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The formal [4 + 3] cycloaddition of 2-alkoxy-1,1-dicarboxylate activated donor—acceptor cyclobutanes with nitrones is disclosed. The reaction
forms structurally unique oxazepines in moderate to high yield with a wide scope of nitrones. In most cases either a diastereomeric mixture or a

single diastereomer may be formed, depending on the reaction conditions.

Cycloaddition chemistry persists as one of the premiere
methods for the rapid formation of highly complex mole-
cular scaffolds.! New dipolar cycloadditions continue to be
developed to address the need for tailored reactivity and
the synthesis of unique or intriguing structural motifs.’
Nitrones, which are versatile 1,3-dipolarophiles, have been
shown to undergo highly enantio- and regioselective [3 + 2]
cycloadditions with olefins to form functionalized
oxazolines.” Additionally, reactions of nitrones with
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alkynes, ynamides, or ynolates have been used to prepare
ﬁ-lactams,4 0.-amin0-,8-lactams,5 or 5-isoxazolidinones,®
respectively. However, it was the seminal reports of Kerr
and co-workers that demonstrated highly strained do-
nor—acceptor (DA) cyclopropanes could engage in ni-
trone cycloadditions.’

While DA cyclopropanes have been extensively studied
in cycloaddition chemistry,® only recently have DA cyclo-
butanes, which share a similar degree of bond strain,” been
explored for related modes of reactivity. To date, only a
handful of dipolarophiles have been shown to undergo
reactions with cyclobutanes, including aldehydes,”
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ketones,'%*® imines, "’ silylenolethers,12 and allylsilanes.13

In this letter we disclose the first example of a formal [4 + 3]
cycloaddition between alkoxy-substituted DA cyclobu-
tanes and nitrones for the generation of structurally unique
oxazepines.'* This intriguing structural motif, though not
naturally occurring, has been shown to be relevant as
analogues of eudistomin natural products that display
antiviral'®> and antiproliferative'® activity.

Yb(OTf); has previously been shown to be an effective
catalyst for the reaction between nitrones and cyclopro-
panes activated by geminal diesters,”!” as well as in recent
work for cyclobutane cycloadditions,'®!"® and thus was
selected initially for optimization studies (Table 1). Much to
our delight, upon addition of cyclobutane 2 to a solution of
nitrone 1 and 10 mol % of Yb(OTf); in dichloromethane,
the anticipated cycloadduct 3a was formed as a single
diastereomer in 60% isolated yield (Table 1, entry 1).'®
Control tests demonstrated that a metal catalyst was not
required for the reaction to occur; however, extended reac-
tion times were necessary and a mixture of two apparently
nonequilibrating diastereomers resulted (entry 2). A modest
increase in yield was observed when the nitrone, rather than
the cyclobutane, was used as the limiting reagent (compare
entries 1 and 3). When the catalytic loading was decreased
from 10 mol % to 5 mol % a mixture of two diastereomers
was found if the reaction was stopped after 10 min (entry 4),
and the diastereomeric ratio reversed when the reaction was
conducted at 0 °C (entry 5). In all cases, increasing the
reaction time or catalyst loading led ultimately to the single
diastereomer 3a (entry 6) and, as expected, exposure of 3b to
Yb(OTTY); resulted in isomerization to 3a. To date condi-
tions have not been identified that allow for exclusive
formation of the trans diastereomer 3b despite exploring
various temperatures, catalysts, and solvents. Interestingly,
decreasing the catalytic loading of Yb(OTf); to 1 mol %
resulted in the formation of three diastereomers. '’

The breadth of the cycloaddition reaction was then exam-
ined, and separate experiments were conducted to obtain
both diastercomeric mixtures and a single diastereomer. The
electronics of the nitrone were first investigated, and a
significant impact on the length of time required for single
diastereomer formation was found (Table 2). While electron-
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Table 1. Optimization of the [4 4 3] Cycloaddition of DA
Cyclobutanes and Nitrones

o CO,Et oA° o
Ph\ﬁ}'o + {ﬁcézEt conditions TSN Phan”
Son TR e =
EtO,C CO,Et EtO,C CO,Et
1 2 3a 3b
cis frans
1 2 Yb(OTf)3  time yield
entry (equiv) (equiv) (mol %) (min) 3a:3b (%)
1 1.5 1.0 10 10 1.0:0.0 60
2 1.5 1.0 0 60 1.3:1.0 87¢
3 1.0 1.2 10 10 1.0:0.0 81
4 1.0 1.2 5 10 1.7:1.0 78
5 1.0 1.2 5 10 1.0:2.2 91°
6 1.0 1.2 5 60 1.0:0.0 76

“Reaction conducted in the presence of 4 A molecular sieves. In the
absence of both molecular sieves and Lewis acids, no reaction occurs.
b Reaction conducted at 0 °C.

Table 2. Effect of C-Substitution on the Cyclobutane/Nitrone
Cycloaddition

H o
° Ph., ©
SOt 13 min \
o] 3 CO5EL !
Yb(OTH)3 EtO,C CO,Et EtO,C bOQEt
(5 mol %) .
+ —_— trans cis
©
Ph.®.0
N Pha
] L
Ar 22 °C, A
1-24 h z
EtO,C COEt
cis
diastereomeric mixture®
single cis
dr diastereomer®
entry nitrone yield (%) (trans:cis 3rd)  yield (%)
1 Ar=CgH; 91 69:31 76°
2  Ar=p-CcH,OCH3; 88 63:37 74¢
3 Ar=p-C¢H,Cl 82 71:29 73¢
4  Ar=p-C¢H,CN 95 57:15:27 76
5 Ar=p-C¢H,NO, 90 63:11:26 734

“Conditions: 0 °C, 15 min. ? Conditions: 22 °C, reaction allowed to
proceed until only a single product was observable by TLC. ¢ Reactions
required less than 1 h to form single diastereomers. ¢ Reactions required
24 h to form single diastereomers.

rich nitrones required less than an hour for the reaction to
yield a single diastereomer (entries 1—3), electron-deficient
nitrones required extended reaction times (up to 24 h) to
allow for full equilibration (entries 4 and 5). Additionally,
with electron-deficient nitrones (entries 4 and 5) the
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formation of an apparent third inseparable/transient diaster-
eomer (not isolated) was observed with short reaction times.
The yields were found to be consistent regardless of the

Figure 1. X-ray structure of the cis and trans diastereomers of
Table 2, entry 3.

Table 3. Effect of N-Substitdution of the Cycloaddition of DA
Cyclobutanes and Nitrones

<) H o
CO,Et
R.&.0 SOt YD(OTh; (5 mol %) Rey®

0 5
L+ g
Ar CH,Cl,, 4 A mol sieves A H

EtO,C COLEt

diastereomeric
mixture®
yield dr (cis: single cis
entry nitrone (%) trans:3rd) diastereomer® yield (%)

1 R=Cg¢H; 91 31:69 76
Ar = CgHj;

2 R=p-CcH,COMe 68  16:40:44 52¢
Ar =CgHj;

3 R=p-CgH,CO.Me 74  7:58:35 68
Ar = p-CecH4NO,

4 R=p-CcH,OMe 69  34:66 43
Ar = CgHj

5 R=p-CcH,OMe 66  32:68 55
Ar = p-C6H4CN

6 R=p-CcgH,OMe 70  56:44 54
Ar = p-C¢gH,OMe

7 R=Bn 60
Ar = CgHj;

“Conditions: 0 °C, 15 min. ? Conditions: 22 °C, reaction allowed to
proceed until only a single product was observable by TLC. ¢ Incomplete
conversion, 72:28 cis:trans after 24 h and 10 mol % Yb(OTf);.

electronic nature of the nitrone, though the extended times
required for equilibrating the diastereomeric mixtures re-
sulted in lower yields due to competing background
decomposition.

The stereochemistry of the cis and trans diastereomers was
assigned according to NOE interactions. In the case of entry
3, the stereochemistry of both diastereomers was unambigu-
ously confirmed by single-crystal X-ray analysis (Figure 1).

Next, the effect of N-substitution on the nitrone was
examined (Table 3). Nitrones bearing an electron-deficient
N-aryl group were found to be viable reaction partners
(entries 2 and 3). Electron-rich N-PMP nitrones underwent
the cycloaddition to afford PMP-protected oxazepines
(entries 4—6). It was also discovered that N-benzyl nitrone
reacts to provide a single diastereomer (entry 7).

Having found the reaction to be compatible with a
variety of nitrones, additional functionalities of the C-
substituents were explored (Table 4). It was discovered
that heteroaromatic nitrone substituents worked well in
the cycloaddition (entries 1 and 2). Surprisingly, when
napthyl- or cinnamyl- substituted nitrones were subjected

Table 4. Exploration of Nitrone Functionality Tolerance in the
Cycloaddition

=] R., -
R.©.0 LOaEt YB(OTH); (5 mol %) N

[e] COzEt
| + Ll T
L : R H
R CH,Cly, 4 A mol sieves

Et0:C G0, et
(dr cis:trans)

diastercomeric  single cis

. . mixture”  diastereomer”
entry nitrone oxazepine >
vield ield
(cis:trans) y
e o
p-tolyl\ﬁ,o ptolyls - oy
1 I . y 75%
\o @\“ —/ H (55:45)
“COLEt
/ © o’
o H
Ph\ﬁ,o 77%
2 I s (55:45) 67%
W
©
Ph.8.0
N
3 ! Y N/A 70%
| /“ “Co,Et
Ph Ph CO,Et
H o
<] (0}
Ph\e,o Ph\Nz
4 NI | N/A 74%
2-napthyl™ H
2-napthyl 3
EtO,C CO,Et
H o
) PMB~N,O
5  PuB.®.O N/A 78%

I "
EtO,C CO-Et

“Conditions: 0 °C, 15 min. ? Conditions: 22 °C, reaction allowed to
proceed until only a single product was observable by TLC.
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Scheme 1. Alternative Cyclobutanes in the Cycloaddition

(<4
Ph\ﬁ,o Yb(OTf)3 (5 mol %)

oxazepine
cyclobutane + | s
g

(dr cis:trans)

CH,Cly, 20 °C
Ar 4 Kl sieves
entry cyclobutane ox(iztei;())l)ne yield
P
Phe, -
N
o _Sobien
EtO,C COsEt Et0,C COsEt
1 Ar=CgH;s 78:22 3 65%
2  Ar=p-CcH,OMe 56:21 23 51%
3 Ar=pCHCL 46:46 8 60%
0O o
Pha, - Pha, O
“on_ £ \ \
A At
Et0,C COoEt EtO,C CO.Et
4 Ar=C¢Hs 79 21 85%
5 Ar=p-C¢H,OMe 69 31 82%

to the reaction conditions only single diastereomers were
observed rather than diastereomeric mixtures, similar to
the results obtained with N-alkyl substitution (Table 4,
entries 3 and 4 vs Table 3, entry 7). It was found that C-
substitution was not necessary for the reaction as a C-
unsubstituted benzyl nitrone underwent the reaction to
form exclusively the cis adduct (entry 5).

Lastly, two additional cyclobutanes were subjected to
the reaction conditions with several nitrones. A pyran-
fused cyclobutane was found to react with nitrones to
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produce diasterecomeric cycloadducts (Scheme 1, entries
1—3). An ethoxy-substituted cyclobutane also successfully
formed the oxazepines in good yield (entries 4 and 5). The
highly crystalline material of entry 5 allowed for the
collection of single-crystal X-ray data which permitted
unambiguous assignment of the two diastereomers formed
during the reaction.

In conclusion, we have reported the formal [4+ 3]
cycloaddition between alkoxy-activated DA cyclobutanes
and nitrones to afford structurally unique, 2,3,4,6,7-sub-
stituted oxazepines. The reaction, in most cases, initially
affords a diastereomeric mixture, which equilibrates to a
single diastercomer. To date, all nitrones examined suc-
cessfully participated in the cycloaddition reaction. Efforts
are currently underway to develop asymmetric variants of
this methodology, identify new dipolarophile partners for
the reaction with DA cyclobutanes, and exploit this new
cycloaddition for the synthesis of natural products.
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