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head functionalization of (4 + 3)
cycloadducts obtained from oxidopyridinium ions†

Wanna Sungnoi and Michael Harmata *

Treatment of selected (4 + 3) cycloadducts derived from oxidopyridinium ions with N-iodosuccinimide

(NIS) in hexafluoroisopropanol (HFIP) resulted in the formation of bridgehead ethers via a net oxidative

C–H activation.
Since their beginnings in the mid-1970s, the (4 + 3) cycloaddi-
tion reactions of N-substituted oxidopyridinium ions have
provided an attractive and facile method for the construction of
nitrogenous, heterocyclic seven-membered rings (Scheme 1).1,2

While N-aryl and N-alkenyl substitution of the pyridinium
nitrogen have largely dominated the literature, to the best of our
knowledge, there had been only one example of a (4 + 3)
cycloaddition reaction of N-alkyl oxidopyridinium ions reported
prior to 2017.2a Our recent reports of the reaction of N-methyl
oxidopyridinium ions with conjugated dienes expanded the
scope of the (4 + 3) process, due to the incorporation of an ester
functional group at the 5-position of the hydroxypyridine
starting material.3 Cycloadducts are formed in good to excellent
yields, and the reactions of select dienes proceed in high
regioselectivity. Furthermore, the cycloaddition process can be
steered towards a high preference for the endo diastereomer
when the starting diene bears a bulky trialkylsilyl groups at C2,
as we have recently reported (Scheme 2).4

Upon our initial exploration into the chemistry of the latter (4
+ 3) cycloadduct products, our intentions were the replacement
of the trialkylsilyl group with a halogen atom such as iodine or
bromine. We were particularly inspired by a report from the
Zakarian group, who showed that vinylsilanes react with N-
iodosuccinimide in hexauoroisopropanol to afford iodoalkenes
stereospecically and in good yield (Scheme 3).5 However, when
our (4 + 3) cycloadducts were exposed to such reaction condi-
tions, the replacement of the C–Si bond by a C–I bond was not
observed. Thus, when a mixture of 3a–c was treated with NIS in
hexauoroisopropanol (HFIP),6 a vinyl iodide was not formed.
Instead, functionalization of the bridgehead carbon as a hexa-
uoroisopropyl ether was observed, a formal oxidative C–H
activation process, affording 4a (Scheme 4).4 This
issouri-Columbia, Columbia, Missouri

du

(ESI) available: General information,
cedures and characterization. CCDC
crystallographic data in CIF or other
39/d2ra05189c

8575
communication reports further examples of this process and
other results that provide some insights for future studies.

The substrates for the process are known compounds,
produced in our laboratories using methodology we developed
for the (4 + 3) cycloaddition of oxidopyridinium ions with
dienes.4 From the very rst example of the process, we noted an
interesting phenomenon. For example, entry 1 of Table 1 (see
also Scheme 4) makes use of an inseparable mixture of diaste-
reomers as the starting material. All three of the diastereomers
are detectable by 1H NMR in the mixture. Nevertheless, the
product of the oxidation is a single diastereomer. The structure
of 4a was supported by 1H NMR data. The fate of the minor
diastereomers of the starting material is unknown at this time,
as nothing else could be isolated from the reaction mixture.
This is also true for similar entries in Table 1.

In general, the reactions were conducted with 0.25 mmol of
substrate dissolved in 4 mL of hexauoroisopropanol (HFIP).
The stirred solution was cooled to 0 �C in an ice bath. Aer
addition of N-iodosuccinimide (1.5 equiv.), the mixture was
allowed to slowly warm to the room temperature. The reaction
Scheme 1 Example of a (4 + 3) cycloaddition of an oxidopyridinium
ion.
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Scheme 2 Endo selective (4 + 3) cycloaddition of an oxidopyridinium
ion.

Scheme 3 Zakarian's vinyl iodide synthesis.

Scheme 4 First example of the bridgehead oxidation of a (4 + 3)
cycloadduct.

Table 1 Oxidation of (4 + 3) cycloadduct

Entry Substratea Timea (h) Product Yieldb (%)

1 1 52

2 23 54

3 1.5 52

4 22 51

5 21 44

6 23 38

7 23 16

8 5.5 33

9c 2 35

10c 3 59

11 4 31
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was monitored by TLC until starting material was completely
consumed.

The substrates that contained an alkyl substituent at C-2 and
a trialkylsilyl group at C-4 afforded product in about 50% yield
(entries 1–4, Table 1). The assignment of structure using NMR
was supported by an X-ray crystal structure of 8a.8

Not all substrates bearing an alkyl substituent at C-2 and
a trialkylsilyl group at C-4 afforded product in the 50% range.
The lower yield of 24a from 23a–b, is perhaps due to the phenyl
group on the silicon being sufficiently reactive to cause side
product formation (entry 11, Table 1). In the case of 25a–c, the
TIPS group at C-4 may have afforded protection against side
product formation, resulting in a relatively high yield for the
formation of 26a (entry 12, Table 1).

The substrates lacking a trialkylsilyl group (15a–b) gave a very
low yield of product, indicating that the trialkylsilyl group affords
some protection against degradation in the oxidation process
(entry 7, Table 1). There is improvement in yield when the double
bond of 15 removed, indeed the yield is doubled (entry 8, Table
© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 28572–28575 | 28573
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Table 1 (Contd. )

Entry Substratea Timea (h) Product Yieldb (%)

12 23 64

a The major diastereomer/regioisomer of the mixture is shown. b Yields
are based on the entire mass of the starting material, including isomers
that may not have given rise to the product observed. c The substitution
pattern of the major isomer is given in parentheses.

Scheme 5 Proposed mechanism of the oxidation.
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1). Interestingly, this is the only case in which a substituent is
located at C-2 in which both diastereomers lead to product.

When no substituent appears at C-2 but a trialkylsilyl group
appears at C-3 or C-4, both regioisomers appear to participate in
the oxidation reaction (entries 8–9, Table 1). However, some
inconsistencies are apparent. When the trialkylsilyl group is TES,
the yield is low but both isomers seem to react at equal rates, as
the ratio does not change in going from substrate to product
(entry 9, Table 1). This is not the case for the substrate with a TIPS
group, in which it is clear that one isomer behaves better than the
other (entry 10, Table 1). The reasons for this are not known.

Fig. 1 shows substrates that did not afford bridgehead
oxidation product and led to complex reaction mixtures when
treated with NIS. It does appear that the silyl group provides
protection to the alkene, but the effect is clearly not universal.

We attempted to modify the reaction conditions in the hope
of obtaining different products or limit the need for HFIP as
solvent using 3a–c as a model substrate. When LiI, NaI, or NaBr
was added to the reaction mixture, oxidation products were
obtained in low yield. No halogen incorporation was observed,
though such products might be expected to be labile in any
case, as they would likely be readily solvolyzed. Attempts to
reduce the amount of HFIP used in the process (2–30 equiv. in
MeCN) gave bridgehead substitution products in 5–46% yield
with recovered starting material isolated in yields ranging from
Fig. 1 Substrates that did not lead to oxidation.

28574 | RSC Adv., 2022, 12, 28572–28575
29–64%. Addition of small amounts of triuoroacetic acid to the
standard reaction mixture led to decomposition. Excess NIS (15
equiv.) gave decomposition and NBS was not effective at all in
producing the oxidation product under the standard reaction
conditions.

Our working mechanism for this reaction is shown in
Scheme 5. Reaction of 3a with NIS activated by HFIP through
hydrogen bonding produces the iminium ion 27a.7 Deproto-
nation of this intermediate with succinimide anion affords the
bridgehead iminium species 28a, which is trapped with HFIP to
produce the product 4a (Scheme 5). Inclusion of allyl-
trimethylsilane in the reaction to trap 28a led to a complex
product mixture.

In conclusion, we report a unique bridgehead oxidation
process of selected (4 + 3) cycloadducts derived from oxidopyr-
idinium ions. While this process will certainly possess limita-
tions, it raises questions about mechanism and what other
reagents might be used to effect such an oxidation in a more
general way, and whether more general bridgehead function-
alization might be possible through such a mechanism. We
plan on addressing these questions. Results will be reported in
due course.
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