Endo selectivity in the (4+3) cycloaddition of oxidopyridinium ions
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ABSTRACT: The (4+3) cycloaddition of 2-trialkylsilyl-4-alkylbutadienes with an N-methyloxidopyridinium ion affords cy-
cloadducts with high regioselectivity and excellent endo selectivity.

We recently reported a highly regioselective (4+3) cycload-
dition of N-methyloxidopyridinium ions with dienes
(Scheme 1).! A related reaction of N-aryloxidopyridinium
ions was introduced by Katritzky,2 while Cha3 studied its po-
tential application in natural product synthesis. Although
these studies suggested great promise for this type of pro-
cess, one of the difficulties not yet overcome has been to
achieve high levels of endo/exo diastereoselectivity. Thus,
while 4-substituted 1,3-butadienes reacted with ox-
idopyridinium ion 2 to afford (4+3) cycloadducts as single
regioisomers in very good yields (Scheme 1), endo/exo se-
lectivity was absent, the products being formed as ca. 1:1
mixtures of diastereoisomers.
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We report here the development of a diastereoselective var-
iant of this cycloaddition that achieves a high level of endo

selectivity by strategically tuning the substituents on the
diene.

In exploring the stereodirecting influences of the diene sub-
stituents, we were particularly interested in substituents
that could be easily removed or modified, for example
through a coupling reaction. We drew inspiration from sub-
stituent-directed stereoselectivities observed in the Diels-
Alder reaction. For example, Su, Song, and coworkers re-
cently reported high exo selectivity in the Diels-Alder reac-
tion of butadienes substituted at C2 with a very bulky bis(si-
lyl)methyl group.* The selectivity was rationalized on the
basis of steric effects, a computational analysis showing that
the endo transition state (TS) was destabilized by steric
clashing between the CH(SiRs)2 group and the dienophile.*
We reasoned that similar interactions might result in high
endo selectivity in the (4+3) cycloaddition reaction of 2 or

its congeners (Figure 1).
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FIGURE 1. Endo and exo approaches of a 2-trialkylsilyl-1,3-
butadiene to oxidopyridinium ion 2.

However, we sought to further simplify the “steric steering”
group and were inspired by the work of Turks, who showed
that a 2-SiRs group was also an effective stereodirecting
group for the Diels-Alder reaction to give a cycloadduct



with complete exo selectivity (Scheme 2),5 though endo se-
lectivity has been observed more commonly with such
dienes. Moreover, the expected (4+3) cycloadducts ob-
tained from 2-silyl dienes would contain a synthetically ver-
satile vinylsilane functional group.éab7

SCHEME 2. Highly Exo-Selective Diels-Alder Reaction
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Thus, we prepared 2-silyldienes 9 (Table 1) using the meth-
odology introduced by Welker and others (Scheme 3).8 As a
representative example, the reaction of excess trimethylsi-
lylacetylene (10, 2 equiv) with 4-phenyl-1-butene (11) in
the presence of 8 mol % of Grubbs II catalyst (12) at 40 °C
for 20 h afforded diene 9a in 69% yield after chromato-
graphic purification. Other 2-silyldienes were prepared in
the same general fashion, except for 9k and 91, which were
not accessible using the standard procedure. We solved this
synthesis issue by employing ethylene gas instead of an ar-
gon atmosphere to obtain the desired dienes, as also
demonstrated by Welker.8b

SCHEME 3. Silylated Diene Synthesis
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The (4+3) cycloadditions of the silyl-substituted dienes 9
with oxidopyridinium ion 2 are summarized in Table 1.
Heating the oxidopyridinium precursor 1 with triethyla-
mine (TEA, 3 equiv) and diene 9a (3 equiv) in a sealed tube
for 24 h afforded an 81:13:6 mixture of cycloadducts 13a-c,
as established by 'H NMR analysis of the crude reaction mix-
ture. No 13d could be detected. This result equates to an
overall endo/exo selectivity [(13a+13c)/13b] of 87:13. The
major isomer 13a was endo, as we had expected. Its struc-
ture was established by X-ray crystallography of its ketone
reduction product (see SI). In this case and in general, sep-
aration of the cycloadduct isomers proved to be very chal-
lenging when using traditional liquid chromatography ap-
proaches (normal and reversed-phase). Instead, semipre-
parative supercritical fluid chromatography (SFC) using a
chiral stationary phase column enabled separation,1° after
which NMR analyses of the individual diastereomers (13a-
c) could be performed.
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We assigned the structure of the minor isomer 13b by NMR.
Attempts to obtain crystals of the ketone reduction product
of 13b were not successful. Instead, NOESY spectra of the

reduction product were used to establish the regiochemis-
try. In the alcohol derived from 13b, the C-6 proton ap-
peared at 3.26 ppm, a signal that correlated with the N-me-
thyl group at 2.93 ppm and correlated (COSY and NOESY)
with a 1H doublet of doublets at 2.45 ppm, which we as-
signed as one of the diastereotopic hydrogens at C-5. The
latter proton was coupled to the signal of its geminal part-
ner at 2.77 ppm and the protons of the TMS group at 0.02
ppm. This established the regiochemistry of 13b as being
the same as 13a, confirming 13b as the exo diastereomer of
the two. For 13c, the stereochemistry was established in full
after we fortunately grew a crystal of 13c for X-ray analysis.

The (4+3) cycloadditions of a range of other silylated dienes
gave results similar to 9a. The major product in each case
was the expected endo isomer (14a-19a) and the kinetic
endo/exo selectivities ranged from 82:18 to 91:9. Yields
ranged from 67-93%. The structures of these cycloadducts
were assigned by comparison to the NMR data for 13a-c,
and by crystallography in the cases of 15a and 19a.

In order to quantify the influence of the silyl group on the
selectivity, we explored the reaction of diene 9h lacking a
silyl group. This diene gave two cycloadduct isomers,
20a+b, in approximately equal amounts (46:54). As ex-
pected from our previous studies,! the products had identi-
cal regiochemistry. Their relative stereochemistry was as-
signed based on their NMR spectra.! The lack of diastere-
oselectivity observed with 9h confirms that the silyl group
was indeed responsible for the highly diastereoselective cy-
cloadditions of 9a-g.

In these reactions, the silyl group leads to a slight erosion of
the regioselectivity, producing small amounts (0-6%) of the
minor endo regioisomers 13c-19c. In our earlier work,
other 2-substituted dienes like isoprene and 2-methoxy-
butadiene reacted well with 1, but gave low regioselectiv-
ity.! Therefore, any regiochemical preference observed with
2-silyl dienes was of interest, even if it worked against the
regiochemical preference of the terminal substituent on the
diene. To explore this further, reactions were performed
with dienes 9i and 9j, containing the 2-silyl group but lack-
ing a substituent at C-4. As expected, in each case two regi-
oisomeric cycloadducts were formed (21a+c or 22a+c), in
a ca. 46:54 ratio (Table 1, entries 9 and 10) in very good to
near quantitative yield. This suggests that the 2-silyl group
exerts a modest regiodirecting influence, favoring the “c”
isomer. The regiodirecting influence is countered by a 4-al-
kyl group, to favor “a”. Finally, entry 13 illustrates the selec-
tivity with a TIPS group on the diene.> The endo/exo selec-
tivity increases to 94:6, as might be expected from the in-
creased size of the TIPS group.

We performed DFT computations to understand why 2-si-
lyl-4-alkyl dienes give high levels of diastereoselectivity.
The transition states calculated with M06-2X in SMD ace-
tonitrile for the endo and exo (4+3) cycloadditions of 2 with
two model dienes, 90 and 9p, in the favored regiochemistry
are shown in Figure 2. The computations show that the silyl
group in 9o raises the AG# of the exo transition state (TS-B)
by 1.3 kcal/mol relative to the endo transition state (TS-A).
This value corresponds to a theoretical diastereomer ratio
of 86:14 at 85 °C, close to experiment (e.g., 81:13 for 9a).
The endo



Table 1. Endo Selective (4+3) Cycloaddition Reactions of an N-Methyloxidopyridinium Ion
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entry diene SiR13 R2 product a:b:ca endo/exo selectivityb yield (%)c
1 9a TMS -(CHz) 2Ph 13 81:13:6 87:13 93
2 9b TES -(CHz) 2Ph 14 81:15:4 85:15 88
3 9c TMS -(CHz)7Me 15 82:14:4 86:14 71
4 9d TES -(CHz) 7Me 16 89:9:2 91:9 77
5 9e TMS -(CH2)2COzEt 17 80:16:4 84:16 87
6 of TES -(CH2)2COzEt 18 83:16:1 84:16 74
7 9g TMS cyclohexyl 19 86:14:0 86:14 67
8 9h H -(CHz) 2Ph 20 46:54:0 46:54 86
9 9i TES H 21 41:0:59 — 99
10 9j TIPS H 22 46:0:54 — 68
11 9k TMS Ph 23 47:0:53 100:0 74
12 91 TES Ph 24 46:0:54 100:0 70
13 9m TIPS -(CHz)2Me 25 92:6:2 94:6 85
14 9n -SiMezPh -(CHz) 2Ph 26 87:13:0 87:13 89

aRatios were determined by integration of tH NMR spectra of crude reaction mixtures. Isomer d was not detected. PEntry = (sum
of all endo isomers)/(sum of all exo isomers). cYields are the average of two runs after column chromatographic purification.
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FIGURE 2. Transition states for (4+3) cycloadditions of
dienes 90 and 9p with oxidopyridinium ion 2, calculated with
M06-2X/6-311+G(d,p) in SMD acetonitrile. Distances in 4,
AG* and AH? in kcal/mol.

selectivity originates from two effects: an enthalpic effect
and an entropic effect. The enthalpic effect arises because
endo TS-A can accommodate the silyl group without intro-
ducing major steric interactions, but the exo TS-B must
distort to avoid the clash between the silyl group and the
N-methyl group. Thus, compared to the silyl-free exo TS
(TS-B"), the diene and dienophile in TS-B are tilted away
from each other by 0.1 A. This distortion destabilizes TS-
B. TS-B is also more compact than the endo TS-A, espe-
cially in the region of the silyl group, making TS-B entrop-
ically disfavored. Interestingly, theory predicts enhanced
reactivity for silylated dienes.’2 While no quantitative ex-
perimental studies have yet been undertaken, the reaction
of 9a with 1 was able to be performed at a lower temper-
ature than is usually required for these reactions; the cy-
cloaddition at 60 °C produced 13a-c in an 88:10:2 ratio in
71% yield after 24 h.

In general, a 2-3 equiv excess of diene was used in the re-
actions shown in Table 1. This represents a considerable
decrease from the 10 equiv we used at the outset of our
work on oxidopyridinium cycloadditions.!2 On a small
scale, the reactions were conducted in resealable pressure
tubes. However, we also performed a one-gram scale re-
action in a more conventional way. Based on studies that
had shown that the use of 2 equiv diene gave a better yield
than 1 equiv, we reacted 1 gram of 1 with 2 equiv of 9a in
acetonitrile in the presence of TEA at reflux for 24 h. Cy-
cloadducts 13a-c were obtained in a respectable 84%
yield in a ratio of 78:16:6. This result suggests that the
process is scalable more generally than previously estab-
lished without having to use pressure tubes.tb



In our original work,2 we established a clear example of
reversibility in the cycloaddition of 2 with 1-phenyl-1,3-
butadiene. The cycloadditions of the two related phenyl-
substituted 2-silyl dienes, 9k and 91, were performed (Ta-
ble 1, entries 11 and 12) and were anticipated to afford
products of thermodynamic control. Indeed, the fact that
two endo cycloadducts were formed, as we had observed
with 1-phenyl-1,3-butadiene, indicated that these two re-
actions likewise proceeded reversibly. Both reactions
gave complete endo selectivity but gave low regioselectiv-
ity, affording ca. 1:1 mixture of 23a+c or 24a+c, respec-
tively. These a:c ratios can be understood in terms of a sit-
uation intermediate between purely kinetic and purely
thermodynamic control.1?
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To begin to establish some cycloadduct chemistry, we ex-
plored the desilylation of cycloadduct 13. Treatment of
the mixture of 13a-c with TBAF in THF at 55 °C for 22 h
resulted in recovery of starting material.13 With acids, ret-
rocycloaddition was observed: the diene could be recov-
ered in yields ranging from 0% (excess HCI) to 99% (cam-
phorsulfonic acid). Treatment with KOTMS in DMSO at

SCHEME 5. Synthesis and desilylation of a phenyl-
dimethylsilyl-substituted (4+3) cycloadduct
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100 °C afforded the desilylated cycloadduct (20) in 38%
yield.1* Attempts to brominate or iodinate the alkene with
NBS or NIS, respectively, failed.1516 However, the reaction
with NIS did produce a product in which functionalization
had occurred at the bridgehead to afford 27 (Scheme 4).
This process is currently being investigated as a method
of cycloadduct functionalization and results will be re-
ported at a later date.

In contrast to the difficulty encountered in removing the
TMS substituent from 13, successful desilylation was
achieved with the SiPhMe;-substituted cycloadduct mix-
ture 26, which was obtained as an 87:13 mixture of
endo/exo isomers (single regioisomer, Scheme 5 and Ta-
ble 1, entry 14). The 13C chemical shifts of 26a-b for C-9
are 93.3 and 90.9 ppm, respectively. Those of 13a-b are
93.7 and 91.4 ppm. These shifts lead to the stereochemi-
cal/regiochemical assignments shown, based on our pre-
vious work.! Reaction of this cycloadduct with TBAF af-
forded a 75% yield of the desilylated cycloadducts 28a+b
as an 89:11 mixture of isomers (Scheme 5).

In summary, we have developed a (4+3) cycloaddition of
an oxidopyridinium ion that is both highly diastereoselec-
tive and regioselective, by using a 2-silyl substituent on
the diene as a directing group. Efforts to explore related
dienes, explore the chemistry of the cycloadducts, design
exo-selective processes, and broaden the scope of the
dienophiles used in the cycloaddition are being under-
taken. Progress will be reported in due course.
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