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Abstract: To gain a deeper understanding of the formation of
the synthetically important 3,6-dihydro-2H-1,2-oxazines, the 6-
endo-trig cyclization of allenyl-substituted hydroxylamines was
experimentally investigated in detail employing a model com-
pound. The solvent effect was moderate with respect to the
rate, but crucial to suppress side-product formation. Surpris-
ingly, acids or bases had no big influence on the cyclization
rate. With O-deuterated allenyl hydroxylamine a high primary
isotope effect was found, indicating that the proton transfer is
\crucial in the rate-determining step. DFT calculations evidence

that the allenyl-substituted hydroxylamine is converted into an
energetically similar zwitterionic intermediate with an allyl cat-
ion subunit. It cyclizes to the 1,2-oxazine as the most stable
species. Alternative pathways starting from the zwitterion were
computationally investigated. Interestingly, it can also undergo
a fragmentation to give a pentadiene derivative and a nitroso
compound. The hetero Diels-Alder reaction of these compo-
nents may also deliver the 1,2-oxazine. To evaluate an alterna-
tive mechanistic scenario, calculations of the protonated allenyl-
substituted hydroxylamine were also performed. Y,

Introduction

The addition of lithiated alkoxyallenes!™ to nitrones!? provides
after aqueous work-up allenyl-substituted hydroxylamines A
that undergo a spontaneous 6-endo-trig cyclization to syntheti-
cally very useful 3,6-dihydro-2H-1,2-oxazine derivatives B
thereby constituting an overall [3+3] annulation process
(Scheme 1).3' The use of chiral nitrones afforded the corre-
sponding 1,2-oxazine derivatives generally with very high dia-
stereoselectivity. Despite of numerous synthetic applications of
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the alkoxyallene-nitrone chemistry for the preparation of natu-
ral products and their analogs,!'""# the cyclization step leading
from A to the key 1,2-oxazine intermediates B was not fully
understood and only speculative mechanistic proposals were
discussed."9! The rate of the cyclization depends on the substi-
tution pattern of the hydroxylamine moiety; sterically hindered
derivatives react considerably slower. The seemingly uncata-
lyzed ring closure of these hydroxylamine derivatives has to be
compared with the related cyclizations of hydroxyl- or amino-
substituted alkoxyallenes that require strongly basic conditions
for their cyclizations to dihydrofuran®™ or dihydropyrrole deriva-
tives,® respectively. As a favored alternative method, mild Lewis
acids, such as gold(l) complexes, could also induce these cycli-
zations to the five-membered heterocycles.”? On the other
hand, with related allenyl-substituted thiols a spontaneous for-
mation of vinyl thiiranes was observed.!®!
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Scheme 1. Spontaneous 6-endo-trig cyclization of allenyl-substituted
hydroxylamines A into 3,6-dihydro-2H-1,2-oxazines B.

In Scheme 2 we depict two probable cyclization pathways
discussed in the past.! In analogy to the Lewis acid-catalyzed
processes mentioned above, a proton catalysis via intermedi-
ates C and D could provide the product B. The required proton
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may be delivered by the solvent (and its impurities, the drying
agent applied during work-up etc.), or by the hydroxylamine
itself, serving as a mild acid (estimated pK, value ca. 14).'% An
alternative mechanism without involvement of a catalyst fol-
lows a suggestion of Dulcére et al,['" reported for the related
cyclizations of allenyl-substituted hydroxylamines lacking alk-
oxy groups. Two concerted steps are proposed, first a reverse
Cope elimination (also known as Cope-House cyclization) to the
vinyl-substituted aziridinium N-oxide E that, after a rotation of
the vinyl group to conformer F, undergoes a sigmatropic rear-
rangement to the 1,2-oxazine derivative B (Meisenheimer 3,2-
rearrangement). This elegant mechanism has the charm that no
catalysts are required; it requires the hydroxylamine functional
group and cannot occur with the above mentioned hydroxy- or
amino-substituted allenes.

catalyzed route uncatalyzed route
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Scheme 2. Two pathways for the 6-endo-trig cyclization of A — B: proton-
catalyzed route via intermediate C (left hand side) and uncatalyzed route
with two concerted steps via E and F (right hand side); side reactions: retro
ene reaction of A leading to G and H and its 5-endo-trig cyclization to pyrro-
line N-oxide I.

The 6-endo-trig cyclization of A to B was clearly the major
reaction pathway in all studied cases, however, in many exam-
ples we also found fragmentation products of type G with a 3-
alkoxy-1,3-butadiene moiety (ca. 90:10 E/Z mixture, only one
isomer shown).> These compounds probably arise from a retro
ene reaction and in a few cases products derived from the sec-
ond fragment, the nitroso compound H, could be identified (the
corresponding oximes if R3 bears an a-CH unit). A second side-
reaction occurred essentially only when cyclic nitrones were
employed as precursor. In their reaction with lithiated alkoxyal-
lenes not only the expected bicyclic 1,2-oxazines B were
formed, but also the isomeric pyrroline N-oxides I, formed by a
5-endo-trig cyclization.3>12
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This study describes the influence of solvents and various
additives on the rate of the 6-endo-trig cyclization of A to B
employing a suitable model allenyl hydroxylamine and its O-
deuterated derivative. We also examined the effect of the reac-
tion conditions on the formation of side products such as G
and L. These experimental studies are supplemented by com-
prehensive DFT calculations that provide information about the
energy profiles of the different mechanistic cyclization scenar-
ios.

Results and Discussion

Experimental Investigations

As a model compound for our experimental studies, we se-
lected the easily available allenyl hydroxylamine 3.1323<1 Apply-
ing the standard method, generation of lithiated methoxy-
allene from 1 and n-butyllithium in tetrahydrofuran and sub-
sequent addition to enantiopure D-glyceraldehyde-derived
nitrone 2 at low temperature furnished after aqueous work-up
the corresponding adduct 3 (Scheme 3). The THF/Et,O solution
of crude allenyl hydroxylamine 3 could be stored for weeks in
a container cooled by dry ice, and aliquots of this solution were
used for the subsequent kinetic studies. Typical "H-NMR signals
of 3 refer to the allenic protons at ca 5.1-5.6 ppm (AB system
in C¢Dg O 5.15, 5.24, Jog = 8 Hz). The depicted syn-configuration
of product 3 is deduced from its cyclization to 1,2-oxazine 4
(see below) whose 35,4’S-configuration has unequivocally been
proven earlier; subsequent reactions of 4 allowed X-ray analyses
of products or comparison with known enantiopure com-
pounds. The O-deuterated derivative 3-d; was analogously pre-
pared when D,0 was used for quenching the reaction. It was
important that the washing of the organic extract of this mix-
ture was also performed with deuterated water to avoid the
fast H/D exchange at the hydroxylamine oxygen. Under these
prerequisites the degree of O-deuteration is > 95 % as shown
by the cyclization of 3-d; to 4-d; (see below), where this high
level of D-incorporation could be proven by the '3C-NMR signal
of C-5 (92.5 ppm, Jcp = 24.1 Hz).

OMe 4 .BuLi OMe QJ( OMe QJ(
A~y THE —0cc A AP AP
= - F N or = -
1 Q{ Ho’3 “Bn Dg’:‘sn
: -d4
of 7
© _N.
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3. H,0 or D,O, -78 °C to r.t.

Scheme 3. Lithiation of methoxyallene 1 and subsequent reaction with
p-glyceraldehyde-derived nitrone 2 to allenyl hydroxylamines 3 and 3-d,.

Aliquots of the THF solution of 3 were rapidly evaporated at
room temperature and the resulting crude allenyl hydroxyl-
amine 3 was then dissolved in the corresponding deuterated
solvent (Scheme 4). Its cyclization at 21 °C was immediately
followed by "H-NMR spectroscopy (200 MHz) observing the de-
creasing signals of 3 at 5.1-5.6 ppm (=CH,) and the increasing
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Table 1. Conversion of hydroxylamine derivative 3 into 1,2-oxazine 4 and 1,3-diene 5 according to Scheme 4 (cyclization of 3-d; into 4-d, in bold, entry 7) at

21 °C as determined by "H-NMR spectroscopy at 200 MHz.

Entry Solvent E+(30)%! (kcal/mol) Ratio of 4/5 Kexp x 107 ()P 15 anpy IMINIP! Ky x 1075 (57') Kagexpy X 107° (s77)
1 [D,,lcyclohexane 31.2 82:18 40 29 33 7
2 [Dgltoluene 339 91:9 83 14 75 8
3 [Dglbenzene 34.5 95:5 102 11 97 5
4 [D10]Et,0 346 76:24 14 84 11 3
5 [Dg]THF 374 79:21 16 71 13 3
6 CDCl; 39.1 100:0 344 3 344 -
7t cDCl, 39.1 100:01¢ 51 23 51 -
8 [Ds]pyridine 40.2 91:9 24 48 22 2
9 CD,Cl, 411 100:0 348 3 348 -
10 [Dglacetone 422 97:3 81 14 78 3
11 [Dg]DMSO 45.0 96:4 22 52 21 1
12 CDsCN 46.0 99:1 199 6 197 2

[a] E+(30) values for non-deuterated solvents (Ref.l')). [b] The k values should be considered as a consumption rate of 3 or 3-d,. [c] Coefficient of determination
R2 > 0.998. [d] 3-d; was employed as starting material. [e] Under these conditions the by-product 5 was not observed.

signals of 1,2-oxazine 4 at 4.8-5.0 ppm (5-H) and/or 3.1-
3.6 ppm (3-H) and of 1,3-diene 5 at 5.05-5.25, 5.6-5.9, and 6.4-
6.8 ppm. The ratio of the cyclization product 4 and the frag-
mentation product 5 considerably depends on the solvent em-

ployed (Table 1).
OJ(

OMe oJ( OMe

Ivent ;
_solvent \(KN ®:
"O N-Bn

Scheme 4. Cyclization of allenyl hydroxylamine 3 in different solvents to 1,2-
oxazine 4 and 1,3-diene derivative 5 (for details also see Table 1 and Table 2).

In the ether solvents [Dg]THF and [D;cldiethyl ether (entries
4 and 5) the results of preparative experiments were confirmed,
where 5-20 % of the side product 5 were isolated.> Relatively
high amounts of this compound were also observed in other
solvents of low polarity (entries 1-3) according to the E(30)
scale of Reichardt'¥ On the other hand, 1,3-diene 5 was
formed in a much lower extent when chlorinated solvents (en-
tries 6, 7 and 9) or aprotic polar solvents (entries 10-12), for
instance [Ds]acetonitrile, were employed. Only, [Ds]pyridine was
exceptional in this respect, since it also promoted the formation
of ca. 9 % of 5 (entry 8). In none of the experiments the forma-
tion of the pyrroline N-oxide 6 could be detected within the
limit of NMR accuracy.

The "H-NMR experiments also allowed a determination of
the experimental rate constant k., and half-life time t;,, in the
different solvents (columns 5 and 6 of Table 1). The consump-
tion of allenyl hydroxylamine 3 is consist with a first-order rate
law (for details see Supporting Information). Within the limits
of NMR accuracy (2%, only [Dslpyridine as solvent caused
broadened signals resulting in lower accuracy), the ratio of the
two resulting products 4 and 5 was constant during the reac-
tions and therefore the overall rate constant ke, could be di-
vided into the two rate constants, k; for formation of 1,2-
oxazine 4 and k, for that of 1,3-diene 5 (columns 7 and 8). It is
remarkable that the fragmentation of 3 to 5 is slightly deceler-
ated in more polar solvents and completely suppressed in the
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two chlorinated solvents CDCl; and CD,Cl,. This moderate influ-
ence of the solvent polarity is compatible with a mechanism of
the retro ene reaction with low charge separation in the transi-
tion state.

The solvent dependence of the cyclization of 3 to the major
product 4 does not correlate with the E(30) values and there-
fore its interpretation is not simple. The slowest rates were de-
termined for diethyl ether and tetrahydrofuran and as a conse-
quence the fragmentation to 5 occurs to considerable extent in
these solvents. But relatively slow cyclizations were also ob-
served in cyclohexane, pyridine and DMSO (all solvents are per-
deuterated). On the other hand, acetonitrile and the two chlor-
inated solvents CDCl; and CD,Cl, provided the highest rate
constants k;. For the cyclization in CDCl; a high primary kinetic
isotope effect of ca. 6.7 was determined (entries 6 and 7),
demonstrating that the migration of the proton/deuteron is in-
volved in the rate-determining step. We also attempted to per-
form a similar experiment of 3-d; in [Ds]pyridine but observed
fast partial D/H exchange of the hydroxylamine moiety (proba-
bly due to traces of water and catalyzed by the basic solvent).
Hence the results of this experiment are questionable, however,
the consumption of 3-d; was slower by a factor of ca. 6 and
only 4-d, was formed as deuterated compound whereas no
deuterium was incorporated into 1,3-diene 5 formed in ca.
10 %.

The k; values of Table 1 could suggest that the cyclization
of allenyl hydroxylamine 3 is faster in solvents were traces of
acids might be present (DCl in CD,Cl, and CDCl; or DCN in
[Dslacetonitrile) and slower in basic solvents such as ethers, pyr-
idine or DMSO. We therefore examined the influence of addi-
tives on the selectivity and rate of 3 (Table 2). The experiments
were performed in CD,Cl, as solvent since only the 1,2-oxazine
derivative 4 is formed and no fragmentation was observed
without additive (entry 1). The addition of an excess of acid,
even the strong toluenesulfonic acid, (entries 2 and 3) or bases
(entries 4-7) has essentially no influence on the rate of the
cyclization. With the two acids even a slight retardation of the
cyclization was observed; interestingly, the strong p-toluene-
sulfonic acid did not react with the potentially acid sensitive
enol ether moieties of 3 and 4 in the relatively short reaction

© 2020 The Authors. European Journal of Organic Chemistry
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times. The fragmentation product 5 was not identified in these
experiments, however, it cannot be excluded that small
amounts are decomposed by the acidic additives.

Table 2. Cyclization of hydroxylamine derivative 3 into 1,2-oxazine 4 in CD,Cl,
at room temperature in the presence of different additives according to
Scheme 4.

Entry Additive Equivalents Kexp x 107° (s7) l[‘:\ffi(:i(p)
1 none - 348 33
2 pTosOH 2.7 240 4.9
3 AcOH 103 170 6.9
4 DABCO 84 300 39
5 DMAP 8.6 320 37
6 EtsN 14.5 340 34
7 DBU 15.7 240 48

For a proton-catalyzed cyclization a stronger influence of the
acidic and basic additives can be expected. Overall, the kinetic
results, in particular the high primary kinetic isotope effect, are
in agreement with a mechanism of the cyclization 3 — 4 (and
generally of A — B) with transfer of the hydroxylamine
hydrogen in the rate-determining step.

Finally, we checked whether the above-mentioned pyrroline
N-oxides I are formed from 1,2-oxazine derivatives B by a ring
contraction process (reverse Meisenheimer 1,2-rearrangement).
For this purpose, we examined the long-term stability of several
typically substituted 1,2-oxazine derivatives in CDCl; under ex-
clusion of light (Scheme 5). Compounds 4 and 7-10 were stable
for at least four weeks, no changes could be seen in their "H-
NMR spectra. These experiments were repeated in the presence
of an excess of triethylamine, but again no changes were ob-
served. We conclude that the 1,2-oxazines are stable even if
small amounts of DCl are present in a solvent like CDCls.

OMe OA( CDCI3 MeO

28d ®N Bn
©o
6

Me
e
EJ\KQ/ KY\A/OTBDPS

(rac) 8 (rac)
9 (rac)

Scheme 5. Examination of stability of 1,2-oxazine derivatives 4 and 7-10 in
CDCl; at room temperature.

Computational Study

In order to mechanistically evaluate the many conceivable path-
ways of the highly reactive allenyl-substituted hydroxylamines,
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quantum chemical DFT calculations for model compound 12
and its various subsequent products were performed. On the
TPSSTPSS/def2tzvp!''>! + GD3BJI'®! |evel of theory first optimi-
zations for the gas phase were performed.l'”'81 PCM calcula-
tions!"®! using a solvent sphere of diethyl ether, one of the sol-
vents used in the experiments, were done in order to estimate
the influence of this polar environment on the intermediates
and products. In the following, we discuss Gibbs free energies
[kcal/mol], for the PCM-diethyl ether model the data are given
in italics in the text and with blue color in the Schemes [kcal/
mol] (see also Supporting Information for details). Results of
PCM calculations for the more polar solvent acetonitrile did not
deviate significantly from the diethyl ether results and are
therefore not presented in the Schemes.

We first calculated the stability of the species involved em-
ploying nitrone 11 as precursor of model compound 12. Com-
bination of methoxyallene 1 with 11 to furnish allenyl hydroxyl-
amine 12 is a moderately endothermic process, however, the
subsequent cyclization to the 1,2-oxazine 13 clearly demon-
strates that the overall process is thermodynamically very favor-
able (Scheme 6, equation a). The alkoxyallene subunits of 1 and
12 certainly contribute to their relatively high energy level. It
should be noted in this context that the Huisgen reaction (1,3-
dipolar cycloaddition)?® of methoxyallene 1 with nitrone 2
proceeds very slowly at room temperature (even in the pres-
ence of Lewis acids) and affords mixtures of isoxazolidine deriv-
atives with low regio- and stereoselectivity.?") To realize the
formation of allenyl hydroxylamine 12 requires the deprotona-
tion of 1 and therefore the thermochemistry of the involved
anionic species was also calculated (Scheme 6, equation b).
Now, the addition step of 1~ to nitrone 11 is exothermic (in
agreement with the experiments), and the barrier leading to
127 is very low. Despite of the better stabilization of the nega-
tive charge in 12 this species is still not particularly stable due
to the allenyl moiety. As a consequence, the 6-endo-trig cycliza-
tion (via a low barrier) to the 1,2-oxazine anion 13~ is again an
exothermic step. Experimentally this very last step is not ob-
served since the lithium counterion plays a crucial role, which
has been neglected in the calculations summarized in this
equation. Due to the worse solvation of the lithium counterion

OMe
OMe Me OMe
a) }\ ‘ Me H._~ ~Me
. H + @ =t _—
P G Ne S _N.
HO™ " Me O Me
1 1 12 13
[0.01/0.0] (5.31[7.7] [-18.1]-15.2]
b) OMe  Mme OMe QMe Ve
./@ N . 137 }\_,\Me [1.4]/9.0] ©F "
Z *o N T/~ - N
0" "Me o,.N. 0" "Me
o Q" Me o
1 1 12© 13
[0.0]/0.0] (-6.8]/-1.7] [-12.5][-4.1]

(without Et;O as solvent no TS but vdW complex)

Scheme 6. Energetics of the formation of allenyl-substituted hydroxylamines
12 and 1,2-oxazine 13: a) starting from neutral components 1 and 11; b)
starting from allenyl anion 1~ and 11 (in this and all subsequent schemes
only relative configurations are defined by the drawn formulas).
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Scheme 7. Formation of 1,2-oxazine 13 via zwitterionic intermediates Z-14 and E-14 and other possible pathways/products.

of the intermediate anion 13~ the cyclization of the ion pair is
calculated to be endothermic (17.4 kcal/mol) and the barrier is
higher (23.0 kcal/mol).22

In compounds like 12 a number of highly reactive functional
groups are combined: an allene subunit, an enol ether and a
hydroxylamine functionality with Lewis and Brgnsted basic and
acidic centers as well as with nucleophilic and electrophilic
sites. With regard to the Brgnsted acidity, the hydroxylamine
subunit is of most interest. Its pK, value (ca. 14)'% is close to
that of water or to that of the dimethylammonium cation,
whereas the methoxyallene moiety may well act as a Brgnsted
base. Thus, as shown in Scheme 7, the zwitterionic tautomers
14 are almost equal in relative energy compared to 12. Inter-
or intramolecular proton transfer may establish an equilibrium
of 12 and 14. The calculated values for the intramolecular H-
shifts are given in Scheme 7 and the transition state of this
process is depicted in Figure 1. Unfortunately, intermolecular H-
shifts cannot be calculated reliably. We assume that the barriers
are substantially lower than intramolecular barriers due to the
influence of the diethyl ether solvent for proton transfer reac-
tions.

Thus, as central reactive intermediate we assume the zwitter-
ions Z-14 and E-14 which may interconvert via a relatively low
barrier or via 12 by proton exchange. From these key intermedi-
ates, various possible products were calculationally generated:
the three-membered aziridinium N-oxide 15, which is higher
in energy by 9.3/6.9 kcal/mol, is situated on an extremely flat
hyperface, with a transition state energy very close to the local
minimum for 15. Thus, this species may play a role in equilibria
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Figure 1. Transition state of the intramolecular proton transfer of allenyl
hydroxylamine 12 leading to zwitterion Z-14.

under the reaction conditions, but there is no chance for experi-
mental identification. The four- and five-membered ring sys-
tems 16 and 17 might be formed exothermically via the respec-
tive 4-exo-trig and 5-endo-trig cyclizations, the barriers for their
formation (19-24 kcal/mol) are compatible with the reaction
conditions. By far lowest in energy (thermodynamic control) [ca.
-23 kcal/mol] among all considered possible products is the
experimentally observed 1,2-oxazine derivative 13. It may result
from 14 by a 6-endo-trig cyclization (barrier ca. 17-18 kcal/mol)
(Figure 2), but also by an alternative pathway involving a het-
ero-Diels—Alder reaction (see below). It is also interesting to
note, that a ring contraction 13 — 17 (reverse Meisenheimer
1,2-rearrangement)?3! involves a high barrier (ca. 35 kcal/mol)
and is thermodynamically unfavorable. This computational re-
sult is in full agreement with the experimental observations (see
Scheme 5).
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Figure 2. Transition state of the 6-endo-trig cyclization of zwitterion E-14 to
1,2-oxazine derivative 13.

An unexpected feature of the zwitterions 14 is their low sta-
bility towards N-C-bond rapture leading to a van der Waals
complex of the neutral fragments 3-methoxy-1,3-pentadiene
(18) and nitrosomethane (19) and - quite likely - after tauto-
merism to its more stable isomer formaldehyde oxime (21).
Compound 5 (see above) was isolated from the reaction mix-
ture as a representative example of these C-N-rapture products.
The very low barrier and the higher stability of 18/19 compared
to 14 may allow an important contribution of these species in
the equilibrium. So far, we interpreted the fragmentation of
allenyl-substituted hydroxylamines as a concerted retro ene
reaction,?¥ however, the calculations indicate that a two-step
process with a proton transfer preceding the N-C bond
cleavage is very likely.

A recombination of 18/19 by hetero-Diels-Alder reaction
may also afford 1,2-oxazine 13,>) the most stable species of

OMe Me
)\l_‘\Me MEO: @
= W\I""'Me
Ho N "Me Hoo L
12 23

[7.11(7.4]

the system, and/or its isomer 20 (experimentally not observed),
which is accessible via a slightly higher barrier and also less
stable. This pathway to 13 was not considered so far and it
does not easily explain the observed retention of configuration
at C-3 of the 1,2-oxazine 13. Calculationally, the van der Waals
complex 18/19 was localized for the fragmentation products;
however, proton transfer reactions or subsequent cycloaddi-
tions could not be derived directly from this complex but only
from its free components 18 and 19.

In summary, starting from neutral 12 the formation of four-,
five- and six-membered heterocyclic rings is possible with not
very different barriers via zwitterions 14. However, from the
thermodynamic point of view, the formation of the 1,2-oxazine
derivative is clearly favored. Although the lowest barrier was
found for the formation of the (unstable) aziridinium N-oxide
15 no direct pathway could computationally be identified lead-
ing from this species to 1,2-oxazine 13.

As second scenario the involvement of protonated species
(see structure C of Scheme 2) should be considered, which are
formed either by self-protonation by the acidic hydroxylamine
group or by addition of external acids. We therefore investi-
gated the protonated compounds by DFT calculations in order
to get insight into pathways of 12 in the presence of acids. The
results are summarized in Scheme 8 with the allylic cation Z-22
as reference of energy. Quite similar as in the zwitterionic case
(see 14 in Scheme 7) the formation of a three-membered N-
hydroxy aziridinium ion 23 from Z-22 seems to be feasible in
an equilibrium situation; again experimental identification is
unlikely due to its high relative energy and the low barrier to-
wards the reverse reaction. Formation of the five-membered
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Scheme 8. Formation of 1,2-oxazine 13 via allylic cations Z-22 and E-22 as key intermediates and alternative pathways.
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ring system 24 cannot be excluded which is accessible over an
only very small barrier (6-7 kcal/mol); its calculated energy
(-14.1/-16.1 kcal/mol), however, allows return to the allyl cat-
ions 22. Cyclization to form the protonated 1,2-oxazine deriva-
tive is possible considering the calculated barrier (ca. 20 kcal/
mol). Due to the protonated oxygen atom the primary cycliza-
tion product 25 is energetically disfavored (16-18 kcal/mol) but
a subsequent intra- or (preferably) intermolecular proton shift
may give access to the thermodynamically favored N-proto-
nated isomer 26 (-7.4/-10.2). A deprotonation of 25 or 26 to
the neutral product 13 will provide strong thermodynamic driv-
ing force for the overall cyclization process.

As for zwitterion 14, we also studied the C-N-bond cleavage
reaction of allyl cations 22. Due to the primary formation of
the very unfavorable O-protonated nitrosomethane fragment
besides the 3-methoxy-1,3-pentadiene (18), no transition state
could be localized. After proton shift from Me-N=0O-H* the
much better tautomer 27 is formed.

To summarize the computational results of the protonated
species shown in Scheme 8, the cyclization to the observed 1,2-
oxazine derivative 13 has to pass an intermediate 25 of rela-
tively high energy though its deprotonation is energetically
very favorable. The best direct cyclization pathway leads to the
protonated pyrrolidine N-oxide 24 which is not compatible with
the experimental results. Furthermore, the observed fragmenta-
tion products should not be as easily accessible as via the zwit-
terionic intermediates 14. With exception of the five-membered
ring system 17, the relative energies (with respect to 14 or 22)
of the neutral compounds and the barriers are similar or slightly
lower than the protonated forms. Thus, zwitterions 14 and C-
protonated allenes 22 are expected to exert similar reactivity in
most cases.

Conclusions

The experiments performed with allenyl-substituted hydroxyl-
amine 3 and its O-deuterated analog 3-d; show that the rate of
the formation of 1,2-oxazine derivative 4 and 4-d,, respectively,
cannot be correlated with the solvent polarity. The fragmenta-
tion product 5 is formed only in ethereal solvents in higher
extent (up to 24 %). The high primary isotope effect of ca. 6.7
clearly reveals that a proton/deuteron transfer is involved in the
rate-determining step. The cyclization rate is also not depend-
ent on the presence of acidic or basic additives, therefore, the
neutral allenyl-substituted hydroxylamines seem to be the reac-
tive key species.

The computational results confirm that for protonated spe-
cies no favorable direct pathway is accessible for the 1,2-
oxazine formation. In contrast, the calculations starting with
neutral model compound 12 offer an attractive - so far undis-
cussed — pathway to the six-membered ring system. By intra-
or (more likely) intermolecular proton transfer the zwitterionic
intermediates 14 are easily formed and show similar stability as
their precursor 12. The zwitterions 14 have various options for
further reactions, but the cyclization to 1,2-oxazine 13 via a
feasible barrier leads directly to the most stable compound of
the system. The formation of a vinyl-substituted aziridinium N-
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oxide 15 has an even lower barrier, but the product is of similar
energy as the transition state and no pathway could be identi-
fied leading from 15 to 1,2-oxazines 13. Based on these calcula-
tions the two pathways proposed in Scheme 2 are not con-
firmed and the mechanisms as shown in Scheme 9 with zwitter-
ion ZW as key intermediate are more likely. The cyclization to
B has a moderate barrier, but the fragmentation to G and H is
also very favorable. These products of a two-step retro ene reac-
tion can recombine to give 1,2-oxazine B by a hetero-Diels-
Alder reaction, a mechanism we did not consider so far. Experi-
ments should be designed to prove or disprove this alternative
pathway to 1,2-oxazine B.

o OR!

OR' ,0
)\rRZ @, K | H =~ R
/- N —_— N N\R3 —_— N
HO" R® H H o R?
A W

?
N /!
OR'
YJ\/RZ +O‘\\.N/R3
H g H

Scheme 9. Formation of 1,2-oxazines B from A via zwitterion ZW.

Experimental Section

General information: reagents and solvents were purchased (Sigma-
Aldrich, Acros, Fluorochem) and used as received without further
purification. Tetrahydrofuran was dried with sodium metal in the
presence of benzophenone and distilled just before usage. Reac-
tions were carried out under argon in a flame-dried flask with addi-
tion of the components by using syringes; subsequent manipula-
tions were conducted in air. Products were purified by flash chroma-
tography on silica gel LC60A (70-200 micron, Fluorochem). Unless
stated otherwise, reported yields refer to analytically pure samples.
NMR spectra were measured with a Bruker AVIII 600 or with a Varian
Gemini 2000 BB 200 MHz instrument. Chemical shifts are reported
relative to solvent residual peaks.[?®! All '3C-NMR spectra are proton-
decoupled; substitution patterns of the carbon atoms were deter-
mined by 2D NMR spectroscopy (COSY, HMQC, HMBC) and are indi-
cated as '3C NMR peak multiplicity; coupling constants J are given
in Hz. IR spectra were measured with a FTIR NEXUS spectrometer
(as KBr pellets or thin films). MS spectra were performed with a
Varian 500-MS LC lon Trap or with a Waters SYNAPT G2-S HDMS
instrument. Melting points were measured in capillaries with a Mel-
Temp Il apparatus (Aldrich) and are uncorrected. Elemental analyses
were obtained with a Vario EL Ill instrument.

General procedure for the synthesis of allenyl hydroxylamines
and 1,2-oxazines: The lithiated alkoxyallene was generated in situ
under inert atmosphere of dry argon by treatment of a solution of
the corresponding alkoxyallene (3.50 mmol) in freshly dried THF
(10 mL) with n-butyllithium (2.5 M in hexanes, 1.2 mL, 3.0 mmol) at
-40 °C. After 5 min, the resulting solution was cooled to -78 °C,
and a solution of the corresponding nitrone (1.0 mmol) in THF
(2.0 mL) was added dropwise. The mixture was stirred for 2-4 h,
H,O (15 mL) was added at -78 °C, and the mixture was warmed to
room temperature followed by extraction with diethyl ether (3 x
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10 mL). The combined organic layers were dried (Na,SO,) to pro-
vide the intermediate hydroxylamines. Their cyclization was moni-
tored by TLC and after completion, the solvents were removed un-
der reduced pressure and the crude 1,2-oxazines were purified by
column chromatography.

The syntheses and analytical data for (35,4°S)-2-benzyl-3-(2’,2’-di-
methyl-1’,3’-dioxolan-4"-yl)-4-methoxy-3,6-dihydro-2H-1,2-oxazine
(4),39 2-benzyl-3-[4-(tert-butyldiphenylsiloxy)-butyl]-4-methoxy-
3,6-dihydro-2H-1,2-oxazine (8),2”) and (4aS,5R,6S)-5,6-isopropylid-
enedioxy-4-methoxy-4a,5,6,7-tetrahydro-2H-pyrrolo[1,2-b][1,2]-0x-
azine (10)28) were fully described in the literature. The 'H- and '3C-
NMR spectra of the obtained 1,2-oxazines 4, 8 and 10 are in full
accordance to those reported.

Synthesis of 3-d, and 4-d,: Following the general procedure, lithi-
ated methoxyallene (4.00 mmol) was treated with D-glyceralde-
hyde-derived nitrone (235 mg, 1.00 mmol) in freshly dried THF
(12 mL) at -78 °C for 2 h. The resulting mixture was quenched
with D,O (3.0 mL) and the mixture was allowed to reach room
temperature. The layers were separated and the organic layer was
washed with D,O (2 x 2 mL). Solid Na,SO, (1.5 g) was added and
the cyclization of the hydroxylamine 3-d; was monitored by TLC
(SiO,, petroleum ether/EtOAc, 7:1, visualization with p-anisaldehyde
stain). After 24 h the mixture was filtered, the solvent was removed
in vacuo, and crude product was purified by column chromatogra-
phy (SiO,, petroleum ether/EtOAc, 6:1) to give 1,2-oxazine 4-d,
(191 mg, 63 %, degree of deuteration at C-5 >95 %) as a colorless
oil.

[]&° = +33.1 (c = 0.26, CHCl3). "H NMR (CDCl3, 600 MHz): 6 = 1.35,
140 (2 s, 3 H each, 2 Me), 3.31 (dy,, / = 7.0 Hz, 1 H, 3-H), 3.56 (s, 3
H, OMe), 3.91 (d, J = 7.0 Hz, 2 H, 5"-H), 4.14 (s, 2 H, CH,Ph), 4.15 (d,
J =146 Hz, 1 H, 6-H), 442 (dp,, J = 14.6 Hz, 1 H, 6-H), 4.55 (q, J =
7.0 H, 1 H, 4-H), 7.23-7.26, 7.29-7.32, 741-743 3 m, 1 H,2 H, 2 H,
Ph) ppm; 3C NMR (CDCl3, 151 MHz): 6 = 26.1, 26.6 (2 q, 2 Me), 54.1
(g, OMe), 58.3 (t, CH,Ph), 63.4 (d, C-3), 64.3 (t, C-6), 66.8 (t, C-5),
75.0 (d, C-4"), 92.5 (t, Jcp = 24.1 Hz, C-5), 108.6 (s, C-2'), 127.0, 128.2,
128.7, 137.9 (3 d, s, Ph), 151.4 (s, C-4) ppm; IR (film): ¥ = 3055-2855
(=C-H, C-H), 1625 (C=C), 1470, 1255, 1145, 1100, 1035, 835 cm™";
ESI-MS (m/z): 307.2 (100, [M + H]*). Anal. calcd. for C;;H,,DNO,
(306.2): C 66.64, H/D 7.90, N 4.57; found C 66.67, H/D 7.72, N 4.59.

4-Methoxy-2-methyl-3-(p-tolyl)-3,6-dihydro-2H-1,2-oxazine (7):
Following the general procedure, N-methyl-C-(p-tolyl)nitrone
(149 mg, 1.00 mmol) was treated with lithiated methoxyallene (2 h).
After the cyclization of intermediate allenyl hydroxylamine was
complete (16 h), the crude mixture was purified by column chroma-
tography (SiO,, hexanes/EtOAc, 4:1) to give 7 (160 mg, 73 %) as a
pale yellow solid.

M.p. 29-31 °C. "H NMR (CDCl5, 600 MHz): 6 = 2.34 (s, 3 H, Tol), 2.43
(s, 3 H, NMe), 3.48 (s, 3 H, OMe), 4.05 (s, 3-H), 4.42, 458 (2 s, 1 H
each, 6-H,), 4.88 (pseudo-t, J = 3.2 Hz, 1 H, 5-H), 7.14, 7.21 (2 dy,
J = 8.2 Hz, 2 H each, Tol) ppm; *C NMR (CDCl;, 151 MHz): 6 = 21.2,
42.9, 54.7 (3 q, Tol, NMe, OMe), 66.5 (t, C-6), 70.6 (d, C-3), 92.4 (d, C-
5), 128.9, 129.5, 133.9, 137.7 (2 d, 2 s, Tol), 154.6 (s, C-4) ppm; IR
(KBr): ¥ = 3025-2820 (=C-H, C-H), 1670 (C=C), 1360, 1225, 1085,
1045 (C-O) cm™"; ESI-MS (m/z): 220.2 (100, [M + H]*). Anal. calcd. for
Ci3H1,NO, (219.1): C 71.21, H 7.81, N 6.39; found C 71.49, H 7.73, N
6.16.

4-Benzyloxy-2,4a-dihydropiperidino[1,2-b][1,2]-oxazine (9): Fol-
lowing the general procedure, 2,3,4,5-tetrahydropiperidine N-oxide
(99.1 mg, 1.00 mmol) was treated with lithiated benzyloxyallene at
ca. =100 °C (Et,0/CO, bath) for 4 h. The resulting allenyl hydroxyl-
amine required 2 days for complete cyclization. The crude product
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was purified by column chromatography (SiO,, petroleum ether/
EtOAc, 5:1) to afford 9 (106 mg, 44 %) as a colorless solid.

M.p. 100-103 °C; "H NMR (CDCl5, 600 MHz): 6 = 1.23-1.39 (m, 2 H,
5-H, 7-H), 1.67-1.80 (m, 3 H, 6-H,, 7-H), 2.25 (dy,, J = 13.0 Hz, 1 H,
5-H), 2.54-2.60 (m, 1 H, 8-H), 3.12 (dy,, J/ = 11.3 Hz, 1 H, 4a-H), 3.34-
338 (m, 1 H, 8-H), 419 (dd, J = 2.7, 14.1, 1 H, 2-H), 4.64 (dy,, J =
14.1 Hz, 1 H, 2-H), 4.74 (m,, 1 H, 3-H), 4.76 (s, 2 H, CH,Ph), 7.28-7.37
(m, 5 H, Ph) ppm; '3C NMR (CDCl5, 151 MHz): 0 = 23.7, 25.3, 27.0 3
t, C-7, C-6, C-5), 55.9 (t, C-8) 65.6 (d, C-4a), 66.4 (t, C-2), 69.0 (t,
CH,Ph), 92.4 (d, C-3), 127.1, 127.7, 128.4, 137.1 (3 d, s, Ph), 1534 (s,
C-4) ppm; IR (KBr): ¥ = 3060-2815 (=C-H, C-H), 1665 (C=C), 1225,
1205, 1175, 1095 (C-0) cm™"; EI-HRMS: calcd. for Cy5H;oNO, ([M]*)
245.1416; found 245.1420. Anal. calcd. for C;5H;9NO, (245.1): C
73.44,H 7.81, N 5.71; found C 73.64, H 7.80, N 5.69.

Preparation of allenyl hydroxylamine samples for kinetic meas-
urements: Following the general protocols for the preparation of
hydroxylamines 3 or 3-d;, the mixture was quenched with water or
D,0 at -78 °C and allowed to reach 0 °C. Cold diethyl ether was
added in the case of 3 to achieve separation of the layers. The
organic layer was separated and very quickly washed with either
H,O or D,0 and dried with solid Na,SO, (1.5 g) at 4 °C. After ca.
15 min. of drying the first sample (0.6-1.0 mL for 3, 0.2-0.3 mL for
3-d,) was transferred via syringe into a flame-dried flask, and the
solvent was removed in vacuo (at room temperature) to give a thick
oil. The residue was dissolved in 0.8 mL of the corresponding deu-
terated solvent (optionally with an additive) and the "H-NMR spec-
tra were measured. The remaining solution of the allenylhydroxyl-
amine was stored in the presence of the drying agent in a Dewar
container with dry ice until the next sample for the kinetics was
required.

"H NMR of 3: ([Dg]THF, 200 MHz): 6 = 1.27, 1.31 (2's, 3 H each, 2
Me), 3.34 (dp,, J = 5.7 Hz, 1 H), 3.37 (s, 3 H, OMe), 3.75 (dd, J = 7.0,
8.3 Hz, 1 H), 3.88, 3.91 (AB system, J = 8.6 Hz, CH,Ph), 3.96 (dd, J =
6.4, 8.3 Hz, 1 H), 4.46 (dt, J = 6.7, 8.3 Hz, 1 H), 5.47 (sp,, 2 H, =CH,),
7.13-7.26, 7.30-7.37 (2m, 3 H, 2 H, Ph) ppm; "H NMR of 3-d;: (CDCl;,
200 MHz): 6 = 1.37 (sp, 6 H, 2 Me), 3.41 (dy,, J = 6.8 Hz, 1 H), 3.45
(s, 3 H, OMe), 3.75-3.81 (m, 1 H), 3.92-4.15 (m, 3 H), 4.48-4.60 (m,
1H), 5.53 (sp, 2 H, =CH,), 7.23-7.42 (m, 5 H, Ph) ppm.

Quantum chemical calculations: Quantum chemical calculations
at the DFT level TPSSTPSS/def2-TZVP+GD3BJ dispersion correc-
tion!'4-1¢! were performed using the Gaussian 09, Revision D.01['7]
and the Gaussian 16, Revision B.01'8], packages of programs for
the gas phase as well as for diethyl ether and acetonitrile as solvent
using the PCM solvent sphere.') The transition state localizations
were started with reaction path calculations by stepwise, independ-
ent elongation of relevant bonds. Then transition state searches or
QST2 calculations on the basis of the obtained 3D-hyperfaces fol-
lowed. We cannot exclude that due to the steric complexity of the
reacting systems further transition state conformations and config-
urations exist. In many cases, for transition states IRC-calculations
were subsequently performed in order to characterize them unam-
biguously, followed be complete geometry optimizations leading
to the respective minima.
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