. Comparing to the mass spectrum obtained from the
resh solution, a striking difference was observed only after 24 h.
he mass spectrum of this “old” solution revealed the presence of

pecies that were not detected in the fresh solution, including some
odine(V) species. As the conditions of the instrument were con-
tant in the fresh and in the 24 h solutions and the only variation
as the interval time, we can conclude that the disproportiona-

r
c
w
[

Fig. 2. ESI-MS/MS spectra of the dimers: (a) 1,
Scheme 4.

ion reaction occurs in solution over time (Fig. 1b). Among the
etected iodine(V) species were [PhI(O)OH]+ (obs. m/z 236.9401,
alc. 236.9413, −5.1 ppm) and [PhI(O)OAc]+ (obs. m/z 278.9516, calc.
78.9518, −0.7 ppm). The ion [PhIOAc]+ appears in both spectra
fresh solution and after 24 h). Thus, it is not possible to define if
his species could be formed in solution or by source dissociation
f Na+ and K+ adducts of DIB. The ion [PhIOAc]+ is also observed in
he ESI-MS/MS experiments of [PhI(OAc)2Na]+ and of [PhI(OAc)2K]+

ons (see supplementary information) supports this proposition.
ne of the new iodine(III) species is [PhIOH]+ (obs. m/z 220.9469,
alc. 220.9463, 2.7 ppm), which could be formed by elimination
f AcOH from the transient species [PhI(H2O)OAc]+, that would be
riginated from addition of water to [PhIOAc]+. Thus, water plays
n important role in the disproportionation of DIB (Scheme 3). The

adical cation [PhI]•+ could also be generated by the homolytic
leavage of [PhIOH]+ ion. Since the potential and other parameters
ere not modified from the fresh solution, the species [PhIOH]+,

PhI(O)OH]+, [PhI(O)OAc]+, [PhI(OH)OIPh]+, [PhI(OAc)OIPh]+ and

[PhI(OH)OIPh]+; (b) 2, [PhI(OAc)OIPh]+.
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PhI(O)(OAc)OIPh]+ must be formed and present in solution, except
PhI]•+, whose formation probably occurs at the source.

The dimeric species [PhI(OH)OIPh]+ (1) (obs. m/z 440.8864, calc.
40.8849, 3.4 ppm) and [PhI(OAc)OIPh]+ (2) (obs. m/z 482.8947,
alc. 482.8954, −1.5 ppm) are also present in the solution of
IB after 24 h (Fig. 1b). These molecules are analogous to those
haracterized by Richter and are probably formed by reversible
ddition of iodosylbenzene, which is originated by deprotonation
f [PhIOH]+, to the cations [PhIOH]+ and [PhIOAc]+, respec-
ively. Furthermore, considering the mechanism suggestion of

asson et al. [11], the dimers 1 and 2 could undergo a dispro-
ortionation giving each an iodine(V) and an iodine(I) species.
hese disproportionations would be entropically favored consid-
ring that two molecules are formed from the dimers 1 and 2
Scheme 4).

To provide evidence in gas phase for the above sequence of reac-
ions [PhI(OH)OIPh]+ was selected for ESI-MS/MS analyses. For this
roup of experiments, we closed the collision gas entrance and
urned off the collision gas energy. In this experiment, [PhIOH]+

obs. m/z 220.9469, calc. 220.9463, 2.7 ppm) was detected, which
s evidence for the reversible formation of dimer 1. Furthermore,
he presence of protonated iodylbenzene at m/z 236.9423 (calc.
36.9413, 4.2 ppm) in the gas phase indicates that this iodine(V)
pecies originates from dimer 1 (Fig. 2a). Thus, these data con-
rm the formation and the disproportionation of 1. A similar
attern would be expected for a similar experiment with the
imer 2. Indeed, when 2 was selected for an ESI-MS/MS experi-
ent, [PhI(O)OAc]+ (obs. m/z 278.9513, calc. 278.9518, −1.8 ppm)

nd [PhIOAc]+ (obs. m/z 262.9554, calc. 262.9569, −5.7 ppm)
ere observed. Furthermore, [PhI(O)OH]+ (obs. m/z 236.9399, calc.
36.9413, −5.9 ppm), [PhIO]•+ (obs. m/z 219.9376, calc. 219.9380,
1.8 ppm) and [PhI]•+ (obs. m/z 203.9436, calc. 203.9430, 2.9 ppm)
ere also detected (Fig. 2b).

The iodine(V) ion [PhI(O)OAc]+ could be formed by the dis-
roportionation of the dimer 2. This dimer would also lead to
PhIOAc]+ and to [PhIO], which is the reverse of the dimeriza-
ion. Then, [PhIOAc]+ could produce [PhI]•+, as previously shown
Scheme 1). Furthermore, loss of CH2CO by [PhI(O)OAc]+ would
ield [PhI(O)OH]+ (Scheme 5). Finally, homolytic cleavage of the I–O

ond of [PhI(O)OAc]+ would lead to [PhIO]•+, as proposed for [PhI]•+

n Scheme 1. The presence of both [PhI(O)OH]+ and [PhIO]•+ ions
n the tandem mass spectrum of [PhI(O)OAc]+ (see supplementary
nformation) supports this consideration. The higher fragmenta-
ion pattern of the dimer 2 [PhI(OAc)OIPh]+ compared to dimer 1

m
s
o
w
p

Fig. 4. ESI-MS/MS of the dime
Fig. 3. Structure of the cyclic dimers 3 and 4.

PhI(OH)OIPh]+ could be explained by the stabilisation of radicals
y AcO [10].

Although the dimers 1 and 2 are represented in an acyclic form,
he analogous cyclic dimers 3 and 4 (Fig. 3), similar to that described
y Ochiai et al. [12] cannot be rejected. An equilibrium between
yclic and acyclic forms appears to be possible. Arbitrarily, acyclic
orms 1 and 2 are used in this paper.

Another species detected in the spectrum of 24-h old DIB solu-
ion in CH3CN was [PhI(O)(OAc)OIPh]+ (5) (obs. m/z 498.8887,
alc. 498.8903, −3.2 ppm) (Fig. 1b), in which there are iodine(III)
nd iodine(V) atoms. The dimer 5, when selected for ESI-MS/MS
ithout induced collisions (no collision energy applied), yielded
ainly [PhIOAc]+ (obs. m/z 262.9539, calc. 262.9569, −16.7 ppm)

nd, presumably, PhIO2 (Fig. 4). The presence of [PhI]•+ should be
elated with the fragmentation of the ion [PhIOAc]+ already dis-
ussed (Scheme 1). This result gave us the final clue for the overall
echanism involved in the disproportionation reactions of DIB in

cetonitrile.
Although the evidences for the formation and disproportion-

tion of dimers 1 and 2 shown in Scheme 4 were obtained in
as phase, these reactions also occurs in solution considering that
hIO2 was isolated from the solution of DIB in acetonitrile. Thus, the
isproportionation reaction of DIB in solution takes place by two
echanisms: the first occurring via dimer 1 (Scheme 4), and the
econd via the cycle shown in Scheme 6 starting from [PhIOAc]+, the
nly species in the cycle present in the fresh solution. This cation
ould react with PhIO giving the dimer 2, which would dispro-
ortionate to PhI and [PhI(O)OAc]+, as described in Scheme 4. The

r 5, [PhI(O)(OAc)OIPh]+.
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In an ESI-MS study, the presence of water could affect the ion-
Scheme 7.

odine(V) species [PhI(O)OAc]+ would react with PhIO, giving the
ixed dimer 5. Finally, based on the ESI-MS/MS shown in Fig. 4,
would furnish PhIO2 and [PhIOAc]+, closing the cycle. Since the

oncentration of [PhIOH]+ is smaller than that of [PhIOAc]+, we con-
ider that the formation of the dimer [PhI(OAc)OIPh]+ would be
aster than [PhI(OH)OIPh]+. Indeed, this is observed in the mass
pectrum of the solution of DIB, where the relative intensity of
he peak related to [PhI(OAc)OIPh]+ is higher than that associate to
PhI(OH)OIPh]+ (Fig. 1b). In conclusion, the cycle shown in Scheme 6
s the main disproportionation pathway for DIB in acetonitrile.
verall, the cycle represents the consumption of two molecules of

odosylbenzene giving iodylbenzene and iodobenzene (Scheme 7).
his agrees with the experimental observation, because the forma-
ion of iodylbenzene as a white solid was noted after 24 h.

The temperature is an important parameter in the kinetics of
eactions, which could probably influence in the disproportionation
f DIB [2,13]. Thus, a solution of DIB was rapidly prepared in acetoni-
rile at 80 ◦C and immediately injected in the mass spectrometer
Fig. 5). The spectrum thus obtained presents DIB adducts with

a+ and K+, as the most intense signals. Furthermore, the spectrum

hows all the species found in the 24-h-old DIB solution (Fig. 1b),
uch as [PhIOH]+ (obs. m/z 220.9448, calc. 220.94639, −6.8 ppm),
PhIOAc]+ (obs. m/z 262.9552, calc. 262.9569, −6.5 ppm), [PhI]•+

i
i
t
r

Fig. 5. ESI-MS of a freshly prepared so
ass Spectrometry 276 (2008) 24–30

obs. m/z 203.9423, calc. 203.9430, −3.4 ppm), dimers 1 (obs. m/z
40.8862, calc. 440.8849, 3.0 ppm), 2 (obs. m/z 482.8967, calc.
82.8954, 2.7 ppm) and 5 (obs. m/z 498.8910, calc. 498.8903,
.4 ppm), iodine(V) species [PhI(O)OH]+ (obs. m/z 236.9395, calc.
36.9413, −7.6 ppm) and [PhI(O)OAc]+ (obs. m/z 278.9501, calc.
78.9518, −6.1 ppm). Thus, the disproportionation reaction of DIB
n solution of acetonitrile increases at higher temperature.

Considering the participation of H2O in the formation of
PhIOH]+, which has an important role in the disproportionation
Scheme 3), we decided to investigated the species present in solu-
ions where a significant amount of water would be present during
SI-MS analyses. The first experiment was the acquisition of the
SI-MS of a freshly prepared solution of DIB in CH3CN:H2O (1:1)
Fig. 6a). The spectrum of this solution is quite different from
hat in only acetonitrile (Fig. 1a). However, it resembles that of
he 24-h-old solution of DIB (Fig. 1b), because the same species
re observed, including those bearing the iodine at the oxidation
tate V. Thus, the presence of H2O accelerates the dispropor-
ionation reaction. This effect could take place only in the mass
pectrometer and not in the solution. Considering this hypothe-
is, the spectrum of DIB in CH3CN/H2O solution acquired shortly
fter the preparation of the solution should be somewhat similar
o that of the freshly prepared solution. Nevertheless, ESI-MS after
.5 h showed that signals related to the disproportionation reac-
ion, such as the iodine(V) species [PhI(O)OH]+ at m/z 236.9425
nd [PhI(O)OAc]+ at m/z 278.9542 have a higher relative inten-
ity (50 and 70%, respectively) than in the fresh solution (Fig. 6b).
his result confirms that water accelerates the disproportiona-
ion in solutions of DIB, because this solvent better stabilizes the
ationic intermediates involved in the medium [2]. Furthermore,
onsidering that the attack of a molecule of water is involved
n the first step of the formation of iodosylbenzene (Scheme 3),
ncreasing the concentration water would elevate the concentra-
ion of PhIO, favoring the formation of the [PhIOH]+ that can
orms the dimer 1 (Scheme 6). In agreement to that, the rel-
tive intensity of the signals corresponding to [PhIOH]+ and to
PhIOAc]+ are inverted in the spectra of the fresh solution when
ompared to that after 1.5 h. Nonetheless, the concentration of
imer 1 did not changed, because the very reactive dimer 1 would
o immediately to the entropically favored disproportion reac-
ion.
zation and/or redox processes, [14] which would have an influence
n the disproportionation reaction, as discussed above. Considering
hat and to confirm the effect of the water in the disproportionation
eaction [15], an additional experiment was performed. This time,

lution of DIB in CH3CN at 80 ◦C.
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ig. 6. ESI-MS of a solution of DIB at r.t.: (a) in CH3CN/H2O: freshly prepared; (b) in

he source was saturated with water before the injection. Then, a
resh prepared solution of DIB in pure acetonitrile was injected. The
pectrum thus obtained shows the presence of the characteristics
pecies for the disproportionation reaction, namely the dimers 1
nd 2, as well as the iodine(V) species [PhI(O)OH]+ and [PhI(O)OAc]+

Fig. 6c), in contrast to that performed without the presence of
ater in the source (Fig. 1a). In the presence of water, the spec-

rum is similar to that obtained with the 24 h old solution of DIB
Fig. 1b) and with that of the aqueous solution (Fig. 6c). Thus, water
as a strong influence in the disproportionation reaction both in
olution and on the machine. Considering that several reactions
sing iodine(III) reagents are performed using water as solvent and

he different chemical behavior between iodine(V) and (III) [1], the
nfluence of water in the disproportionation will be of great value
o understand several reactions. Indeed, we believe that iodine(V)
pecies are involved in some reactions using DIB in the presence of
ater.

A

T
t

N/H2O: after 1.5 h; (c) in CH3CN: source saturated with H2O before the injection.

. Conclusions

Disproportionation reactions take place spontaneously in solu-
ion of DIB in acetonitrile giving iodine(V) and iodine(I) species.
his redox reaction is accelerated by the presence of water and by
ncreasing the temperature. Several species of the solution of DIB

ere identified in the solutions and evidences for their reactions
n gas phase were obtained. These data gave us information to pro-
ose a mechanism for the disproportionation of DIB in solution. The
echanism features the presence of dimeric species, which were

ully characterized.
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Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.ijms.2008.06.012.
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