
ZUSCHRIFTEN

208 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0044-8249/01/11301-0208 $ 17.50+.50/0 Angew. Chem. 2001, 113, Nr. 1
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We have recently reported a series of novel synthetic
technologies for the facile construction of complex poly-
cycles,[1] diverse heterocycles,[2] amino-sugars,[3] and a,b-
unsaturated carbonyl compounds[4] induced by hypervalent
iodine reagents (o-iodoxybenzoic acid (1-hydroxy-1,2-benzio-
doxol-3(1H)-one-1-oxide, IBX) and Dess ± Martin periodi-
nate (DMP)). This spate of reactions, which arose from a
discovery made during the total synthesis of the CP mole-
cules,[5] necessitated an in-depth mechanistic investigation to
gain further understanding of the sequence of processes
involved. Herein we present divergent mechanistic pathways
for these IBX- and DMP-mediated reactions based on isotope

labeling, kinetic studies, cyclic voltammetry measurements,
NMR spectroscopic analysis, and designed cascade reactions.

For the IBX-mediated ring closures of anilides and related
systems to N-heterocycles, we had previously proposed a
pathway predicated on single electron transfer (SET) as
shown in Scheme 1 (I!II!III!IV!V).[3] To confirm this

Scheme 1. Proposed mechanism of the IBX-mediated ring closure of
anilides and related systems to N-heterocycles (I!V). SET� single
electron transfer, IBX� o-iodoxybenzoic acid.

hypothesis it was critical to first determine whether the
hydrogen atom which must quench the proposed radical that
would result from cyclization (IV!V, Scheme 1) originated
from the substrate itself, IBX, or the solvent. Thus, when the
reaction of 1 a (Scheme 2) with IBX was performed in
[D8]THF/[D6]DMSO (10/1), deuterium was detected
(NMR) in product [D]-2 a at the carbon atom as predicted
from the proposed mechanism. Carrying out the reaction of
1 a in THF/[D6]DMSO (10/1) or of [D]-1 a (see Scheme 2) in
THF/DMSO (10/1) led to 2 a containing no deuterium. When
the experiment was carried out without a hydrogen-donating
solvent (such as THF or dioxane) present (for example, in
neat DMSO), no reaction was observed.[6] This peculiar
solvent dependence led us to conclude that the solvent
actually plays a role in this reaction, besides being a source of
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Scheme 2. The role of THF as a hydrogen atom donor in the IBX-
mediated cyclization of anilides. Reagents and conditions: a) IBX
(4.0 equiv), [D8]THF/[D6]DMSO (10/1), 90 8C, 24 h, 24 %; b) IBX
(1.0 equiv), THF/[D6]DMSO (10/1), 80 8C, 10 min, 15% conversion
(NMR); c) IBX (4.0 equiv), DMSO, 90 8C, 24 h; d) and e) IBX (4.0 equiv),
THF/DMSO (10/1), 90 8C, 24 h, 40% (2 a).

hydrogen as shown in Scheme 1 B. A viable scenario might
involve coordination of THF to IBX, which would lead to
intermediate A (Scheme 1 B). This intermediate would act as
an extraordinary oxidant which could then initiate the
cyclization by SET to furnish intermediates II (Scheme 1 A)
and B (Scheme 1 B). Rearrangement of B to C followed by
hydrogen abstraction by IV would lead to product V in
addition to D, which should rapidly lead to IBA and 3-butenal.
Notably, treatment of THF with only IBX at 90 8C for 24 h led
to the isolation of 2-iodobenzoic acid along with polymeric
material and compounds containing aldehyde residues, as
judged by 1H NMR spectroscopy. In addition, when IBA was
employed in the cyclization (I!V) no reaction was observed.

Further support of the proposed mechanism (Scheme 1)
was gained upon a systematic evaluation of the kinetics of the
reaction with substrates designed to probe the electronic
effects of aromatic substituents on the rates of the entire
process (I!V) and of step III!IV (see below). Thus, by
synthesizing a series of aromatic amides differing in substitu-
tion at the para position (1 b ± f, Scheme 3)[7] the stage was set
to compare the different overall reaction rates and to arrive at
a Hammett plot. Competing equimolar mixtures of 1 a and 1 b,
1 c, 1 d, 1 e, or 1 f were heated with two equivalents of IBX in
THF/DMSO (10/1) at 80 8C for 10 min (Scheme 3). The ratios
between the unsubstituted product 2 a and the para-substi-
tuted products 2 b ± f were determined by 1H NMR spectros-
copy. Electron-donating substituents [namely, X�OMe (1 b)
and Et (1 c)] resulted in an increase in the rate of the
cyclization, whereas electron-withdrawing substituents caused
a decrease in the reaction rate [namely, X�Cl (1 e) and
C(O)Me (1 f)] or had no significant effect on the rate [X�F
(1 d)] relative to that of the unsubstituted substrate. For
amides of type 1 with X�NO2 or CF3, no reaction occurred
under the conditions described in Scheme 3.
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Scheme 3. Competition reactions of equimolar mixtures of 1a and 1 b ± f.
Reagents and conditions: a) IBX (2.0 equiv), THF/DMSO (10/1), 80 8C,
10 min.

The Hammett plot,[8] based on the ratio of the reaction rate
constants (ks/ku) and s�p parameters,[9] gave a linear graph with
a negative slope (1�ÿ1.4, R2� 0.97; Figure 1).[10] This
1 value is typical for a radical reaction[8] and indicates a lower
electron density in the transition state relative to the initial

Figure 1. Hammett plot for the reaction shown in Scheme 3 (1!2). See
ref. [9] for more details.

ground state of the substrate. It supports the assumption that
the first step of the reaction involves SET from the aromatic
ring of the amide to IBX to form a radical anion/radical cation
pair as shown in Scheme 1. After loss of a proton, radical
cation II is converted into radical III as shown in Scheme 1.
The latter amidyl radical (III) then cyclizes onto the double
bond in a 5-exo-trig fashion, to furnish carbon-centered
radical species IV which is quenched by the transfer of a
hydrogen radical from THF (see above).

Based on the pioneering work of Newcomb and co-workers
in the area of amide-centered radicals,[11±13] we were able to
use N-(phenylthio)amides[12] 4 a ± c derived from 3 a ± c[7]

(Scheme 4) to deduce whether the rate-limiting step of the
reaction was I!II or III!IV. Three reactions for each amide
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Scheme 4. Synthesis of N-(phenylthio)amides 4 a ± c and their tin hydride-
mediated conversion into cyclized (5a ± c) and uncyclized (3 a ± c) amides.
Reagents and conditions: a) NaH (1.3 equiv), THF, reflux, 4 h; then PhSCl
(ca. 1 equiv, added until yellow color of PhSCl persists), ÿ78 8C, 1 h, 74 ±
86%; b) nBu3SnH (0.2 ± 1.0m), toluene, 65 8C, 2 ± 5 h, 85 ± 92% total yield
of cyclized and uncyclized anilide.

were conducted at 65 8C in toluene in the presence of excess
nBu3SnH at concentrations ranging from 0.2 to 1.0m. The
relative yields of cyclized product (C, 5 a ± c) and acyclic
amide (A, 3 a ± c) were determined by HPLC. From the ratio
of C :A and by assuming that the rate of trapping of tin
hydride is the same for all of the radicals[11±13] the relative rate
constants for cyclization of the amide centered radicals could
be inferred. The relative rates of cyclization were determined
to be (0.66� 0.1), (0.30� 0.1), and (0.40� 0.1)m for 4 a, 4 b,
and 4 c, respectively. Since the opposite trend is observed
when the overall rate (see above) is evaluated, and because
the amidyl radical cyclization is quite rapid in all cases (4 a ±
c), we conclude that SET from the aromatic nucleus of the
anilide to IBX/THF (I!II) is the rate-determining step of the
reaction.

Since the first SET step (I!II) is likely irreversible, we
gauged the oxidation potentials of a series of anilides (3 a ± e,
Scheme 4). By performing cyclic voltammetry on CH2Cl2

solutions, the p-substituted anilides were determined to be
more difficult to oxidize than ferrocene by the following
amounts: 1.20 V (3 a), 0.82 V (3 b), 1.23 V (3 c), 1.48 V (3 d),
and �1.57 V (3 e).[14] A direct correlation of the measured
oxidation potentials with the observed relative rates of the
reactions (see above) was immediately apparent. Thus,
anilides with lower oxidation potentials (3 a ± c) proceeded
rapidly while anilides with higher oxidation potentials pro-
ceeded only sluggishly (3 d) or not at all (3 e).[15]

Scheme 5 illustrates a number of unexplained failures of
this IBX reaction previously encountered in our laboratories
which can now be rationalized in light of these new findings.
The need for an open position ortho to the nitrogen atom is
evident since substrates 6 a and 6 b do not undergo reaction.
This could be explained by an increase in the oxidation
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Scheme 5. Nonparticipating substrates for the IBX-mediated cyclization
which supports the proposed mechanism of Scheme 1.
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potential caused by deconjugation
of the lone pair on the nitrogen
atom from the arene ring,[16] a
decreased rate of 5-exo-trig cycliza-
tion, or simply a lack of deprotona-
tion of the radical cation (II!III).
The mildly electrophilic nature of
the nitrogen-centered radical[11, 13] is
evident since a,b-unsaturated ester
7 failed to react (Scheme 5). The
notion that only anilides can react
with IBX in this manner is support-
ed by the fact that substrates 8 a, 8 c,
and 8 e are unresponsive to the
conditions, while 8 b and 8 d lead
rapidly only to decomposition prod-
ucts.

Additional evidence pointing to a
radical-based mechanism for this
process is provided by the designed
cascade reaction depicted in
Scheme 6. Thus, when cyclopropyl-
anilide 9[11] was treated with IBX in
the usual manner[2] for 48 h the novel tetracycle 15 was
obtained in 48 % yield. This striking transformation can
be explained by invoking a radical mechanism involving
formation of species 10, as predicted by Scheme 1, and
which initiates rupture of the adjacent cyclopropyl ring
to give the benzylic radical 11. Oxidation of this radical (11)
leads to cation 12 which is then followed by cationic
cyclization to 14 via resonance structure 13. Finally, re-
aromatization and loss of a proton leads to the observed
product 15 (Table 1).

Our present investigation into the mechanism of the DMP-
induced cyclization of anilides and related substrates to N,O-
heterocycles led us to revise our original proposals[1] to the
one depicted in Scheme 7. Indeed, upon addition of freshly
prepared DMP to a solution of N-phenylacetamide in CDCl3

a dark brown coloration appeared along with new 1H NMR

signals, whereas TLC analysis revealed only starting materials
and minor decomposition products, which indicate the
formation of a transient intermediate (presumably a complex
of type VII, Scheme 7). Furthermore, the participation of two
periodinane species (DMP and Ac-IBX) as postulated in the
proposed mechanism was supported by the observation that
no product was formed in the presence of 1 ± 3 equivalents of
DMP alone (strictly anhydrous conditions) or Ac-IBX alone
(freshly prepared).[17] Recognition of the key synergy between
DMP and Ac-IBX in this cascade led to the proposition that
enough water was needed to convert half of the DMP to Ac-
IBX, and prompted the use of pyridine as a facilitator of the
reaction. These mechanistic insights inspired further modifi-
cations of the reaction conditions leading to a refined process
requiring room temperature, dichloromethane as solvent, and
a minimum of 2.0 equivalents of DMP (optimally 4.0 equiv-
alents), 1.0 equivalent of H2O (optimally 2.0 equivalents), and
1.0 equivalent of pyridine, the latter accelerating the reaction
but not essential.[18]

Further compelling evidence of the participation of Ac-IBX
in the process as a nucleophile that attacks intermediate VII
(Scheme 7) was gathered by preparing Ac-IBX-18O (DMP�
H2

18O) and employing it in the reaction of substrate 16
(Scheme 8). Thus, treatment of anilide derivative 16 with
DMP and Ac-IBX-18O (1.0 equivalent of each) in dichloro-
methane at 25 8C led to 18O-labeled polycycle 18 (44 % yield)
as confirmed by mass spectrometric analysis. This observation
supports the notion that the newly installed oxygen atom
arises from Ac-IBX, rather than from H2O, air, or the
substrate itself. Initial attempts to intercept the postulated o-
azaquinone intermediate 17 were unsuccessful; however, we
were able to isolate and characterize a minor product in this
reaction, the p-quinone structure 19 (Table 1) containing two
18O atoms (mass spectrometry analysis). This intriguing
observation and the understanding of the relation between
the fleeting o-azaquinone 17 and quinone 19 led to the design of

Table 1. Selected data for compounds 15 and 19.

15 : Rf� 0.42 [silica gel, ethyl acetate:hexane (1:2)]; IR (film): nÄmax� 2966,
2923, 2869, 1695, 1609, 1512, 1453, 1394, 1362, 1292, 1217, 1131, 1104,
836 cmÿ1; 1H NMR (500 MHz, CDCl3): d� 7.49 (d, J� 8.5 Hz, 2H), 7.27 ±
7.24 (m, 3 H), 7.21 ± 7.18 (m, 2H), 7.11 (d, J� 8.5 Hz, 2 H), 5.88 (d, J�
4.6 Hz, 1H), 5.22 (d, J� 8.1 Hz, 1H), 2.75 ± 2.66 (m, 3 H), 2.58 (q, J�
7.5 Hz, 2 H), 2.51 ± 2.42 (m, 1 H), 2.23 (m, 2H), 1.99 (br t, J� 10.6 Hz,
1H), 1.18 (t, J� 7.5, 3 H); 13C NMR (100 MHz, CDCl3): d� 174.9, 137.2,
133.7, 132.7, 129.0, 128.1 (2 C), 128.0 (2 C), 127.3 (2 C), 126.6 (2C), 121.9,
120.7, 60.5, 31.2, 28.2, 28.0, 25.8, 22.7, 15.5; HR-MS (matrix-assisted laser
desorption/ionization (MALDI)-FTMS): calcd for C22H23NONa [M�H�]:
318.1858, found: 318.1857.

19 : yellow needles; Rf� 0.61 [silica gel, ethyl acetate:hexane (1:2)]
m.p. 77 ± 79 8C (CHCl3); IR (film) nÄmax� 3330, 2934, 1710, 1692, 1665,
1644, 1609, 1503, 1464, 1454, 1328, 1174, 1096, 898, 723 cmÿ1; 1H NMR
(CDCl3, 250 MHz): d� 8.03 (br s, 1H), 7.55 (s, 1H), 6.54 (t, J� 1.5 Hz, 1H),
5.84 ± 5.80 (m, 1 H), 5.70 ± 5.65 (m, 1H), 3.25 ± 3.12 (m, 1 H), 2.57 ± 2.31 (m,
6H), 2.25 ± 2.08 (m, 1H), 1.60 ± 1.41 (m, 1 H), 1.13 (t, J� 7.5 Hz, 3H);
13C NMR (CDCl3, 125 MHz): d� 187.9, 183.2, 171.5, 153.2, 137.8, 133.0,
132.3, 128.2, 114.9, 43.9, 42.1, 31.8, 29.5, 22.3, 11.6; HR-MS (MALDI) calcd
for C15H17NO(18O)2 [M�H�]: 264.1366, found: 264.1487.

Scheme 7. Proposed mechanistic aspects of the DMP-cascade reaction of anilides (VI) to polycycles
(XI).
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Scheme 8. 18O-labeling studies with the DMP-cascade reaction. Isolation
of labeled polycycle 18 and quinone 19 from anilide 16. Reagents and
conditions: a) H2

18O (2.0 equiv), CH2Cl2, 25 8C, ultrasound, 1 min; then
25 8C, 10 min; b) solution of Ac-IBX-18O/DMP, 16 (1.0 equiv), CH2Cl2,
25 8C, 4 h.

a series of new reactions which will be described in the
following communication.[19]

In conclusion, through this study we have provided
supporting evidence for a mechanistic rationale of the
previously reported unique interactions[1±4] of periodinane
reagents (DMP, IBX, and Ac-IBX) with anilide and related
substrates. The mechanistic understanding of these intriguing
processes is expected to lead to the design of new reactions for
the construction of novel molecular diversity and to enrich the
enabling technologies for combinatorial chemistry, chemical
biology, and medicine.
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