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A triflic acid—catalyzed direct oxidative lactonization of alkenioc
acids mediated solely by NalO, without halogen salts is described.
Sodium periodate works not only as an oxidant, but also an active
reagent directly mediates the lactonization. A new cheap, green,
and practical oxidative lactonization approach has been developed
using NalO, as the solely reagent.

Oxidative lactonization?® is useful organic transformation for
synthesis of lactones from alkenoic acids. As an intramolecular
version of diacyloxylation? reaction, lactonization is an
approach for five- or six-membered lactone rings.
Prévost-Woodward reaction3 and Upjohn reaction conditions*
can sometimes be applied for oxidative lactonization, but
stoichiometric silver carboxylates or toxic osmium is involved.
Stoichiometric NalOs and LiBr has been established as a
modification for Prévost-Woodward reaction, however a two-
step procedure is still necessary.® In the transition-metal free
conditions, Phl(OAc),® and peracids have been developed as
highly efficient methods for diacetoxylation or lactonization of
alkenes.”® In the hypervalent iodine mediated dihydroxylation
or diacetoxylation of alkenes, stoichiometric or sometimes
substoichiometric additives such as LiBr, KI or Phl were used as
reagent for in situ generate of halogen anion of PhI(OAc), which
work as active reagents. On the basis of our research on the
discovery of new reactions,’ we developed a NalO;—mediated
transition-metal-free oxidative lactonization of alkenoic acids
without halogen additives where NalO4 works beyond oxidant.

Initially, substoihiometric KI was used as catalyst for the
oxidative Icatonization of 1a to 2a. Surprisingly, the control
reaction without of Kl could also give the same conversion
(Scheme 1). KI has been believed to be a necessary additive to
generate iodium to form intermediate 3a. However, 2a was
supposed to be coverted from 3a in typical Prévost—-Woodward
reaction conditions.
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Kl (20 mol %), 2a (66%), 3a (6%)
no Kl, 2a (66%), 3a (trace)

Scheme 1. Effect of KI.

Next, the reaction conditions were investigated. Various
Brgnsted acids were screened and triflic acid proved to be the
optimized catalyst (Table 1, Entries 2—6). Acetic ahydride is a
necessary acetyl reagent for high conversions, which works also
as a co-solvent (Entries 2, 7—8). In the absence of Ac,0, 68% of
1a was recovered (Entry 7). Finally, a standard condition is
established and used to investigate the reaction scope (Entry 9).

Table 1. Reaction conditions.

cat. (5 mol%) o ¢}
Z"Co,H  NalO, (0.5-1.25 equiv) V\J/\OAC
1a AcOH, Ac,0
70°C, 14 h 2a
entry’ cat. NalOa (equiv) solvent 2a (%)°
1 — 1.2 AcOH-Ac,0 26
2 TfOH 1.2 AcOH-Ac,0 74 (64°)
3 TsOH 1.2 AcOH-Ac,0 64
4 CF3COzH 1.2 AcOH-Ac,0 62
5 HCI 1.2 AcOH-Ac,0 42
6 HCO:H 1.2 AcOH-Ac,0 62
7 TfOH 1.2 AcOH 154
8 TfOH 1.2 Ac.0 0
9 TfOH 1.25 AcOH-AC.0 76
10 TfOH 0.25 AcOH-AC.0 29¢
11 TfOH 0.50 AcOH-Ac,0 52f
129 TfOH 1.2 other trace
13" TfOH 1.2 AcOH-AC,0 59 (63)
14' TfOH 1.2 AcOH-Ac,0 69

9 Conditions: 1a (1 mmol), acid (5 mol%), NalOs, AcOH-Ac20 (2/1, v/v, 2 mL),
70 °C. By 'H NMR (400 MHz) using ethyl 3-phenylpropionate as the internal
standard. ¢ Using 10 mol% of TfOH. ¢ With 5% of 3a and 68% of 1a. ¢ With
23% of 3a and 35% of 1a./ With 39% of 3a. 9 When THF, DMF, DMSO or CH3CN
was used as solvent 1a was recovered. " At 60 °C (80 °C). ’ For 10 hours.
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The scope of this reaction was investigated and the desired
products were generally obtained in moderate to good yields
(Scheme 2). For example, pent-4-enoic acid 1a was subjected
the reactions to produce 2ain 71% isolated yield. Similarly, 2,2-
substituted pent-4-enioc acids such as 1b—1d gave the desired
products 2b—2d in good yields. 4-Phenylpent-4-enoic acid 1e is
a special example because the reaction passed through a 1,2-
phenium shift and an abnormal product 2e was afforded. Ring
system 1g and 1h resulted in the spiro lactones 2g and 2h. Hept-
5-enoic acid 1j was subjected to the oxidative lactonization and
the target product 2j was obtained in 67%. 2-Allylbenzoic acid
1k gave the six-membered lactone 2k in 91% yield. Aliphatic
terminal alkene such as 1-octene 1l gave the corresponding
diacetoxyl product in moderate yield.

HO o R
R5 TfOH (5 mol%) o (o)
R SRS NalO, (0.5-1.25 equiv) OAc
R? AcOH, Ac,0 1 4
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=
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o

=

2
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Scheme 2. Reaction scope. Conditions: 1 (1 mmol), TfOH (5 mol%), NalO, (1.25

mmol), 70 °C, 14 h, isolated yield. @ TFOH (10 mol%), 80 °C. » At 60 °C. < NalO,4 (0.5
mmol), 80 °C.

2 | J. Name., 2012, 00, 1-3

Comms: ik

Journal Name

The reaction of 1a to 2a was monitored by,lH,NMRB.te
determine whether 3a is the intermediateCAs SHOWIH - SER&TRR
3, the disappearance of 1a in a straight line until it disappears.
Intermediate 3a increases at the early phase of the reaction and
decreases after about 8 hours. On the contrary, product 2a
keeps increasing until the disappearance of intermediate 3a,
despite the starting material 1a disappears after about 10
hours. This monitoring experiment directly suggests that 3a is
an essential intermediate for this oxidative lactonization of 1a.

(o)

TfOH (5 mol %) ©)
"Co,H ﬁ/\x
NalO,, AcOH-AC,0, 70 °C
1a 2a (X = OAc)
3a(X=1)
100 1a
—_—
X 80
~ 2a
C 60
0
9 a0
2
20
5
3a
(&} 0

0 200 400 600 800 1000
Time (min)

Scheme 3. Monitoring reaction by *H NMR.

In  Prévost-Woodward conditions, silver carboxylate
(RCO,Ag) is used to promote the substitution step to convert
iodides to acetoxylation products. In current conditions, there
is no silver carboxylate and the substitution of iodo-group to
OAc-group seems under question. Control experiments in the
presence or absence of NalO,4 proves that the conversion of 3a
to 2a should not be a simple Sn2 reaction (Scheme 4, Eq 1). No
3ais converted to 2a without NalO,4. This means NalO4is not just
an oxidant for iodolactonization of 1a to 3a, it is also necessary
for the substitution step.

09O TfOH (5 mol%), NalO, 0=_7P
ﬁAI ﬁAOAc 0
ACOH, Ac,0, 70 °C, 14 h 2a
3a NalO, 3a 2a

omol% 90% 0%
25mol% 49%  33%
TFOH (5 mol%)

] (0]
NalO, (x equiv) [¢)
A O,H vx @
AcOH-Ac,0, 70 °C, 14 h
1a
x 025 050 1.25 2a, X = OAc
3a, X=1
2a 29% 52% 74%
3a 23% 39% trace
TfOH (5 mol%) o
NalO; (1.25 equiv) o)
NCOZH 3 ﬁAx 3)
AcOH-Ac,0, 70 °C, 14 h
1a 2a (X = OAc, 46%)
3a (X =1,23%)
Scheme 4.

The relationship between the amount of NalO4; and the
conversion of 2a and 3a was investigated (Scheme 4, Eq 2). The
increase of the amount NalO, gives rise to the increase of
conversion of 2a as well as the ratio of 2a/3a. Despite there is

This journal is © The Royal Society of Chemistry 20xx
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no trace iodide containing in the NalO,4, large amount of 3a is
still produced in 39% when 0.5 equiv of NalO4 is used. This
suggests that large amount of [I*] forms during the reaction
process.

To confirm if trace amount of Kl or other low oxidation state
iodines contributes to this reaction, NalO4 has been examined
by XPS analysis. As shown in Figure 1, the elements binding
energy range from 615 to 640 eV, NalO4 was confirmed as the
major component with NalOs. Either Nal or |, was observed
from 618 to 620 eV (Table 2).

I(VIl)3dsr2

I(VIl)3d3s2

1(V)3dsi2
1(V)3d3i2

618-620:
No Nal or 12

615 620

XPS-NalO.

Intensity (a.u.)

Chem€omm
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I} AcOH 1 /
o 0 X HO X
A B Cc

o
HO(jT_o
AN
0 o 12~ HoAc S
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o 0 i HO D
. o
F
0 o
10, —1a » 1l _H o 0
Ao 0=I—0 N
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Eq3 B Ny HO c
(0] o HOAc
> ACO/\g

2a
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0. o ]
ACO\|/\DV/ H* \ o

OAc 1200, +1) < 107 D

NalO, unstable

Ea1 | AcOHIAC,0

exceedingly
1a
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Binding energy (eV)

Figure 1. XPS spectra of NalO,.

Table 2. Elements binding energy (eV) of XPS.

NalO, NalO, NalO; Nal P

(|3d5/2) (Ols) (|3d5/2) (|3d5/2) (|3d5/2)

623.8 531.8 623.3 618.3° 619.7¢
Major Minor None None

9 Nal and |2 were not observed in NalOa.

On the basis of control experiments, a plausible reaction
working model is proposed in Scheme 5. Intermediate B
generated from the acetylation of [IO;7], followed by
protonation to form C with a cationic iodine center which is
captured by C=C bond to give onium intermediate D. D is
converted to 2a via intermediate E and F with releasing of [I03~
] which repeats this process to generate another 2a and iodite
anion [10;7] (Scheme 4, Eq 2). lodite is exceeding unstable and
transformed to [I0,7] and [I*] by disproportionation. lodine
cation is captured by 1a to afford 3a, which is further converted
to 2avia H or B'. lodo lactone 3a could not directly transform to
2a through a Sn2 process (Scheme 5, Eq 1), thus an oxidation-
reductive elimination process is proposed. In this working
model, the generation of iodine cation as well as the formation
of 2a through two simultaneous pathways. Here NalO4 works as
a direct lactonization reagent and the source of iodine cation,
where it is beyond a simple oxidizing reagent.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 5. Working model: beyond Sy2.

Conclusions

In conclusion, we have developed an oxidative lactonization
mediated solely by NalO4, which is beyond a simple oxidant to
oxidized and regenerate the reactive halogen anions or
hypervalent iodanes in previous reports. This is the first time
discovery of the multiple role of NalO4 in lactonization. Other
oxidation reactions including diacetoxylation of alkenes and
iodination of esters solely using NalO4 as a multiple-role reagent
is undergoing in our laboratory.
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