Table 2: Stereoselectivity on bicyclo[3.1.1]heptane ring system

entry 10 R endo/exc?
1 10a H 100/0

2 10c TES 78/22

3 10d Ac 100/0

4 10e Bz 88/12

5 10f 3,5-(NO2)2CeH3CO 88/12

a) The ratio of endo/exo was determined

b) by 'H NMR.

It is interesting to note that with the cross-adduct 10a or 10d, the ratio of the two epimers at
C-6 position on the bicyclo[3.1.1lring has a value of 100:0 (Table 2, entry 1, 3). And the
preference of endo stereochemistry at C-6 bridged head was observed in other cross-adducts.
So as to the stereoselectivity on bicyclo[3.2.0]lheptane ring 11, the stereoselectivity increased

giving rise to a 87:13 mixture of two epimers endo-11f and exo-11f (Table 3, entry 5).

= “CO,Et Et0,C7 XX

endo-11 exo-11

Table 3: Stereoselectivity on bicyclo[3.2.0]heptane ring system

entry 11 R endo/exc®
1 1la H 51/49
2 1lc TES 53/47
3 11d Ac 76/24
4 1lle Bz 77/23
5 11f 3,5-(NO2)2:CeH3CO 87/13

a) The ratio of endo/exo was determined by 'H NMR.

We assume that the preference of endostereochemistry at C-6 bridged head is due to fast
rotation in the 1,4-biradical intermediate and the selectivity in the ring closure step reflects
steric interactions in the transition state. The first bond is formed between the terminal
double bond and excited diene. Rotation around the single bond in the most stable
1,4-diradical intermediate was found to be much faster than cyclization. Therefore Zor

trisubstituted olefin moiety of diene leads to the same product mixture.

196



The conformational preference of TS-1 over T'S-2 may result from the 1,3-diaxial repulsion B
between the axial hydrogen on cyclohexane ring and the methyl substituent being larger
than that of repulsion A between the axial hydrogen on cyclohexane ring and the

2-ethoxycarbonyl vinyl group as shown in Scheme 3.

H. R repulsion A repulsion B

Ve

P
HH H
H = H
OH OH

most stable biradical
} hv 1
\ R R
R X oH
OH = OH
endo-isomer R =CO,Et exo-isomer

Scheme 3.

Srinivasan suggested that the initial step, which gives a diradical, involves preferential
formation of a five-membered ring (“rule of five”) on intramolecular [2+2] photocycloaddition
reactions of 1,6-heptadiene [9]. However, irradiation of 9a gave the cross photoadduct
endo 10 and some parallel adducts. This mode of the cross addition observed here is against
the “rule of five” for intramolecular [2+2] photocycloadditions and points to the fact that no
strict generalization can be made for such reactions [12]. We assumed the stable biradical
of chair form may be attributed to the extra stabilization being called the captodative effect
[18] which is synergistic stabilization of carboncentered radicals by both an
electron-withdrawing (captive) and an electron-donating (dative) substituent as shown in
Scheme 4. Thus, it may be due to the stabilization of the radical on tertiary carbon by both

an ester vinylogue (captive) and a methyl (dative) substituent.
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Scheme 4.

On the other hand, using of 9b instead of 9a, no cycloadducts were observed on exposure with
the low pressure Hg lamp in each of hexane, diethyl ether, MeOH or benzene solutions.
However, when 9b was irradiated with the high pressure Hg lamp in acetone, two parallel
adducts 14 originated through [2+2] cycloaddition according to the “rule of five” was obtained
in 39% yield. The structure of photoadducts 14 was confirmed by the sequential
hydrogenation to afford a 50:50 mixture of two 1,2-bridged cyclobutanes endo-13 and exo-13.

ﬁ //j\ OH  HO_~_X_°

[3.2.0] [3.2.0]
endo-14 exo-14

It is noteworthy that the optically active 1,3-bridged cyclobutanes 10 of the
bicyclo[3.1.1]heptane ring system and 1,2-bridged cyclobutanes 11 of the
bicyclo[3.2.0]heptane ring system were produced by UV irradiation of a,p,y,8-unsaturated
esters 9a and 9c-f. These results suggest that a chirality on the C-8 atom can control the
stereoselectivity of the cycloaddition reaction. The preference of endo stereochemistry at C-6
bridged head was observed in cross-adducts 10. On the other hand, the regioselectivity was
found to proceed exclusively in the parallel fashion when conjugated dienol 9b was

irradiated.

We expect that this methodology will be useful for the synthesis of a wide range of

bergamotene family, and further work toward this goal is in progress.
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Supplementary data: Spectroscopic and analytical data for endo 10, endo-11 and exo-11 (6

pages).
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Vanadium-Catalyzed Oxidation of tert-Butyl N-Hydroxycarbamate to Nitrosoformate and Its

Diels-Alder Reaction with Simple and Functionalized Dienes

Abstract: A general and efficient vanadium-catalyzed oxidation of tertbutyl
Nhydroxycarbamate to fert-butyl nitrosoformate using alkyl hydroperoxides as the terminal
oxidants has been developed. The intermediate nitroso compound was trapped by in situ
DielsOAlder reaction with simple and functionalized dienes, providing general access to a

variety of functionalized 3,6-dihydro-2 H-1,2-oxazines.

Key words: nitroso Diels-Alder reaction, catalysis, oxidation, functionalized dienes,

vanadium catalyst

Nitroso Diels-Alder (NDA) reaction is an intriguing method for synthetic organic chemists
due to the selective 1,4-incorporation of amino and hydroxy functionalities into 1,3-dienes in
a single step.! Among nitroso compounds nitrosocarbonyl compounds, RCONO, are well
known to be very powerful dienophiles? and are typically generated in situ by the
stoichiometric oxidation of hydroxamic acids, using organic or inorganic periodates,!a8
Dess-Martin periodinane,4 oxalyl chloride, Mbromosuccinimide,® silver oxide,b lead oxide,b
or by thermally liberation from their NDA adducts with 9,10-dimethylanthracene in
refluxing solvent.! In view of green chemistry, catalytic reaction and more safe reagents are
preferable. Therefore, metal-catalyzed oxidations involving peroxides as the terminal
oxidants have recently emerged for the generation of nitrosocarbonyl compounds.” Late
transition metals, especially Ru and Cu, have been extensively examined as a catalyst for
these reactions.

Acylnitroso Diels-Alder reactions with 1,3-dienes having functional groups would directly
furnish functionalized 3,6-dihydro-1,2-oxazines, which possess a great potential for the
synthesis of nitrogen-containing natural products.2be8 However, since the first reports by -
Whiting?, and Iwasa and Nishiyama, only simple 1,3-dienes have been examined in the
metal-catalyzed oxidation of hydroxamic acids to nitroso compounds and their Diels-Alder
reaction.® Herein we describe the vanadium-catalyzed oxidation of tertbutyl
Nhydroxycarbamate using alkyl hydroperoxides as terminal oxidants and in situ Diels-Alder
trapping of nitrosoformate with simple and functionalized dienes, which potentially allows

access to polyfunctionalized 1,2-oxazines in a single step, which are versatile intermediates
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for preparing nitrogen containing bioactive compounds (Scheme 1).

B
VO(O-#-Pr)s (1mol%s) O
ROOH N=0

simple or
BocNHOH + functionalized ———7—> R* R4
dienes CH,Cly, tt, 1h —
(1)

R? R

Scheme 1

Our studies began with the reaction of #butyl AN -hydroxycarbamate (BocNHOH) with
hexa-2,4-dien-1-0l (1a) in the presence of cumyl hydroperoxide (CHP) as a terminal oxidant.
In the absence of any catalyst, no Diels-Alder adduct was detected and BocNHOH was
quantitatively recovered (Table 1, entry 1). On the other hand, when a catalytic amount (1
mol%) of VO(O-7Pr)s was added to the reaction mixture (at -20 °C for 1 hr), the
[4+2]cycloadducts 2a and 3a were obtained in 65% yield (entry 2).10 Increasing the amount of
BocNHOH and CHP (1.5 and 2.0 equiv) led to improve the yields of Diels-Alder adducts
(entries 3 and 4). When commercial grade or water-saturated CHzClz was used as the
solvent, the yield of adducts was slightly decreased (72% yield). It is noteworthy that raising
the temperature from -20°C to rt resulted in a complete conversion of dienol 1a, affording the
Diels-Alder adduct in quantitative yield (entry 5). It is well-known that epoxidation of allylic
alcohols smoothly proceed in the above reaction conditions except in the presence of excess
amount of hydroxamic acids.!! Indeed, 1H-NMR analysis of the reaction mixture, which was
obtained from the vanadium-catalyzed reaction of hexadienol 1la with CHP at rt for 1 hr,
showed the exclusive formation of the corresponding epoxide (see Supporting Information).
On the other hand, in the presence of 2 equiv of BocNHOH the cycloadducts were
quantitatively obtained with no observation of oxidized byproducts such as epoxides and
aldehydes.'? Thus, these results imply a formation of stable hydroxamate complexes from
vanadium ion and hydroxamic acid, which substantially forbids the concurrent coordination
of dienol 1a and oxidant to vanadium, leading to the inhibition of epoxidation of dienol 1a.
Interestingly, compared to the literature result (80% yield, regioisomer ratio of 2a/3a = 67:33)
in

which tetrabutylammonium periodate was used as an stoichiometric oxidant, our oxidation
system gave the adducts in quantitative yield with slightly higher regioselectivity (99% yield,
2a/3a = 72:28).13 These results suggest that some involvement of concurrent coordination of
the nitrosoformate and hexadienol 1a to vanadium would exist in Diels-Alder reaction, which
would control their orientation in the bond forming step and would enhance the
regioselectivity. Even 0.1 mol% of VO(O-iPr)s could also give the desired Diels-Alder adduct
in good yield (entry 6). While the use of 1.1 equiv of BocNHOH and 2 equiv of oxidant gave a
satisfactory result (rt, 1 h, 80% yield, entry 7), the reverse case (2 equiv of BocNHOH and 1

equiv of oxidant, entry 8) afforded the complete conversion of starting material to give the
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desired product in high yield (1 h, 99% yield). Other non-polar solvents, e.g. toluene and
cyclopentylmethylether (CPME), are also used as a solvent (entries 9 and 10). The reaction
catalyzed by titanium complex, instead of vanadium catalyst, also proceeded in satisfactory
yield but needed much longer reaction time (12 h) (Table 1, entry 11). The reaction using
tert-butyl hydroperoxide (TBHP, 5.5 M in decane) as an oxidant gave the almost same result
with CHP (entry 12). Hydrogen peroxide (30%) was not an effective oxidant for this reaction
(entry 13).

Table 1Optimization of vanadium-catalyzed oxidation of BocNHOH using CHP and in situ
Diels-Alder reaction with (%, B)-hexa-2,4-dien-1-ol (1a)

VO(O-i-Pr)3 (1 mol%) Boc, JBoc
BocNHOH + " X""oH RooH _@JOH + _{:N)_/OH
1a Solvent, Temp . i
2a 3a
Ent BocNHOH ROOH (equiv) Solvent Temp Time Yield Ratio of 2a
ry  (equiv) (cC) (h) (%)a to 3ab
e 2 CHP (2) CH:Clz  -20 1 0 -
2 1 CHP (1) CH:Clz  -20 1 65 83:17
3 1.5 CHP (1.5) CH:Clz  -20 1 94 79:21
4 2 CHP (2) CH:Cl:  -20 1 95 77:23
5 2 CHP (2) CH:2Clz  rt 0.5 99 72:28
6 2 CHP (2) CHzCls  rt 1 71 74:26
7 1.1 CHP (2) CH:zClz  rt 1 80 78:22
2 CHP (1) CHzClz  rt 1 99 77:23
2 CHP (2) Toluene  rt 0.5 99 79:21
10 2 CHP (2) CPME rt 2 80 71:29
11le 2 CHP (2) CH:Cle  rt 12 85 78:22
12 2 TBHP (2) CH:Clz 1t 1 91 77:23
13 2 H20:2 (2) CH:zCla  rt 2 27t 80:20¢

a Isolated yield of 2a and 3a after silica gel chromatography.

b The ratio is based on the isolated yields of the regioisomers.

¢ The reaction was carried out in the absence of vanadium catalyst. BocNHOH was recovered
quantitatively.

dVO(O-7Pr)s (0.1 mol%) was used.

e Ti(O-7Pr)s (1 mol%) was used.

f The adduct 2a was obtained as a mixture with BocNHOH. The yield of 2a was calculated on
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the basis of tH NMR analysis of the mixture.
¢ The ratio determined by 'H NMR.

With optimized reaction conditions (1 mol% of VO(O-7Pr)s and 2 equiv of oxidant and
BocNHOH at rt for 1 h) in our hands, various simple or functionalized dienes were subjected
to this optimized conditions.!4 Our oxidation system proved to be general for a variety of
simple dienes (Table 2, entries 1-5). Cyclic and acyclic conjugated dienes afforded the desired
3,6-dihydro-1,2-oxazines in good yields (entries 1-3). The reaction with
9,10-dimethylanthrathene, which is frequently used to mask of nitrosocarbonyl compounds,?
gave the nitroso Diels-Alder adduct 2e in moderate yields (entry 4). The reaction with
2-substituted diene 1f afforded the desired 1,2-oxadines in 1:1 ratio of regioisomers 2f and 3f
(entry 5), which was consistent with the literature result.1> The 1:1 mixture of regioisomers
was also obtained from myrcene (1g), having a trisubstituted double bond, in low yield due to

the lability to polymerization under work-up conditions (entry 6).

Table 2Carbonylnitroso Diels-Alder reaction with various simple and functionalized dienes

Ent Diene Oxidant Products Yield
ry (%)a
1b CHP . 62
@ ﬂEBN Boc
1b %
¢ © CHP LEL Boc 86
7N
o
1c . 2¢
3 NG CHP Bo% o 77
1d PhUPh
2d
4 TBHP Boc., 9 40
QT
2e
le
5 L TBHP o o™ , 464
1f = =
2f 3f
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B B
6 M CHP oc‘N—o 0-N * 204
1g = =
R R
R = (CH3):C=CHCH:CH>
2g 3g
T SCOH CHP Bo% o \ 44
h ~ oo
2h
R e TBHP  ®% 70
1 —Q—COZEt
2i
9 HO_ A COZE CHP vo %o 62
3 \—Qz)—coga
2j
10 TIPSO~ -COEt TBHP TIPSO BOC\N_O 20
1k \——Q__)«:oga
2k
o) B
11 /\/\)LN,OMe TBHP N-0 O 79
Me wN—OMe
1 Mé
21
192 TBSO\© CHP TBSO ZE\N'BOC 13e
g
Im 2m-
a Isolated yield.

b The reaction temperature is -20 °C.
¢ Toluene was used as solvent.

4 The ratio of regioisomers is 1:1.

e N-Boc-6-hydroxyamino-2-hexenone was produced in 24% yield.
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A single isomeric adduct was obtained in moderate yield from the reaction with sorbic acid as
a functionalized diene (entry 7). The reaction with sorbic acid derivatives 1i-l also gave
exclusively the 1,2-oxadines 2i-l1 as single stereoisomers (entries 8-11). Interestingly, the
Diels-Alder reaction with silyl protected dienoate ester 1k gave a lower yield compared to
unmasked hydroxy dienoate ester 1j, implying the steric repulsion between triisopropylsilyl
group and tertbutoxycarbonyl group. Weinreb amide 11 is also a good substrate for this
reaction, giving the desired adduct 21 in a good yield (entry 11). When 2-silyloxy substituted
cyclohexadiene 1m was used as a functionalized diene, Diels-Alder adduct 2m was obtained
in low yield (entry 12). This adduct is likely to desilylation on silica gel column
chromatography, giving O-hydroxyaminocyclohexenone.

In summary we have demonstrated the vanadium-catalyzed oxidation of tert-butyl
Nhydroxycarbamate using alkyl hydroperoxides and its Diels-Alder reaction with simple
and functionalized dienes. This useful reaction proceeds rapidly under mild conditions (1
mol% catalyst loading, room temperature, 1 hr), leading to good yields of functionalized
1,2-oxadines, which was considered as the promising synthetic intermediates for highly
functionalized compounds. Synthetic studies to access useful natural products are currently

underway and will be reported in due course.

Supporting Information for this article is available online at

http//www.thieme-connect.com/ejournals/toc/synlett.
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Typical Procedure for the vanadium-catalyzed oxidation of tertbutyl MN-hydroxycarbamate
and in situ Diels-Alder reaction with (%, E)-hexa-2,4-dien-1-0l (1a):

To a solution of tert-butyl N-hydroxycarbamate (0.564 g, 4.1 mmol), (%, E)-hexa-2,4-dien-1-ol
(0.246 mL, 2.1 mmol), and VO(O-Pr)s (5.0 uL, 0.021 mmol) in CH2Cls (4.2 mL) was added
80% CHP (0.39 mL, 2.1 mmol) at ambient temperature. After stirring for 1 h, water (2 mL)
was added to the mixture. Saturated sodium sulfite solution was slowly added to the
resulting mixture. After stirring for 1 h, the reaction mixture was transferred to separatory
funnel, and the aqueous phase was extracted with CH2Clz (5 x 5 mL). The combined organic
phases were washed with brine, dried over anhydrous Na2SOy, filtered and concentrated
under reduced pressure. Flash chromatographic purification (eluent: hexane/diethyl ether =
3:1 to 2'1) of the residue provided 2a and 3a (0.480 g, 99%) as a mixture of two regioisomers.
The mixture was separated by column chromatography on silica gel (hexane/ethyl acetate =

9:1) to give pure 2a and 3a. The structure was deduced from two-dimensional NMR
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spectroscopies (HMBC and HMQC).13

(3 R*6R™-N-tert-butoxycarbonyl-6-hydroxymethyl-3-methyl-3,6-dihydro-2 A-1,2-oxazine
(2a):13 TLC (hexane/ethyl acetate = 1:1) Rt = 0.26. IR (neat): 3407, 2978, 1698, 1369, 1169,
1119, 1066, cm™’. 'H NMR (300 MHz, CDCls): § 1.32 (d, /=9 Hz, 8H), 1.47-1.49 (m, 1H), 1.50
(s, 9H), 3.67 (dd, J = 6.6, 12.6 Hz, 1H), 3.77 (dd, J = 3.0, 12.3 Hz, 1H), 4.41-4.46 (m, 1H),
4.64-4.68 (m, 1H), 5.69 (dt, J=10.2, 1.8 Hz, 1H), 5.92 (ddd, /= 10.2, 4.5, 2.4 Hz, 1H).
(35%6.5%- N- tert-butoxycarbonyl-3-hydroxymethyl-6-methyl-3,6-dihydro-2 H4-1,2-oxazine
(3a):18 TLC (hexane/ethyl acetate = 1:1) Rt = 0.38. IR (neat) 3445, 2979, 1704, 1369, 1166,
1113, 1088 cm. 'H NMR (300 MHz, CDCls) & 1.26 (d, J = 6.6 Hz, 3H), 1.50 (s, 9H), 1.65 (s,
1H), 3.72-3.77 (m, 2H), 4.47-4.52 (m, 1H), 4.65-4.68 (m, 1H), 5.78 (ddd, /= 10.2, 4.2, 2.1 Hz,
1H), 5.85 (td, /= 1.5, 10.2 Hz, 1H).

(a) Sharpless, K. B.; Michaelson, R. C. J. Am. Chem. Soc. 1973, 95, 6136. (b) Sharpless, K. B.;
Verhoeven, T. R. Aldrichimica Acta 1979, 12, 63. (c) Michaelson, R. C.; Palermo, R. E.;
Sharpless, K. B. J. Am. Chem. Soc. 1977, 96, 1990.

Zeng, W.; Ballard, T. E.; Melander, C. Tetrahedron Lett. 2008, 47, 5923.

Calvet, G.; Blanchard, N.; Kouklovsky, C. Synthesis 2005, 3346.
N-tert-butoxycarbonyl-2-oxa-3-azabicyclo[2.2.1]hept-5-ene (2b):16 TLC (hexane/diethyl ether
= 1:2) R = 0.33. IR (neat) 2978, 1739, 1702, 1165 cm'’. 'H NMR (300 MHz, CDCls) § 1.47 (s,
9H), 1.78 (d, J = 8.6, 1H), 1.99 (td, J = 2.4, 8.6 Hz, 1H), 4.98 (br s, 1H), 5.21 (br s, 1H),
6.40-6.42 (m, 2H).

N-tert-butoxycarbonyl-2-oxa-3-azabicyclo[2.2.2]oct-5-ene (2¢):16 TLC (hexane/ethyl acetate =
3:1) Re=0.51. IR (neat) 2976, 2936, 1736, 1695, 1158, 1073 cm'’. 'H NMR (300 MHz, CDCls) &
1.27-1.54 (m, 2H), 1.47 (s, 9H), 2.06-2.23 (m, 2H), 4.73-4.75 (m, 2H), 6.50-6.59 (m, 2H).
(85*6R*H-N-tert-butoxycarbonyl-3,6-diphenyl-3,6-dihydro-2 H-1,2-0xazine 2d): TLC
(hexane/ethyl acetate = 5:1) R¢ = 0.39. IR (neat) 2978, 1700, 1392, 1368, 1166, 1094, 699 cm'1.
'H NMR (300 MHz, CDCls) & 1.49 (s, 9H), 5.56 (br s, 1H), 5.59 (br s, 1H), 6.09 (d, J= 10.5 Hz,
1H), 6.16 (ddd, J = 10.8, 4.5, 2.1 Hz, 1H), 7.26-7.53 (m, 10H). 13C NMR (75 MHz, CDCls) §
28.4, 79.0, 81.7, 126.4, 127.7, 127.8, 128.2, 128.5, 128.7, 129.0, 137.2, 139.2, 154.2.
N-tert-butoxycarbonyl-1,8-dimethyl-15-oxa-16-azatetracyclo[6.6.2.0.270%14hexadec-2,4,6,9,11
,13-hexaene (2e):4 mp 106-109 °C. TLC (hexane/ethyl acetate = 5:1) R¢ = 0.33. IR (KBr) 2981,
1707, 1460, 1288, 1159, 748 cm'l. 1H NMR (300 MHz, CDCls) § 1.21 (s, 9H), 2.23 (s, 3H), 2.56
(s, 3H), 7.23-7.27 (m, 4H), 7.34-7.38 (m, 2H), 7.43-7.46 (m, 2H).

1:1 mixture of MN-tert-butoxycarbonyl-4-methyl-3,6-dihydro-2/H-1,2-oxazine (2f) and
N-tert-butoxycarbonyl-5-methyl-3,6-dihydro-2 H-1,2-oxazine (3f):13 TLC (hexane/ethyl acetate
=6:1) Rt =0.66. IR (neat) 2978, 2933, 1705, 1683, 1392, 1368, 1243, 1166, 1102 cm'’. 1H NMR
(300 MHz, CDCls) 8 1.50 (s, 9H, 3xCHs (39), 1.51 (s, 9H, 3xCHa), 1.67 (br s, 3H, CHa-5 (3f),

209



1.74 (br s, 3H, CHs-4), 3.94 (br s, 2H, H-3), 4.02-4.05 (m, 2H, H-3 (3f)), 4.26 (br s, 2H, H-6
(31)), 4.35-4.38 (m, 2H, H-6), 5.51-5.55 (m, 1H+1H, overlapped with H-5 and H-4 (3f)).

1:1 mixture of M tert-butoxycarbonyl-4-(4-methylpent-3-enyl)-3,6-dihydro-2.H-1,2-oxazine
(2g) and MN-tert-butoxycarbonyl-5-(4-methylpent-3-enyl)-3,6-dihydro-2H-1,2-0oxazine (3g):
TLC (hexane/ethyl acetate = 6:1) Rf = 0.64. IR (neat) 2976, 2929, 1727, 1703, 1366, 1162,
1092 cm'l. TH NMR (300 MHz, CDCls) & 1.50 (s, 9H+9H), 1.60 (s, 3H+3H), 1.69 (s, 3H+3H),
1.98-2.12 (m, 4H+4H), 3.97 (br s, 2H), 4.05 (br s, 2H), 4.29 (br s, 2H), 4.39 (br s, 2H),
5.05-5.12 (m, 1H+1H), 5.52 (br s, 1H+1H). 13C NMR (75 MHz, CDCls) § 17.7, 25.6, 25.8, 25.9,
28.3, 32.7, 33.9, 44.9, 47.6, 68.0, 70.4, 81.4, 116.0, 117.6, 123.3, 132.3, 134.2, 135.5, 155.0.
N-tert-butoxycarbonyl-6-carboxy-3-methyl-3,6-dihydro-2 4-1,2-oxazine (2h): TLC (methanol)
Re = 0.68. IR (KBr) 2977, 1748, 1686, 1370, 1156, 1121 cm'l. tH NMR (300 MHz, CDCls) §
1.36 (d, J= 6.6 Hz, 3H), 1.51 (s, 9H), 4.43 (br s, 1H), 5.16 (s, 1H), 5.93-6.03 (m, 2H). 13C NMR
(75 MHz, CDCls) 8 17.9, 28.3, 50.8, 75.9,

82.8, 121.9, 130.6 154.5, 170.5.

N tert-butoxycarbonyl-6-ethoxycarbonyl-3-methyl-3,6-dihydro-2 4-1,2-0oxazine  (21):17 TLC
(hexane/ethyl acetate = 6:1) Re = 0.63. IR (neat) 2980, 1760, 1738, 1705, 1369, 1312, 1196,
1169, 1076, 1032, 716 cm'’. 1H NMR (300 MHz, CDCls) § 1.32 (t, /= 7.1 Hz, 3H), 1.36 (d, J=
6.8 Hz, 3H), 1.50 (s, 9H), 4.27 (q, J= 7.2 Hz, 2H), 4.46-4.48 (m, 1H), 5.14-5.16 (m, 1H), 5.90
(td, J= 1.3, 10.4 Hz, 1H), 5.98 (ddd, /= 10.2, 4.3, 2.5 Hz, 1H).

N tert-butoxycarbonyl-6-methoxycarbonyl-3-hydroxymethyl-3,6-dihydro-2 H-1,2-0xazine (2j):
TLC (hexanelethyl acetate = 1:1) Re = 0.24. TR (neat) 3446, 2979, 1737, 1707, 1475, 1251,
1157, 1071, 1024 cm'l. 1TH NMR (300 MHz, CDCls) & 1.50 (s, 9H), 3.73-3.88 (m, 2H), 3.82 (s,
SH), 4.51-4.55 (m, 1H), 5.52 (s, 1H), 6.00 (ddd, J = 10.2, 8.9, 2.1 Hz, 1H), 6.06 (td, J= 1.5,
10.5 Hz, 1H). 13C NMR (75 MHz, CDCls) § 28.2, 52.8, 56.6, 63.0, 74.3, 82.8, 124.3, 125.7, 155,
167.6.
N-tert-butoxycarbonyl-3-((triisopropylsilyloxy)methyl)-6-methoxycarbonyl-3,6-dihydro-2 A1,
2-oxazine (2k): TLC (hexane/ethyl acetate = 1:1) Re= 0.77. IR (neat) 2943, 2867, 1766, 1740,
1710, 1367, 1109, 881, 681 cm'.. tH NMR (300 MHz, CDCls) § 1.02-1.13 (m, 3H), 1.06 (d, /=
3.9 Hz, 18H), 1.49 (s, 9H), 3.80 (s, 3H), 3.82 (dd, /= 9.6, 7.8 Hz, 1H), 3.97 (dd, J= 9.3, 6.6 Hz,
1H), 4.48-4.49 (m, 1H), 5.16-5.19 (m, 1H), 6.02 (td, J= 1.8, 10.2 Hz, 1H), 6.16 (ddd, J= 10.2,
4.2, 2.7 Hz, 1H). 13C NMR (75 MHz, CDCls) § 11.9, 17.9, 28.3, 52.6, 55.8, 64.1, 74.7, 82.1,
123.2, 127.3, 154.1, 167.9.

N-tert-butoxycarbonyl-6-(N-methoxy- N>
methylcarbamoyl)-3-methyl-3,6-dihydro-2 H-1,2-oxazine (21): TLC (hexane/ethyl ether = 1:2)
Rt = 0.25. IR (neat) 3592, 2979, 2934, 1681, 1369, 1172, 992, 714 cm™. *H NMR (300 MHz,
CDCls) § 1.37 (d, J= 6.6 Hz, 3H), 1.51 (s, 9H), 3.24 (br s, 3H), 3.84 (s, 3H), 4.45-4.47 (m, 1H),
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5.53 (br s, 1H), 5.86 (br s, 1H), 5.99 (ddd, J = 10.5, 5.1, 2.4 Hz, 1H). 13C NMR (75 MHz,
CDCls) 8 17.9, 28.4, 32.4, 50.7, 62.2, 74.3, 81.7, 122.3, 130.0, 154.2.
N-tert-butoxycarbonyl-3-((tert-butyldimethylsilyloxy)methyl)-6-methoxycarbonyl-3,6-dihydro
-2 H-1,2-0xazine (2m): TLC (hexane/ethyl acetate = 1:1) R¢ = 0.66. IR (neat) 2954, 2930, 2857,
1766, 1741, 1710, 1253, 1106, 834, 777 cm'l. 1H NMR (300 MHz, CDCls) § 0.07 (s, 6H), 0.89
(s, 9H), 1.49 (s, 9H), 3.73 (dd, J=9.9, 7.2 Hz, 1H), 3.81 (s, 3H), 3.88 (dd, J=10.2, 7.2 Hz, 1H),
4.46 (br s, 1H), 5.16-5.19 (m, 1H) , 6.01 (td, J= 1.5, 10.2 Hz, 1H), 6.11 (ddd, J= 10.5, 4.2, 2.7
Hz, 1H). 183C NMR (75 MHz, CDCls) & -5.3, -5.3, 18.2, 25.6, 25.8, 28.3, 52.6, 55.8, 63.6, 74.7,
82.1, 123.5, 127.0, 154.2, 167.8.

Adamo, M. F. A;; Bruschi, S. /. Org. Chem. 2007, 72, 2666.

Zhang, D.; Siiling, C.; Miller, M. J. J. Org. Chem. 1998, 63, 885.

Bollans, L.; Bacsa, J.; Iggo, J. A.; Morris, G. A.; Stachulski, A. V. Org. Biomol. Chem. 2009, 7,
4531.
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Ve R 224X YU REX LT ERMONTVWS D, LinL, HEENRERZDRFTHERAE
SHTRIGEIT I LEN D D, REHMEREL LTE, —E Diels-Alder fIEZEM L. i
ZHIELTif Diels-Alder KISIZ LY = b a Y INKR= LG ERESELHEL, B Rax
YV AEEEBE VRBEIC L o TBEL TR FEOZBERM LN TS, ZNHDOHFETHEE
B, REDRIEFRMEZRET D Vo BBERNER SN TS, 7V =TI —0
BRND, EEZAVIREICCS LOBIERISROBENEEN TR Y, BRI ZRIA &

TO@BMEEL AV Fu sy AROBRIER, = e Y IVR={bEWeRESELIHLER

HEL L TREERZEDTVD 2,

o VO(O'Pr); (1 mol%)
/U\N,OH CHP (2 equiv) o

‘BuO + | N
. CHoCly, rt, 1 h \[(
BocNHOH (1) hexa-2,4-dien-1-ol (2) Fo)

Y 99% (3a/3b = 79:21)  3a

Scheme 1. Vanadium-catalyzed oxidation of N-hydroxycarbamate.
CHP: cumene hydroperoxide
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AN VBHEEOBISERET L L 2 A, BiR TEBRANICE LRSS ET L, &R
W= b MEEMRFETHZ 2RI L (Scheme 1) 9, 73— VERENFELTDH
BVBRRMETE FrX Yy ABERILL. 74T FREDRBIERDIIE RONRNT EHRRE
BREAETHY., BREMESNZVE Fr-1,224% 9 V0 aliEs LTHFR b N D, SR
IIRRD B2 ERATES, MRV o= ha Y /AR =/v Diels-Alder Sk Z#ET L
TZDT, ENDHDRERIZOVTHRET S,

2. RBIUEER

TP, EBHROI I oA~/ UnoBFEINDITVTY 4 & T AT Y IR =V
Diels-Alder 5 & #af L7z (Table 1), >V o VENBER Lz 4 22D OFMEIT B
REETHY, T 0<% T T7 4 —IC XV EEELE L Z ARHME Bb 2SR 13% TELR
oo FORIMEOSRERY EBbhdt R TI /7 by 6 bBLNTERLI LMD, %
WD B CRIME SR EIALAY 6 ~ERL TV Z LSRR Sz, —F, U 7F—F
{LAETIE, Diels-Alder SUSH FHUE EHEITE T, BINERTH o 7205, I & & ITd O ERIRME
TR 8a & EIBIREICE 2 7, $2 VT, 5 -7 AFUBHBEEZ AV CRIREZ R LI L 25,
MEBRHICEFOETARONELOD, KERBIFZRLNRPoTZ, ZOBRE, S5MDT
NS VIR UCHEERIRES TN, 1.2:1 225 1.6 1 BEOBRRETHD Z LA ool
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Table 1. Nitrosocarbony Diels-Alder reaction with cyclic dienes

ol
R:’gmg /7 250 v 7
y e ~ 5 N
?F?? VO{OPry {1 mel %) R Qg,
@ CHP, BocNHOH “Boe
CH,Cly, 1. 0r 25°C, 21 _Boc
& o RO
RO 5
R = H, PIVOICHly, ACO(CH; )2 ﬁ ?\R (0
R Bos ©
possible isomers
Enlry  Reactant Products Yield (%)
N,«Bac' o OH
TEBO, o, : e N O 5b: 13
19 m&aﬁy T \i/ 6: 24
J &
4 5b &
Boc
THC Boc, © N
Ty AN 2L/ 8b: trace
7 8a gb
THO «
. o $0s, 105 10a: 67 (37 1 30}
L s 10b: 13
0 Oy

TBSO.
4 "‘f{\) 125 12b: 60 (37 : 23}

S S one
11
Ao V 14b: 26 (171 12)
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1) Kirby, G. W. Chem. Soc. Rev. 1977, 6, 1-24.

2) (a) Howard, J. A. K.; Ilyashenko, G.; Sparkes, H. A.; Whiting, A.; Wright, A. R. Adv. Synth.
Catal 2008, 350, 869-882. (b) Iwasa, S.; Fakhruddin, A.; Nishiyama, H. Mini-Rev. Org.
Chem. 2005, 2, 157-175. (¢) Tusun, X.; Lu, C.-D. Synlett 2012, 23, 1801-1804. (d) Frazier, C.
P.; Bugarin, A.; Engelking, J. R.; Read de Alaniz, J. Org. Lett. 2012, 14, 3620-3623.

3) Hoshino, Y.; Suzuki, K.; Honda, K. Synlett 2012, 23, 2375-2380.
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2.2. AHE . HEAKME., LEETF. BEEHE_M, F
B A5ER<. BE. 2013.10.5-6.

57 B FE - TARUB IO LREIC
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<~ U ARMBMIBICTHBmMBEIERZ L. HO 2

Culmorin @iﬁj\? tﬂfﬁﬂ %fﬁ’) P i)gfﬂ B ﬁ’L’C\/ \ Mediterraneols C Culmorin
% (Figure 1), Figure 1
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B THH e 7 n[3.20I~7 % VEBREKEHETE S Z L% R L7=(Scheme 1)V,

N CO,Et - COEt o CO,Et

HO : HOS H =/ H ~
., OH  GOEt G v S s
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AN
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+
Y.87%

Scheme 1

AW TIE, ZOFEZHALTE Y7 2[8.201 7% VEBEEFPEBE LEOLBIERKEBIC

Cope ExfirZ V=, 37 ul4.2.1] ) F U BEROFRAREIZ OV THRET 5, DUTICHARK
%7~ 9 (Scheme 2).
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| — [3 3] @ f isomerization
R1 Y R2 R® RERD R? R?
dehydration /\/ R1 OH
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Scheme 2
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