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An unusual bicyclic hydroxamate resulted from C–O bond cleavage of acylnitroso hetero-Diels–Alder cyc-
loadducts when treated with catalytic Brønsted acids under anhydrous conditions. Similarly, the forma-
tion of a nitrone was observed using one equivalent of triflic acid.

� 2008 Elsevier Ltd. All rights reserved.
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Scheme 1. The acylnitroso hetero-Diels–Alder reaction.
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Bicyclic oxazines 1, derived from acylnitroso hetero-Diels–Alder
reactions, are important intermediates in the synthesis of natural
products and biologically active molecules (Scheme 1).1 Selective
modification of bicyclic oxazines 1, most commonly through N–O
bond reduction,2 has been used toward the synthesis of carbocyclic
nucleosides3 and natural products.4

The C–O bond of cycloadducts 1 can also be cleaved using Grig-
nard reagents,5 alkylzinc species,6 Pd(0),7 and Lewis acids8 to gen-
erate compounds such as hydroxamates 2 and 3 (Scheme 2).
Previously, work by Miller8b and Procter9 reported C–O bond cleav-
age with aqueous Brønsted acids that yielded hydroxamates 4 and
hydroxylamine salt 5, respectively. This report describes the prod-
ucts that arise from treatment of cycloadducts 1 with Brønsted
acids under anhydrous conditions.

Treatment of cycloadduct 610 with 35 mol % of p-toluenesul-
fonic acid in dichloromethane at ambient temperature produced
the bicyclic hydroxamate 7 in low yield (Scheme 3). In an attempt
to probe and optimize the formation of hydroxamate 7, we treated
cycloadduct 6 with a variety of Brønsted acids under anhydrous
conditions (Table 1). Stronger acids provided higher yields of
hydroxamate 7. As an example, whereas 5 mol % of p-toluenesul-
fonic acid resulted in an incomplete conversion of cycloadduct 6
to hydroxamate 7 in 2 h, 5 mol % of triflic acid produced hydroxa-
mate 7 in 52% yield in only 30 min (Table 1, entries 2 and 4).
ll rights reserved.
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Trifluoroacetic acid failed to produce any hydroxamate 7 and re-
sulted in nearly quantitative recovery of cycloadduct 6 (Table 1,
entry 3). Using the sulfonic acid-based resin, Amberlyst 15, we
did not observe complete conversion of cycloadduct 6 to hydroxa-
mate 7 (Table 1, entry 7). The use of only 2 mol % of triflic acid in
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Scheme 2. C–O bond cleavage reactions of acylnitroso cycloadducts.



Table 2
Formation of nitrones 16a and 16b using triflic acid

Entry Substrate TfOH (amt.) Yield/resulta

1 15a 5 mol % Recovered 15a
2 15b 5 mol % Recovered 15b
3 15a 108 mol % 16a (20%)
4 15b 108 mol % Decomposition

a Isolated yields reported.
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Scheme 3. Brønsted acid-mediated opening of cycloadduct 6.

Table 1
Formation of hydroxamate 7 from cycloadduct 6

Entry Acid (amount) Conditionsa Result/yieldb

1 pTsOH (35 mol %) CH2Cl2, rt, 2 h 20%
2 pTsOH (5 mol %) CH2Cl2, rt, 4 h Incomplete rxnc

3 TFA (5 mol %) CH2Cl2, rt, 2 h Recovered 6
4 TfOH (5 mol %) CH2Cl2, rt, 2 h 52%
5 TfOH (5 mol %) CH2Cl2, rt, 30 min 62%
6 TfOH (2 mol %) THF, 0 �C, 1 h 74%
7 Amberlyst 15d THF, rt, 5 days Incomplete rxnc

a Reactions monitored by TLC.
b Isolated yields reported.
c Less than 5% conversion was estimated from TLC.
d Sulfonic acid-based resin.

O
N

Boc

8 (n = 2)
9 (n = 4)

n

TfOH (5 mol%)

CH2Cl2, RT
recovered

starting material

O
N

Cbz TfOH (5 mol%)

CH2Cl2, RT O

N
O

OH

7incomplete + decomposition10

Scheme 4. Treatment of other cycloadducts with triflic acid.
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Scheme 6. Brønsted acid-promoted formation of nitrones.
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tetrahydrofuran at 0 �C was found to be optimal for producing
hydroxamate 7, which could easily be obtained from the reaction
mixture directly in high yield and purity by trituration with ether
(Table 1, entry 6).11

Encouraged by these results, we proceeded to investigate
whether cycloadducts derived from larger cyclic dienes could also
form bicyclic hydroxamate structures similar to hydroxamate 7.
Cycloadducts 8 and 912 were subjected to catalytic triflic acid in
dichloromethane; however, no reaction was observed and the
starting material was recovered from the reaction unchanged
(Scheme 4). When cycloadduct 10 was reacted under the same
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Scheme 5. Proposed mechanism for the form
conditions, hydroxamate 7 was observed in addition to consider-
able decomposition.

Based on similar reactions reported by Procter,9a a mechanism
for the reaction has been proposed (Scheme 5). We proposed that
protonation of cycloadduct 6 yielded species 11 and/or 12. Proton-
ated species 11 could result in the loss of the Boc protecting group;
however, products arising from this pathway were not directly ob-
served in our studies. C–O bond cleavage of species 12 resulted in
the cationic species 13, which upon intramolecular cyclization
yielded compound 14. Loss of isobutylene from compound 14 pro-
duced hydroxamate 7 and regenerated the acid catalyst. We
hypothesized that the difficulty of losing the benzyl group ac-
counted for the low yield of hydroxamate 7 observed when cyc-
loadduct 10 was treated with triflic acid. The lack of
hydroxamate formation observed for cycloadducts 8 and 9 may
have been due to a decreased amount of ring strain which has been
observed for the bicyclo[2.2.2]- and bicyclo[2.4.2]oxazine systems
as compared to bicyclo[2.2.1]oxazines such as compound 6.13

Procter has also described the formation of a nitrone from treat-
ment of mandelic acid-derived cycloadducts under aqueous acid
conditions.9a We were interested to probe whether cycloadducts
15a and 15b would form nitrones 16a and 16b, respectively, under
our anhydrous conditions (Scheme 6). Using the catalytic condi-
tions explored for cycloadducts 6, 8, 9, and 10, we found no evi-
dence of nitrones 16a and 16b in the reaction mixture (Table 2,
entries 1 and 2). Using one full equivalent of triflic acid, we were
able to obtain nitrone 16a from cycloadduct 15a in low yield;14

however, cycloadduct 15b decomposed under the same reaction
conditions (Table 2, entries 3 and 4).
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A possible explanation for why nitrone 16a was recovered from
the reaction mixture whereas nitrone 16b was not observed may
be attributed to the greater stability of nitrone 16a due to reso-
nance stabilization. A similar reasoning has been proposed by Proc-
ter9a for the formation of nitrones from cycloadducts derived from
mandelic acid.

The formation of bicyclic structures such as hydroxamate 7
from bicyclic acylnitroso hetero-Diels–Alder adducts 1 has not
been previously disclosed in the literature; however, this does
not discount the possibility of structures such as these existing
as intermediates in Lewis acid- or Brønsted acid-mediated cleavage
reactions of cycloadducts 1. We hope that the chemistry we de-
scribe here can be adapted toward exploring mechanisms of other
ring-opening reactions of cycloadducts 1 and can help expand the
use of acylnitroso hetero-Diels–Alder reactions in organic
synthesis.
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