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Oxidative entry to a-oxy N-acyl aminals and hemiaminals:
efficient formation of 2-(N-acylaminal) substituted

tetrahydropyrans
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Abstract—An efficient new method to synthesize a-oxy N-acyl aminals and hemiaminals in a single step from readily synthesized N-
acyl enamines has been developed using PhI(OAc)2 as the oxidant. The reaction conditions are very mild and the products are
obtained in good yields (65–92%). A possible mechanistic pathway is laid out.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Representative natural products containing a-oxy N-acyl
aminals and hemiaminals.
a-Alkyloxy or acyloxy N-acyl aminals and hemiaminals
3 (Scheme 1) are seemingly unusual substrates due to
their presumed chemical instability. However, they are
very important motifs present in numerous biologically
active natural products,1 for example, Psymberin, Zam-
panolide, and Lucilactaene are potent cytotoxins against
a number of cancer cell lines (Fig. 1). The total synthesis
of these natural products has attracted significant atten-
tion from the chemistry community.2 The construction
of the a-oxy N-acyl aminal and hemiaminal unit (3)
has posed significant synthetic challenges and usually re-
quires several chemical transformations in the synthesis
of natural products. The generally used methods are
stepwise processes and involve the introduction of the
a-oxy functionality prior to the introduction of the more
synthetically challenging N-acyl aminal and hemiami-
nal. There are quite a few synthetic methods available
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Scheme 1. Possible oxidative entry to form N-acyl aminal.
to synthesize N-acyl aminals and hemiaminals, which
usually require further modification of functional
groups such as nitrile,2a a-oxy carboxylic acid and alde-
hyde,2e,c,3 N-acyl imidate, acyloxy acetal, or N-acyl ami-
no acid.4 In light of these synthetic studies, we feel that a
more convergent method to prepare this functional unit
is highly desirable. Herein, we report a one step oxida-
tive preparation of a-alkyloxy or acyloxy N-acyl aminals
and hemiaminals from readily synthesized N-acyl enam-
ines (1),5 which enables the simultaneous introduction of
the a-oxy group and the N-acyl aminal and hemiaminal.
We decided to study the possibility of employing an elec-
tron transfer process to generate radical cation 2 from
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N-acyl enamine 1 with the hope that this process would
differentiate the electrophilicity of the two vinyl carbons
(Scheme 1). We choose to use the polyvalent iodine re-
agent (diacetoxyiodo)benzene (PhI(OAc)2, DIB), which
is known to react with electron rich aromatic systems
to generate radical cations and has been used in numer-
ous oxidation processes.6

To test this idea, N-acyl enamine 6 was prepared as
shown in Scheme 2. There are two reasons for using 6
as the test substrate: (1) compound 6 incorporates an
intramolecular nucleophile that will help to differentiate
the two ends of the double bond; (2) the products, 2-(N-
acylaminal) substituted tetrahydropyrans, are important
motifs in N-acyl aminal containing natural products.1

Compound 6 is readily prepared from 5-hexyn-1-ol as
shown in Scheme 2 with trans and cis isomers separable
by flash chromatography in a 2:1 ratio. With 6 in hand,
we first tried the reaction of trans-6 with 2.2 equiv of
DIB and 50 equiv of MeOH in trifluoroethanol (TFE)
at 0 �C. To our delight, the desired product 7a was ob-
tained in 60% yield as a 3.5:1 mixture of the anti- and
Table 1. Optimization of reaction conditions for the oxidative formation of

Entry Oxidanta MeOH (equiv) So

1 PhI(OAc)2 50 C
2 PhI(OAc)2 20 C
3 PhI(OAc)2 4.4 T
4 PhI(OAc)2 400 T
5 PhI(OAc)2 20 T
6 PhI(OAc)2 20 H

7 PhI(OAc)2
b 20 H

8 PhI(OTFA)2 20 H
9 PhI(OTFA)2 20 M

10 PhI(OCO-t-Bu)2 20 H

a 2.2 equiv of oxidant used.
b 1.2 equiv of oxidant used.
c Isolated yield, dr = diastereomer ratio of anti/syn isomers which is determi
d Based on the NMR of crude product and isolated yield, relative stereochem
e Where OAc = OCOCF3.
f Where OAc = OCO-t-Bu.

1) AIBN, Bu3SnH, THF, 85%;
2) I2/CH2Cl2, 99%

3) TBSOTf, lutidine, 95%;
4) AcNH2, CuI, Cs2CO3, PhMe,

dimethyl ethylenediamine;
5) TBAF, 85% for two steps.
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Scheme 2. Preparation of 6 and its reaction with PhI(OAc)2.
syn-diastereomers, along with three other products 7b–
d which were isolated in 15%, 8%, and 10% yield, respec-
tively (Scheme 2).

In order to improve the yield of the desired product 7a,
we screened a series of different reaction conditions by
varying the solvent and oxidant (Table 1). The solvent
plays a very important role in the success of the reaction.
THF, dioxane, DMF, DMSO, and tert-butanol are not
good solvents for this reaction. MeCN (Table 1, entry 1)
is an acceptable solvent and gives the product in 45%
yield. With CH2Cl2 as a solvent, 7a and 7b were isolated
in 35% and 30% yields, respectively (Table 1, entry 2).
However, some additional unidentified more polar
by-products were observed. The amount of nucleophile
clearly affects the products distribution although the de-
sired 7a remains the major product (Table 1, entries 3–
5). When less MeOH is used (4.4 equiv), the formation
of open chain product 7d is minimized, but the amount
of 7b and 7c increases to a total of 50%. When a large
excess of MeOH is used (400 equiv), 7d is isolated in
35% yield, while 7b and 7c are not formed. Finally,
the best conditions (Table 1, entries 6 and 7) are
achieved using 20 equiv of MeOH with hexafluoroiso-
propanol (HFI)6e as the solvent. Under these conditions,
the desired product 7a is obtained in 82% yield with 7b
as the only major by-product which is readily separable
by silica gel chromatography. DIB (2.2 equiv) is not
essential for the success of the reaction, as the reaction
proceeds equally well with 1.2 equiv of DIB (Table 1,
entry 7). To further improve the yield of 7a and to mini-
mize the amount of 7b, PhI(OTFA)2 (BTI)7 was used as
the oxidant. The reaction proceeds smoothly to give the
desired product 7a in good yield (Table 1, entries 8–9)
when MeCN and HFI are used as the solvents.
Although the overall yield is slightly lower than when
DIB is used as the oxidant, the amount of product incor-
porating trifluoroacetate is indeed reduced to a negligi-
ble amount. Noteworthy, the ratio of anti-7a to syn-7a
has changed to 1:1 simply by using this more electron
deficient oxidant. When PhI(OCOt-Bu)2 was used as
the oxidant in HFI, the reaction went smoothly to give
the desired product in excellent yield, and the ratio of
anti-7a to syn-7a improved to 6.5/1 (Table 1, entry
N-acyl aminal

lvent Yield (%)c 7a (dr) Yield (%)d 7b/7c/7d

H3CN 45 (2.5/1) —
H2Cl2 35 (1/1) 30/0/<5
FE 45 (4/1) 25/25/0
FE 52 (4/1) 0/0/35
FE 68 (3.5/1) 15/10/<5
FI 82 (4/1) 10/0/<5

FI 77 (4/1) 5/0/<5

FI 66 (1/1) <5e/0/<5
eCN 64 (1.2/1) <5e/0/<5
FI 85 (6.5/1) 10f/0/<5

ned by 2D NMR.
istry is not determined.
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10). The solvent also seems to play an important role in
terms of the diastereoselectivity, since in non-polar sol-
vents such as CH2Cl2, the ratio of the anti and syn iso-
mers is 1:1 in contrast to 2.5:1 and 4:1, respectively,
when MeCN and HFI are used as the solvent (Table
1, entries 1, 2, and 6). We next looked into oxidants
other than hypervalent iodine reagents, such as CuII-2-
ethylhexanoate and ferrocenium hexafluorophospho-
Table 2. Oxidative formation of 2-(N-acyl aminal) tetrahydropyrans

Entry Substratea Productb (yield, dr)

1

HO

cis-6

NHAc

NHAc
O

OMe

7a (82%, 3/1)

2
7

2
HO

NHAc

6 (n-BuOH, 20 eq.) 8 (82%, 4/1)

NHAc
O

O

3
HO

NHAc

6 (IPA, 20 eq.)

NHAc
O

O

9 (77%, 4/1)

4
HO

NHAc

6 (no added nucleophile)

NHAc

O
OAc

7b (92%, 4/1)

5 HO
HN

10

O

Ph
HN

O
OMe

11 (86%, 3/1)

O
Ph

6 HO
HN

10 (IPA, 20 eq.)

O

Ph HN
O

O

12 (75%, 3/1)

O

Ph

7 HO
HN

10 (H2O, 20 eq.)

O

Ph
HN

O
OH

13 (65%, 3.5/1)

O
Ph

a 2.2 equiv of PhI(OAc)2 used as oxidant with 20 equiv of MeOH as nucleop
b Isolated yield, relative stereochemistry of the major isomer is shown, dr = di

are determined by NMR.
c Relative stereochemistry of the 2,6-trans-2,7-anti isomer is shown, dr = diast

cis-2,7-anti isomers.
nate.8 Those reagents are not effective in this reaction.
When NIS is used as the oxidant, only a complex mix-
ture was produced.

With the reaction conditions optimized, we next tested
the scope of this reaction (Table 2). Different substrates
were prepared using the same procedure as 6. Surpris-
ingly, the geometry of the enamine does not affect the
Entry Substratea Productb (yield, dr)
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22 (82%, 3/1/1/3c)

O
Ph

13 21 (MeCN, BTI) 22 (40%, 1/1/1/1c)
14 21 (HFI, BTI) 22 (62%, 1/1/1.2/0.8c)

15
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O
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24 (85%, 4.3/1b)
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hile in HFI in all cases except where otherwise indicated.
astereomer ratio of 2,7-anti/2,7-syn isomers, the ratio and configuration

ereomer ratio of 2,6-trans-2,7-anti/2,6-trans-2,7-syn/2,6-cis-2,7-syn/2,6-
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outcome of the reaction at all. When cis-6 is used as the
starting material (Table 2, entry 1), the reaction pro-
ceeds smoothly to give 7a in excellent yield with a simi-
lar diastereoselectivity (anti/syn = 3/1) (Table 2, entry
1). Based on this result, we used other substrates without
separation of the N-acyl enamine isomers. As shown in
Table 2, different acyl enamines such as benzyl and
cyclopropyl acyl enamines 10 and 14 react efficiently
to give the desired tetrahydropyran products in excellent
yields. The phenyl ring and the cyclopropyl groups are
not affected under the reaction conditions. Nucleophiles
including long chain primary alcohols and secondary
alcohols work equally well in this reaction to give the de-
sired products in very good yields (Table 2, entries 2, 3,
6, and 9). When there is no added nucleophile, the ace-
tate group from DIB can act as the nucleophile and give
the desired O-acyl N-acyl aminal 7b in excellent yield
(Table 2, entry 4), which provides an efficient way to
generate this type of substrate. Moreover, water can
act as a nucleophile as well to give N-acyl heminal 13
in good yield as illustrated in entry 7 (Table 2). Surpris-
ingly, this type of hemiaminal is stable and can be read-
ily purified with silica gel flash column chromatography.
Considering the abundance of N-acyl hemiaminal con-
taining natural products, this method will be very useful
for the synthesis of this type of structural units.

To further demonstrate the usefulness of this new reac-
tion, secondary and tertiary alcohols were also prepared
and tested as substrates for these cyclizations (Table 2,
compounds 17, 19, 21, 23). As listed in Table 2, both sec-
ondary and tertiary alcohols work very well to give the
desired products in very good yields. For secondary
alcohols, the stereochemical outcome is consistent with
primary alcohols. When DIB is used as the oxidant,
the 2,7-anti to 2,7-syn ratio is about 4:1, and the ratio
becomes 1:1 when BTI is used as the oxidant. In both
cases, the stereochemistry at C2 and C6 is the same with
a 2,6-cis/2,6-trans ratio of 1:1. Considering the difficul-
ties to synthesize trans 2,6-substituted tetrahydro-
pyrans,9 this method provides a quick access to the
trans isomers in about 50% ratio. Further improvement
of the stereoselectivity of this new method is ongoing.

A possible mechanistic pathway for the reaction is given
in Scheme 3. Three observations made during the reac-
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Scheme 3. Possible reaction pathway for the oxidative formation of N-acyl
tion support a radical cation pathway: (1) primary, sec-
ondary and tertiary alcohols work equally well for the
cyclization reaction; (2) the bulkiness of the polyvalent
iodine reagents does not dramatically affect the reaction,
and the reaction yields are very comparable; (3) protic
polar non-nucleophilic solvents clearly facilitate the reac-
tion. TFE is known to be an especially good solvent for
radical cation reactions.10 Based on these results, we pro-
pose a radical cation reaction pathway (pathway A,
Scheme 3). In this case, the electron rich N-acyl enamine
first coordinates with DIB (25), and the reactive radical
cation 28 is then generated through a single electron
transfer (SET) process which is trapped by the intramo-
lecular nucleophile to form a stabilized radical 29. At this
point, another SET process takes place from radical 29 to
DIB or acetyl iodobenzene generated from the previous
step to give the stabilized cation 30. This reactive interme-
diate then reacts with nucleophiles to give the final prod-
uct 31. Presently, we cannot rule out an SN2 0 type of
reaction pathway (pathway B, Scheme 3) in which the
N-acyl enamine first reacts with DIB to give intermediate
26. Intermediate 26 undergoes intramolecular nucleo-
philic attack of the double bond to give a possible inter-
mediate N-acyl imine 27, which then reacts with the
nucleophile to give the final product 31. Further studies
to fully understand the reaction pathway are ongoing.

In conclusion, an efficient new method to synthesize a-
oxy N-acyl aminals and hemiaminals in a single step
from readily synthesized N-acyl enamines has been
developed using PhI(OAc)2 as the oxidant. This method
not only provides quick access to N-acyl aminals and
hemiaminals, which normally requires several chemical
transformations with reported procedures, but also gen-
erates substituted tetrahydropyrans with functionality at
the C2 position available for further chemical transfor-
mation. A possible reaction pathway is laid out and pre-
liminary results support a radical cation process when
the reaction is carried out in protic non-nucleophilic
polar solvents. Further studies to extend this strategy
to synthesize other ether ring systems bearing N-acyl
aminals and hemiaminals, improve the stereoselectivity
of the reaction, understand the mechanistic pathway of
the reaction, and apply this method in the total synthesis
of natural products1 are in progress, and the results will
be reported in due course.
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