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Abstract — Chiral amine-urea-catalyzed enantioselective  1,3-dipolar
cycloadditions of nitrile oxides with 2-hydroxy-3-methoxystyrene are described.
Aliphatic aldehyde-derived hydroximoyl chlorides were used as nitrile oxide
precursors, providing optically active isoxazolines with moderate to good

enantioselectivities.

Nitrile oxides are generally unstable and reactive species, and are widely used as 1,3-dipoles not only for
the preparation of isoxazolyl-type heterocycles but also for their applications in organic synthesis.!
1,3-Dipolar cycloadditions (1,3-DCs) between nitrile oxides and alkenes provide isoxazolines, which can
be derivatized to y-amino alcohols and P-hydroxy ketones via N-O bond cleavage without loss of
stereochemistry. Thus, these sequential transformations have been employed for the construction of
contiguous stereogenic centers in natural product synthesis.”> Several efforts have been devoted to
stereoselective 1,3-DCs of nitrile oxides to obtain isoxazolines in optically active form;*> however, only a
few enantioselective protocols have been exploited to date.*> This may be due to some inherent issues of
nitrile oxides: (a) a linear structure that lacks an enantioface to distinguish the orientations of
dipolarophiles, and (b) a higher reactivity that allows non-catalytic reactions to compete. In addition, one
critical issue in the reported methods is that aromatic aldehydes and pivalaldehyde-derived nitrile oxides

have been employed as adaptive scope to achieve high yields and/or high enantioselectivities in most
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cases. Recently, we have demonstrated the first example of asymmetric inverse electron-demand 1,3-DCs
between nitrile oxides and 2-hydroxystyrenes by a bifunctional chiral amine-urea catalyst, where a novel
dual-activation system involving LUMO activation by a Brensted acid and HOMO activation by a
Bronsted base has been introduced (Figure 1).° Since our organocatalytic approach was proven to be
effective, we applied this strategy to enantioselective 1,3-DCs of nitrile oxides including aliphatic entries

in order to expand the scope of substrates.
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Figure 1. Dual activation strategy by a bifunctional catalyst for enantioselective 1,3-DCs

In the previous work, we found that 2-hydroxystyrenes, specifically 2-hydroxy-3-methoxystyrene (2),
undergo nitrile oxide 1,3-DCs in an enantioselective manner under the influence of amine-urea 3 (30
mol%), wherein unstable nitrile oxides can be generated in situ from hydroximoyl chlorides 1.® Treatment
of 1a (R! = c-hexyl) with triethylamine in toluene followed by filtration provided a solution of nitrile
oxide, which was used for cycloaddition at —20 °C, affording isoxazoline 4a in 88% yield with 90% ee
(Table 1, entry 1). We therefore investigated the scope of aliphatic nitrile oxides under the same
conditions. The reaction of 1b (R' = n-pentyl), bearing a linear-chain alkyl group, proceeded smoothly
with good enantioselection (entry 2). Relatively high selectivity was observed when using i-butyl and
benzyl hydroximoyl chlorides 1¢ and 1d, albeit with low yields of 4d (entries 3 and 4). Alkenyl and aryl
hydroximoyl chlorides 1e — 1i were also examined, but led to decreased enantioselectivities.” Thus, we
calculated the frontier molecular orbitals of the nitrile oxides to characterize their reactivity for 1,3-DCs
in conjunction with their stereochemical outcome. All calculations were performed using the
MO06-2X/def2-TZVPP-IEFPCM(toluene)//M06-2X/6-31G(d)-IEFPCM(toluene) level of theory with
Gaussian09 E.01.® Our recent study disclosed that the nitrile oxide LUMO can be activated by the urea
moiety of 3, and it was hypothesized that lower enantioselectivities observed in aryl groups would be due
to their higher reactivity, i.e., the lower LUMO energy. Indeed, as shown in Figure 2a, the LUMO energy
for benzonitrile oxide (Sb) was lower than that of cyclohexanecarbonitrile oxide (5a) by 2.6 eV (ca. 60
kcal mol™"). The competitive reaction between 5a and 5b also clearly showed the reactivity difference in

1,3-DCs with 2 (Figure 2b, 4a/4f = 1:1.4).° Based on these results, our dual activation strategy seems to
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be more suitable for nitrile oxides bearing aliphatic substituents, because the lower reactivity prevents the
background reaction. This is in contrast to Lewis acid catalysis for 1,3-DCs of nitrile oxides with
electron-deficient alkenes, in which the nitrile oxide HOMO reacts with the alkene LUMO in an

electron-demand fashion.*

Table 1. Scope of nitrile oxides

N”OH i. EtzN (5 equiv), toluene

) - N-O OH OM
J\ rt, 30 min, then f||trat|on‘ /U e
R i
4

R'™ ~Cl . . oy
ii. 2 (1 equiv), 3 (30 mol%)
1 (2 equiv) toluene, -20 °C, 48 h

entry 1(R!'=) 4 yield (%)  ee (%)
1 la: c-hexyl 4a 86 90
2 1b: n-pentyl 4b 78 73
3 1c: i-butyl 4c 89 82
4 1d: benzyl 4d 49 87
5 le: (E)-cinnamyl  4e 81 51
6 1f: phenyl 4f 97 57
7 1g: 4-MeCeH4 4g 98 48
8 1h: 3-MeCsH4 4h 98 53
9 1i: 2-MeCsHy 4i 96 54

“Isolated yield. “Determined by chiral HPLC analysis.

(

a)
O-N=C—Cy LUMO +1.89eV o {=c—ph LUMO -0.72 eV

54 HOMO -8.62 eV 5b HOMO -8.12 eV

i. Et3N (5 equiv), toluene

1a (1 equiv) rt, 30 min, then filtration 4a: 42%, 89% ee
+ > +
1 (1 equiv) ii. 2 (1 equiv), 3 (30 mol%) 4f: 58%, 53% ee

toluene, -20 °C, 48 h

Figure 2. (a) HOMO-LUMO energies. (b) Competitive reaction.

In conclusion, we have developed chiral amine-urea-catalyzed enantioselective 1,3-DCs between in situ
generated nitrile oxides and 2-hydroxystyrenes. This system is applicable to aliphatic nitrile oxides to
afford the corresponding enantio-enriched isoxazolines. According to DFT calculations, the higher levels
of asymmetric induction could be due to the LUMO energy differences between alkyl and aryl
substituents on the nitrile oxides. Further extension of this unique catalysis for a range of applications is

currently underway in our laboratory.



150 HETEROCYCLES, Vol. 97, No. 1, 2018

ACKNOWLEDGEMENTS
This work was supported in part by the Japan Society for the Promotion of Science (JSPS) through a
Grant-in-Aid for Scientific Research (C) (Grant No. JP17KT0096)

REFERENCES AND NOTES

1. (a) A. Padwa, '1,3-Dipolar Cycloaddition Chemistry; General heterocyclic chemistry series', Wiley,
New York, 1984; (b) A. Padwa and W. H. Pearson, 'Synthetic Applications of 1,3-Dipolar
Cycloaddition Chemistry Toward Heterocycles and Natural Products', Wiley, Chichester, 2002; (c) K.
V. Gothelf and K. A. Jorgensen, Chem. Rev., 1998, 98, 863; (d) H. Pellissier, Tetrahedron, 2007, 63,
3235.

2. For recent examples: (a) M. J. Schnermann and L. E. Overman, Angew. Chem. Int. Ed., 2012, 51,
9576, (b) S. Diethelm and E. M. Carreira, J. Am. Chem. Soc., 2015, 137, 6084; (c¢) T. Maechara, K.
Motoyama, T. Toma, S. Yokoshima, and T. Fukuyama, Angew. Chem. Int. Ed., 2017, 56, 1549.

3. (a) S. Kanemasa, M. Nishiuchi, A. Kamimura, and K. Hori, J. Am. Chem. Soc., 1994, 116, 2324; (b)
Y. Ukaji, K. Sada, and K. Inomata, Chem. Lett., 1993, 22, 1847; (c) H. Yamamoto, S. Hayashi, M.
Kubo, M. Harada, M. Hasegawa, M. Noguchi, M. Sumimoto, and K. Hori, Eur. J. Org. Chem., 2007,
2859.

4. For Lewis acid catalysis: (a) M. P. Sibi, K. Itoh, and C. P. Jasperse, J. Am. Chem. Soc., 2004, 126,
5366; (b) M. P. Sibi, Z. Ma, K. Itoh, N. Prabagaran, and C. P. Jasperse, Org. Lett., 2005, 7, 2349; (c)
Y. Brinkmann; R. J. Madhushaw, R. Jazzar, G. Bernardinelli, and E. P. Kiindig, Tetrahedron, 2007,
63, 8413; (d) H. Suga, Y. Adachi, K. Fujimoto, Y. Furihata, T. Tsuchida, A. Kakehi, and T. Baba, J.
Org. Chem., 2009, 74, 1099; (e) F. Ono, Y. Ohta, M. Hasegawa, and S. Kanemasa, Tetrahedron Lett.,
2009, 50, 2111; (f) X. Lian, S. Guo, G. Wang, L. Lin, X. Liu, and X. Feng, J. Org. Chem., 2014, 79,
7703.

5. For metal catalysis: (a) M. Shimizu, Y. Ukaji, and K. Inomata, Chem. Lett., 1996, 25, 455; (b) Y.
Yoshida, Y. Ukaji, S. Fujinami, and K. Inomata, Chem. Lett., 1998, 27, 1023; (c) S. L. Bartlett, Y.
Sohtome, D. Hashizume, P. S. White, M. Sawamura, J. S. Johnson, and M. Sodeoka, J. Am. Chem.
Soc., 2017, 139, 8661.

6. H. Suga, Y. Hashimoto, Y. Toda, K. Fukushima, H. Esaki, and A. Kikuchi, Angew. Chem. Int. Ed.,
2017, 56, 11936.

7. The use of Cs2COs3 (5 equiv) instead of EtsN improved the ees of 1e and 1f up to 73% ee (68% yield)
and 77% ee (98% yield), respectively.

8. M. J. Frisch et al., Gaussian09; Gaussian, Inc.: Wallingford, CT, 2013.

9.  The reaction without 3 at rt gave a 1:2.2 mixture of 4a and 4f in quantitative yield (NMR).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




