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略語表 

 

Ac        acetyl 

aq.        aqueous 

Ar        aromatic, aryl 

Boc        tert-butoxycarbonyl 

Bu        butyl 

Bn        benzyl 

CAN        ammonium cerium (IV) nitrate 

CDI        1,1’-carbonyldiimidazole 

CMD        concerted metallation-deprotonation 

conc.        concentrated 

Cp*        cyclopentadienyl 

Cy        cyclohexyl 

d        doublet 

dba        dibenzylideneacetone 

DBU        1,8-diazabicyclo[5.4.0]-7-undecene 

DMA        N,N-dimethylacetamide 

DMAP        N,N-dimethyl-4-aminopyridine 

DFT        density functional theory 

DMF        N,N-dimethylformamide 

DMSO        dimethyl sulfoxide 

EDC        1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

EDG        electron-donating group 

EWG        electron-withdrawing group 

eq.        equivalent 

ESI        electrospray ionization 

Et        ethyl 

EWG        electron-withdrawing group 

HFIP        1,1,1,3,3,3-hexafluoropropan-2-ol 

HRMS        high resolution mass spectrum 

i        iso 

m        multiplet 

[M]        metal 

Me        methyl 



MOM        methoxymethyl 

Mp        melting point 

Ms        methanesulfonyl 

MS        molecular sieve 

MW        microwave 

n        normal 

NBS        N-bromosuccinimide 

N.D.        not detected 

N.R.         no reaction 

NMR        nuclear magnetic resonance 

Np        naphthyl 

p        para 

Ph        phenyl 

PIDA        (diacetoxyiodo)benzene 

Piv        pivaloyl 

Pr        propyl 

q        quartet 

quant.        quantitative 

rt        room temperature 

s        singlet 

t        triplet 

t, tert        tertiary 

t-Amyl        2-methyl-2-butyl 

TBS        tributylsilyl 

TFA        trifluoroacetic acid 

TfOH        trifluoromethanesulfonic acid 

THF        tetrahydrofuran 

TMS        trimethylsilyl 

TLC        thin-layer chromatography 

tol        tolyl 

Ts        toluenesulfonyl 

p-TsOH        para toluenesulfonic acid 

PTLC        preparative thin-layer chromatography 

UV        ultraviolet 

 

 



 各化合物ࡢ命名ࠊࡣ原則として Chemical Abstractsࡢ命名法従ったがࠊスペクࢺル
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序論 

含窒素ࣟࢸ࣊環ࡣ医薬品ࡢ約 6 割含࡚ࢀࡲいࡿ㔜要࡞骨格群࡛あࡢࡽࢀࡑࠊࡾ短工程
合成法ࡢ開発ࡣ創薬研究や医薬品製造ࡢ効率ࢆ高ࡵࡓࡿࡵ㔜要࡞課題࡛あࠋࡿ含窒素࣊

ࡉ注目ࡀ手法ࡿࡍ利用ࢆ開環応ࡢンࣃࣟࣉࣟࢡࢩࠊ近ᖺ࡚ࡋ合成法࡞効率的ࡢ環ࣟࢸ

ࡣンࣃࣟࣉࣟࢡࢩ (1ࠋࡿい࡚ࢀ 27.5 kcal/molࢆ࣮ࢠࣝࢿ࢚ࡳࡎࡦࡢ持ࢿ࢚ࡳࡎࡦࡢࡇࠊࡕ
ࡢンࣃࣟࣉࣟࢡࢩࡿࡍ解消ࢆ࣮ࢠࣝ C-C結合ษ断ࢆ伴う開環応ࠊࡣ熱力学的有利࡛あ
活性中間体࡞ࡓ新ࠊࡋ応条件࡛進行࡞穏やࡣ開環ࡢンࣃࣟࣉࣟࢡࢩࠊࡵࡓࡢࡑ (2ࠋࡿ
ࣉࣟࢡࢩࡢࡇ (3 ࠋࡿࡁ展開࡛伴う官能基化や環拡大応ࢆ骨格変換ࠊ࡛ࡇࡿࡍ生成ࡀ
報ࡀ合成法࡞効率的ࡢ環ࣟࢸ࣊含窒素࡞様々ࠊ࡛ࡇࡿࡍ利用ࢆ特徴ࡢ開環応ࡢンࣃࣟ

告࡚ࢀࡉいࣃࣟࣉࣟࢡࢩ (4ࠋࡿンࡢ開環応ࢆ利用ࡓࡋ含窒素ࣟࢸ࣊環合成ࡢ代表例ࡋ
ࢱࣉࢭࢡ࣭࣮ࢼࢻ (5ࠋࡿあࡀ手法ࡿ用いࢆンࣃࣟࣉࣟࢡࢩ型࣮ࢱࣉࢭࢡ࣭࣮ࢼࢻࠊ࡚
࣮型ࣃࣟࣉࣟࢡࢩンࡣ電子供基電子求引基࡚ࡗࡼ両置換基間ࡢ C-C結合ࡀ大ࡁくศ
極ࢸࣜࣟࢸ࣊ࠊࡋッࢡษ断ࢀࡉやࡍく࡚ࡗ࡞いࣃࣟࣉࣟࢡࢩࠊࡵࡓࡿンࡢ C-C結合ࢆ
置㑅択的ษ断ࡿࡁ࡛ࡀࡇࡿࡍ (Scheme 1ࠊ式 ࣉࢭࢡ࣭࣮ࢼࢻいࡁ大ࡢศ極 (6ࠋ(1
比較的ࠊ一方ࠋࡿい࡚ࢀࡉ報告ࡀ環合成ࣟࢸ࣊含窒素࡞様々ࡿࡼンࣃࣟࣉࣟࢡࢩ型࣮ࢱ

ศ極ࡢᑠࡉいࣃࣟࣉࣟࢡࢩン対ࡣ࡚ࡋ㑄移金属ࢆ用いࡿ手法ࡀあࣃࣟࣉࣟࢡࢩࠊࡾンࡢ

開環続く連続応ࡾࡼ含窒素ࣟࢸ࣊環合成ࢆ達成ࡓࡋ報告ࡶあࡿ (式 代ࡽࢀࡇ (7ࠋ(2
表的ࣃࣟࣉࣟࢡࢩ࡞ンࡢ開環応࡛ࠊࡣ一般ࣃࣟࣉࣟࢡࢩンࢆ活性化ࡢࡵࡓࡿࡍ官能基

ᑟࠊࡵࡓࡿあࡀ場合ࡿࡍ残留目的物ࡀ官能基࡞要ࡓࡲࠊࡾあࡀ必要ࡿࡍᑟ入前ࢆ

入や除去ࡢࡵࡓࡢ工程数ࡢ増大伴う廃棄物࣭時間࣭労力ࡢ観点࡛課題ࡀあ࡞ࡍࠋࡿわࠊࡕ

ୖ述࣮ࢱࣉࢭࢡ࣭࣮ࢼࢻࡓࡋ型ࣃࣟࣉࣟࢡࢩンࢆ用いࡿ㝿ࠊࡣ一般࣮ࢱࣉࢭࢡ部

 2 ࡉ残ࡀ電子求引基ࡢࡽࢀࡇࠊい࡚࠾報告例ࡢ多くࠊࡾ必要࡛あࡀ電子求引基ࡢࡘ
ࣃࣟࣉࣟࢡࢩࠊࡣ手法࡛ࡿ用いࢆ㑄移金属ࠊࡓࡲ (8 ,5ࠋࡿࢀࡽ得࡚ࡋ環化生成物ࡲࡲࡓࢀ
ンࡢ置㑅択的࡞開環応ࢆ実現ࡵࡓࡿࡍ配向基ࡀ必要࡛あࠊࡽࡇࡿ配向基ࡢࡑࡀ

後ࡢ変換要࡞官能基࡚ࡋ残留࡛ࢇࡀࡇࡿࡍあ9ࠋࡿ) 

 

 

Scheme 1. Synthesis of nitrogen containing heterocyclic compounds via ring opening reaction of 
cyclopropanes. 
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ࡍ利用ࡳ巧連続応ࡿ࡞ࡽࡉࠊࢆ官能基ࡢࡵࡓࡢン活性化ࣃࣟࣉࣟࢡࢩࠊࡵࡓࡢࡑ

ࡿい࡚ࢀࡉ開発ࡀ応ࡴ込ࡾ取࡚ࡋ一部ࡢ環ࣟࢸ࣊含窒素ࠊ࡛ࡇࡿ ࡤ例えࠋ(10,11

Banerjee ࢻࣄࢹࣝࣝࣆࣟࣉࣟࢡࢩࡣࡽ 5 ンࢪࣛࢻࣄ࣮ࣝࣜ 6 ࣉࣟࢡࢩࡿࡍ生成ࡽ
ンࢰࣛࢻࣄࣝࣆࣟ Aࣃࣟࣉࣟࢡࢩࡢンࡢ開環伴うศ子内環化応࣑ࢼ࢚ࠊン㸫࣑ン互
変異性化ࡢ連続応ࣟࣟࣆࣟࢻࣄࣛࢺࢸࡾࡼ[1,2-b]ࢪࢲࣜࣆン 7 報ࢆࡇࡿࡁ合成࡛ࡀ
告࡚ࡋいࡿ (Scheme 2)ࡢࡇ (12ࠋ応ࢫࣝࡣ酸ࢰࣛࢻࣄࡀン A࣑ࡢン部配ࠊࡋ
ン部ࢰࣛࢻࣄ更ࠋࡿい࡚ࡋ活性化ࢆンࣃࣟࣉࣟࢡࢩ࡛ࡇࡍ示ࢆ強い電子求引性ࡀン࣑

ࡀ含窒素ࣟࢸ࣊環取ࡾ込࡚ࢀࡲいࣃࣟࣉࣟࢡࢩࠊࡽࡇࡿン活性化ࡢ官能基ࡀ更࡞

 ࠋࡿい࡚ࡗ࡞応ࡓࢀࡉ利用ࡳ巧連続応ࡿ

 

 
Scheme 2. Lewis acid catalyzed annulation of cyclopropane carbaldehydes and arylhydrazines. 

 

以ୖࡢ背景ࡽ回著者ࣃࣟࣉࣟࢡࢩࠊࡣンࡢ活性化必要࡞官能基ࠊ࡚ࡋ以ୗ示

ࢀࡲ込ࡾ取環内ࣟࢸ࣊ࡀ窒素原子ࡢンࢰࣛࢻࣄࠊ࡛ࡇࡿࡍ利用ࢆ性質ࡢンࢰࣛࢻࣄࡍ

ࡢンࢪࣛࢻࣄ化合物ࣝࢽ࣎ࣝ࢝ࡣンࢰࣛࢻࣄࠋࡓ考えࡿࡁ実現࡛ࡀ連続応࡞ࡓ新ࡿ

脱水縮合࡚ࡗࡼ容易合成可能࡞化学種࡛࣑ࠊン窒素ࣀ࣑基ࡀ結合ࡓࡋ構造ࢆ有

ࢆ応性࡞特異࡚ࡋࢆ互変異性体ࡢ複数ࡣンࢰࣛࢻࣄࠊ࡚ࡋ起因構造ࡢࡇࠋࡿい࡚ࡋ

示ࡍ (Scheme 3)ࢰࣛࢻࣄࠋン࣑ࡢン構造⏤来ࡿࡍ互変異性体࢚ࠊ࡚ࡋンࢪࣛࢻࣄン
ࡿࢀࡲ含ンࢪࣛࢻࣄン࢚ࠋ(8 → D) (ン互変異性࣑ࢼ࢚ン㸫࣑) ࡿࡍ存在ࡀ N-N結合ࡣ
C-C, C-H, C-O, C-N ࣝࢿ࢚結合ࡿ比結合ࡿࢀࡲ含有機化合物中࡞一般的ࡓࡗい
約ࡀ࣮ࢠ 1/2倍࡛あࠊࡵࡓࡿ特定ࡢ条件ୗ࡛容易開裂ࢰࣛࢻࣄࠊࡽࡉ (13ࠋࡿࡍンࡢ
ࡀ孤立電子対ࡢ窒素ࣀ࣑ C=N結合共鳴ࢰࠊ࡛ࡇࡿࡍ化合物ࡢ互変異性ࡶ存在ࡿࡍ 
ࡢンࢰࣛࢻࣄࠊࡵࡓࡢࡑ (14ࠋ(8 → E) (ン互変異性ࢰࣛࢻࣄ㸫ࢰ) C=N結合ࠊࡣ一般的࡞
ࡢン࣑ C=N結合ࡶࡾࡼ単結合近い性質ࢆ有࡚ࡋいࠋࡿ 
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Scheme 3. Tautomers of hydrazones. 
 

ࡢンࣃࣟࣉࣟࢡࢩࠊࡎࡽわࡶࡿい࡚ࡋ有ࢆ性質࡞特異ࡣンࢰࣛࢻࣄࠊうࡼࡢࡇ

活性化利用ࡓࢀࡉ例ࠊࡣ前述ࢰࣛࢻࣄࡓࡋンࢆ電子求引基࡚ࡋ利用ࡿࡍ例限࡚ࢀࡽ

いࢰࣛࢻࣄࠊ࡛ࡇࡑࠋࡓンࡢ互変異性化ࢆ利用ࣃࣟࣉࣟࢡࢩࡓࡋンࡢ新規活性化法ࢆ開拓

環ࣟࢸ࣊含窒素ࡧࡼ࠾ࠊ開発ࡢ連続応ࡓࢀ優ࡽ観点ࡢ工程数や原子効率ࠊ࡛ࡇࡿࡍ

合成ࢆ実現࡛ࡿࡁ期待࡞ࡍࠋࡓࡋわ࢚ࠊࡕンࢪࣛࢻࣄンࡢ互変異性化ࢆ利用ࡿࡍ手法

N-Nࠊࡣ࡛ 結合ࡢ開裂ࢆ伴う連続応ࡀ進行1ࠊࡋ ࣊含窒素ࡓࢀࡲ込ࡾ取ࡀ窒素原子ࡢࡘ
ࡣ連続応࡛ࡿࡍ利用ࢆ互変異性化ࡢンࢮࢪࠊࡓࡲࠋࡿࡁ合成࡛ࢆ環ࣟࢸ N-N結合含
有ࣟࢸ࣊環ࢆ合成ࡿࡁ࡛ࡀࡇࡿࡍ考えࠋࡓ 

 

以ୖࡢ概念基࡙ࢰࣛࢻࣄࠊࡁンࢆ用いࣃࣟࣉࣟࢡࢩࡓンࡢ活性化続く連続応ࡼ

ࢆᮏ論文ࠊࡳ組ࡾ取開発ࡢ新規合成法ࡢ環ࣟࢸ࣊含窒素ࡿ 3章ࠋࡓࡵࡲ 

 

第 1 章࡛ࢰࣛࢻࣄࠊࡎࡲࡣン࢚ࡢンࢪࣛࢻࣄンࡢ互変異性化続い࡚ࣃࣟࣉࣟࢡࢩン
ࢪࣛࢻࣄ࣮ࣝࣜࠊࡕわ࡞ࡍࠋ(Scheme 4) ࡔࢇ組ࡾ取環合成ࣟࢸ࣊含窒素ࡿࡍ活性化ࢆ
ン ࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩ9 ࠊ還流中ࣚࣝࣜࢺࢽࢺࢭࢆ10 ࣚࡿ化水素発生源࡛あ࢘

化࢘ tert-࡛ࣝࢳࣈ処理ࣝ࢟ࣝ-3ࠊ࡛ࡇࡿࡍン࣮ࣝࢻ ࠋࡓࡋ見出ࢆࡇࡿࡁ合成࡛ࡀ13
応機構解析ࡢ結ᯝࠊᮏ応࡛ࢪࣛࢻࣄ࣮ࣝࣜࡎࡲࠊࡣン 9 ࣮ࢱࢭࣝࣆࣟࣉࣟࢡࢩ
ࣝ ンࢰࣛࢻࣄࡽ10 Fࡀ生成ࠋࡿࡍ続い࡚ࢰࣛࢻࣄン F࢚ࡢンࢪࣛࢻࣄン F’ࡢ互変異
性化ࢆࡓࡋ Fischer ࣝࣆࣟࣉࣟࢡࢩࣟࣆࢫࡿ活性中間体࡛あࡾࡼ化応࣮ࣝࢻン
ンࢽࣞࢻン 求核ࡢンࣃࣟࣉࣟࢡࢩࡢン࢜化物࢘後ࣚࡢࡑࠋࡿ考え࡚いࡿࡍ生成ࡀ11
攻撃開環続く還元応ࡾࡼ ࣮ࣝࢻンࣝ࢟ࣝ-3 ࢰࣛࢻࣄࡣᮏ応ࠋࡿࡍ生成ࡀ13
ンࣃࣟࣉࣟࢡࢩࡀンࡢ活性化࡞࡛ࡅࡔく目的ࡢン࣮ࣝࢻ取ࡾ込࡚ࢀࡲいࡀࡇࡿ特徴

࡛あࠋࡿ 
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Scheme 4. Reductive indolization of N-aryl-C-cyclopropylhydrazone. 
 

第 2 章࡛ࢰࣛࢻࣄࡣンࢰࡢ㸫ࢰࣛࢻࣄン互変異性化ࡿࡍ特徴࣑ࠊン窒素ࡢ孤立電
子対ࢆ利用ࣃࣟࣉࣟࢡࢩࠊ࡛ࡇࡿࡍンࢆ活性化ࡿࡍ連続応ࡢ開発取ࡾ組ࡔࢇ 
(Scheme 5)࡞ࡍࠋわࠊࡕN-ࢰࣛࢻࣄࣝࢩࣝࣆࣟࣉࣟࢡࢩン ࡍ処理࡛࣒࢘ࢪࣛࣃ酢酸ࢆ14
࣮ࣝࢰࣛࣆ࡛ࡇࡿ ンࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࡣᮏ応ࠋࡓࡋ見出ࢆࡇࡿࡍ生成ࡀ16 14
ࡀ ࡢンࣃࣟࣉࣟࢡࢩࠊࡕࡢࡓࡋ異性化’14 C(sp3)-H活性化ࡀ進行ࠊ࣓ࡋ ࣝࢡࢧࣛࢱ G
ࡎࡦࡢン環ࣃࣟࣉࣟࢡࢩࡓࡋ増大࡛ࡇࡿࡍ縮環ࣝࢡࢧࣛࢱ࣓ࠊࡽࡉࠋࡿࡍ生成ࡀ

進行ࡀ続く連続応開環ࡢンࣃࣟࣉࣟࢡࢩࠊ࡛ࡇࡿࡍ駆動力ࢆ解消ࡢ࣮ࢠࣝࢿ࢚ࡳ

ンࢪࠊࡋ 15 ࣮ࣝࢰࣛࣆࠊ࡚ࡋ進行ࡀ環化異性化応ࠊ最後ࠋࡿࡍ生成ࡀ 16 ࡍ生成ࡀ
ࣉࣟࢡࢩࠊࡋ機能࡚ࡋ配向基ࡢ触媒࣒࢘ࢪࣛࣃࡀン構造ࢰࣛࢻࣄࣝࢩࡣᮏ応࡛ࠋࡿ

 ࠋࡿ考え࡚いࡿࡍ進行ࡀ開環応ࡢンࣃࣟ

 

 
Scheme 5. Pyrazole synthesis via C-H activation of N-cyclopropyl acylhydrazones. 
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第 2 章࡛ࡣ様々࡞一置換ࡢ࣮ࣝࢰࣛࣆ合成成ຌࠊࡀࡓࡋ一方࡛置換ࡢ࣮ࣝࢰࣛࣆ
合成ࠊࡣ原料࡛あࡿ置換ࣃࣟࣉࣟࢡࢩンࡢ合成多くࡢ工程ࢆ要ࡾࡼࡽࡇࡿࡍ効

率的࡞合成法ࡢ進化ࡀ必要࡛あ࡛ࡇࡑࠋࡿ第 3 章࡛ࠊࡣᮏ応ࡢ中間体࡛あࡿ共役
ンࢪ Heck応࡛置換基ࢆᑟ入ࠊ࡛ࡇࡿࡍ置換ࢆ࣮ࣝࢰࣛࣆ簡便合成࡛ࡿࡁ考
えࠊ連続応ࡢ開発取ࡾ組ࡔࢇ (Scheme 6)࡞ࡍࠋわࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࠊࡕン 14
 2.0 当㔞࣮ࣞࢻ࣮ࣚࡢン࣋ࢆンࣝࣜࢺࢽࢰ中80ࠊ °C ࡛ 10 mol%ࡢ Herrmann 触媒
20 mol%ࡢ n-Bu4NI2.0ࠊ当㔞ࡢ炭酸ࢆ࣒࢘ࢩࢭ用い࡚応ࡓࡏࡉ後40ࠊ mol%࢟ࣝࢳ࢚ࡢ
࡛ࡇࡿࡍC࡛ຍ熱攪拌° 150ࠊຍえࢆ࣒࢘ࣜ࢝ン酸ࢤࢺンࢧ ࣛࣆ࣮ࣝࣜ-5-ࣝ࢟ࣝ-1
࣮ࣝࢰ 第ࡣᮏ応ࠋࡓࡋ合成ࢆ18 2章ࡢ応同様࣒࢘ࢪࣛࣃ触媒ࣟࣉࣟࢡࢩࡿࡼ
ンࢪ共役ࠊࡋ進行ࡀ開環ࡢンࣃ ンࢪࠊ続い࡚ࠋࡿࡍ生成ࡀ15 ࡢ15 Heck応ࡀ進
行࣮ࣝࣜ-5ࠊࡋ共役ࢪン ࡚ࡋ進行ࡀ環化異性化応最後ࠊࡋ生成ࡀ17 ࣝ࢟ࣝ-1
࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5- ࡣᮏ応ࠋࡿࡍ生成ࡀ18 ࡀ触媒ࡢࡘ1 回転ࢆࣝࢡࢧ応ࡢࡘ2
ࡓࡋ合成ࠊࡓࡲࠋࡿ特徴࡛あࡀࡇࡿ応࡛あࡢ型࣒ࢹンࢱࢺ࣮࢜ࡿࡏࡉ -5-ࣝ࢟ࣝ-1
い化合物群࡛あࡋ㞴ࡀࡢࡿࡍ合成化学㑅択的ࡣࡓࡲ置㑅択的ࡣ࣮ࣝࢰࣛࣆ࣮ࣝࣜ

 ࠋࡿࢀࡉ期待ࡿ࡞合成法࡞効率的ࡢࡑࠊࡽࡇࡿ

 

 

Scheme 6. Heck reaction of N-cyclopropyl acylhydrazones. 
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ᮏ論 

第 1章 N-࣮ࣝࣜ-C-ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩンࡢ無水ࣚ࢘化水素
還元的ࡿࡼ Fischerン࣮ࣝࢻ合成法ࡢ開発 

 

 含窒素ࣟࢸ࣊環ࡣ窒素原子生体ศ子ࡢ活性水素ࡢ水素結合ࢆ容易形成ࡀࡇࡿࡍ

約ࡢ医薬品ࠊࢀࡲ多く含生物活性物質ࠊࡵࡓࡿࡁ࡛ 6 割含࡚ࢀࡲいࡿ㔜要࡞骨格群࡛
あࠊࡽࡉࠋࡿ含窒素ࣟࢸ࣊環ࠊ࣓ࡣ ࠊࡾ࠾࡚ࢀࡉ注目ࡶศ㔝࡛ࡢ࣮ࣜࢺࢫ࣑ࢣࣝࢼࢩࢹ

含窒素ࣟࢸ࣊環ࢆ利用ࡓࡋ新規医薬品候補化合物ࡢ創製関ࡿࡍ論文ࡀ多く報告࡚ࢀࡉい

ࢆ効率ࡢ創薬研究や医薬品製造ࡣ開発ࡢ短工程合成法ࡢ環ࣟࢸ࣊含窒素ࠊࡵࡓࡢࡑ (15 ࠋࡿ
高ࡵࡓࡿࡵ㔜要࡞課題࡛あࡼࡢࡑࠋࡿう࡞含窒素ࣟࢸ࣊環合成ࡢ効率的࡞合成法࡚ࡋ

近ᖺࣃࣟࣉࣟࢡࢩࠊンࡢ開環応ࢆ利用ࡿࡍ手法ࡀ注目࡚ࢀࡉいࣃࣟࣉࣟࢡࢩ (1 ࠋࡿンࡣ

27.5 kcal/molࡢࡇࠊࡕࡶࢆ࣮ࢠࣝࢿ࢚ࡳࡎࡦࡢ高いࢆࡳࡎࡦ利用ࠊ࡛ࡇࡿࡍ比較的温和࡞
条件࡛ C-C結合ษ断ࢆ伴う開環応ࡀ進行ࣃࣟࣉࣟࢡࢩ (2ࠋࡿࡍンࡢ開環応࡚ࡗࡼ骨
格変換ࢆ伴う官能基化や環拡大応ࢆ可能ࠊࡋ含窒素ࣟࢸ࣊環ࢆ合成ࡿࡍ㝿ࡢ 3 炭素ࣅ
ࡀ基ࣝ࢟ࣝࠊやࡢࡶい࡞ࡓࡶࢆ置換基ࠊࡋࡋࠋࡿࢀࡽ用い࡚ࡋࢡッࣟࣈࢢンࢹࣝ

置換ࡢࡅࡔࡓࡋ単純ࣃࣟࣉࣟࢡࢩ࡞ンࡣ応性乏ࡋく安定࡛あࢠࣝࢿ࢚ࡳࡎࡦࠊࡵࡓࡿ

あࡀ必要ࡿࡍ活性化適ษࢆンࣃࣟࣉࣟࢡࢩࠊࡣࡿࡍ利用開環応ࡓࡋ利用ࢆ࣮

含ࠊࡾ代表的࡛あࡀ手法ࡿ用いࢆンࣃࣟࣉࣟࢡࢩ型࣮ࢱࣉࢭࢡ࣭࣮ࢼࢻࡶ中࡛ (16 ,3 ࠋࡿ
窒素ࣟࢸ࣊環ࡢ合成例ࡶ多く報告࡚ࢀࡉいࡿ (Scheme 7)࣮ࢱࣉࢭࢡ࣭࣮ࢼࢻ (7ࠋ型ࢡࢩ
ࡢ両置換基間࡚ࡗࡼ電子求引基電子供基ࡣンࣃࣟࣉࣟ C-C結合ࡀ大ࡁくศ極ࡋษ断
ࡢンࣃࣟࣉࣟࢡࢩࠊࡵࡓࡿい࡚ࡗ࡞くࡍやࢀࡉ C-C結合ࢆ置㑅択的ษ断࡛ࡀࡇࡿࡍ
 (6 ࠋࡿࡁ

 

 

Scheme 7. Synthesis of nitrogen containing heterocyclic compounds using donor-acceptor 
cyclopropanes. 

 

一方࡛࣮ࢱࣉࢭࢡ࣭࣮ࢼࢻ型ࣃࣟࣉࣟࢡࢩン࣮ࢱࣉࢭࢡࡢ部ࡣ 2 電子求引ࡢࡘ
基ࢆ有ࡿࡍ場合ࡀ多くࠊ基質適用範囲ᮍࡔ課題ࡀあࡿうえ 2 合成ୖࡀ電子求引基ࡢࡘ
要࡞官能基࡚ࡋ目的物残留ࠊࡵࡓࡿࡍᑟ入や除去ࡢࡵࡓࡢ工程数ࡢ増大伴う廃棄

物࣭時間࣭労力ࡢ観点࡛ࡶ課題ࡀあࠊ࡛ࡇࡑ (8 ,5ࠋࡓࡗ残留ࡿࡍ電子求引基ࢆ有効利用ࡍ
ࡍ利用連続応ࡿ࡞く更࡞࡛ࡅࡔ活性化ࡢンࣃࣟࣉࣟࢡࢩࢆ電子求引基ࠊ࡚ࡋ手法ࡿ

電子求引࡞うࡼࡢࡑࠋࡿい࡚ࢀࡉ開発ࡀ応ࡴ込ࡾ取一部ࡢ環ࣟࢸ࣊含窒素ࠊ࡛ࡇࡿ
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基ࡢ ンࢺࢣࣝࣆࣟࣉࣟࢡࢩࡣࡽTomilovࠋࡿい࡚ࢀࡉ報告ࡀンࢰࣛࢻࣄࠊ࡚ࡋࡘ1 19
ン塩酸塩ࢪࣛࢻࣄ࣮ࣝࣜ 9 ࣜࢺࡿࢀࡲ多く含生物活性物質ࠊ࡛ࡇࡍ付ຍ熱条件ࢆ
ン誘ᑟ体࣑ࢱࣉ 式ࠊScheme 8) ࡿい࡚ࡋ報告ࢆࡇࡿࡍ生成ࡀ20 ࣉࣟࢡࢩࡣᮏ応 (17ࠋ(1
続く環化応ࢀࡑ開環ࡢンࣃࣟࣉࣟࢡࢩࡿࡼン࢜塩化物ࡢンHࢰࣛࢻࣄࣝࣆࣟ
ンࣜࣟࣆࣀ࣑࣮ࣝࣜࡾࡼ Jࡀ生成ࡓࡋ後ࠊFischer型ࡢ転応ࡀ進行ࢺࠊ࡛ࡇࡿࡍ
ン誘ᑟ体࣑ࢱࣉࣜ ࢻࣄࢹࣝࣝࣆࣟࣉࣟࢡࢩࡣࡽBanerjeeࠊࡓࡲࠋࡿい࡚ࡋ生成ࡀ20 5
ンࢪࣛࢻࣄ࣮ࣝࣜ ンࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࡿࡍ生成ࡽ6 Aࣃࣟࣉࣟࢡࢩࡢンࡢ開環
ࣟࣆࣟࢻࣄࣛࢺࢸࡾࡼ連続応ࡢン互変異性化࣑ン㸫࣑ࢼ࢚ࠊ伴うศ子内環化応

ࣟ[1,2-b]ࢪࢲࣜࣆン 7 式ࠊScheme 8) ࡿい࡚ࡋ報告ࢆࡇࡿࡍ生成ࡀ 応ࡢࡽࢀࡇ (12ࠋ(2
ࡀンࣃࣟࣉࣟࢡࢩࠊࡁ働࡚ࡋ酸性条件࡛電子求引基ࡀンࢰࣛࢻࣄࡿࡍ系中࡛生成ࠊࡣ࡛

活性化࡚ࢀࡉいࢰࣛࢻࣄࡽࡉࠋࡿンࡀ含窒素ࣟࢸ࣊環ࡢ一部࡚ࡋ取ࡾ込ࠊࡾ࠾࡚ࢀࡲ

 ࠋࡿい࡚ࡋ成ຌࡇࡿࡏࡉ進行ࢆ連続応࡛ࡇࡿࡍ利用ࡳ巧ࢆ性質ࡢンࢰࣛࢻࣄ

 

 
Scheme 8. Ring opening reaction of C-cyclopropylhydrazones. 

 

一方࡛ࢰࣛࢻࣄࠊン࣑ࡣン構造⏤来ࡿࡍ互変異性体ࠊ࡚ࡋN-N 結合ࢆ含࢚ࡴン
ࡣN-N結合ࠋࡿࡍ存在ࡀンࢪࣛࢻࣄ C-C, C-H, C-O, C-Nいࡓࡗ一般的࡞有機化合物中
含ࡿࢀࡲ結合比ࡿ結合ࡀ࣮ࢠࣝࢿ࢚約 1/2 倍࡛あࠊ࡛ࡢࡿ特定ࡢ条件ୗ࡛容易開
裂ࡼࡢࡇ (13ࠋࡿࡍうࢰࣛࢻࣄン࢚ࡀンࢪࣛࢻࣄン異性化ࡿࡍ性質ࢆ利用ࠊ࡛ࡇࡿࡍ
前述ࡣ異ࡿ࡞新ࣃࣟࣉࣟࢡࢩ࡞ࡓンࡢ活性化連続応ࡢ進行ࡀ期待࡛ࡿࡁ考えࠋࡓ
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ࡘࡶࢆ基ࣝࣆࣟࣉࣟࢡࢩン炭素ୖ࣑ࠊࡕわ࡞ࡍ N-ࢰࣛࢻࣄ࣮ࣝࣜン 21 酸性条件ࢆ
࡛応࢚ࠊࡿࡏࡉンࢪࣛࢻࣄン K ࡓࡋࢆ異性化ࡢ Fischer ࡿࡍ進行ࡀ化࣮ࣝࢻン
ンࢽࣞࢻンࣝࣆࣟࣉࣟࢡࢩࣟࣆࢫࡿ活性中間体࡛あࠊ࡛ࡇ L ࠋ(Scheme 9) ࡿࡍ生成ࡀ
ンࢽࣞࢻンࣝࣆࣟࣉࣟࢡࢩࣟࣆࢫࡿࡼ求核剤࡞適ษ࡚ࡋࡑ Lࡢ求核攻撃ࢩࠊࡾࡼ
࡞うࡼࡢࡇࠋࡓ考えࡿࡁ実現࡛ࡀ開環応ࡢンࣃࣟࣉࣟࢡ Fischerン࣮ࣝࢻ化ࢫࡾࡼ
࡚ࡗࡼࡽShawࠊࡣ応ࡿࢀࡽ得ࡀンࢽࣞࢻンࣝࣆࣟࣉࣟࢡࢩࣟࣆ 1例ࡳࡢ報告࡚ࢀࡉ
いࡢࡇࠋࡿ報告࡛ࠊࡣN-࣮ࣝࣜ-C-ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩン 21a ࠊ還流中࣮ࣝࣀࢱ࢚ࢆ
塩化水素࡛処理ࡿࡍ ࣮ࣝࢻン-1H-ࣝࢽ࢙ࣇ-2-(ࣝࢳ࢚ࣟࣟࢡ-2)-3 22  ࡿい࡚ࢀࡽ得ࡀ
(Scheme 9ࠊ式 ࣉࣟࢡࢩࣟࣆࢫࠊ࡛ࡇࡿࡍ進行ࡀ化࣮ࣝࢻンFischerࠊࡣᮏ応࡛ (18ࠋ(1
ンࢽࣞࢻンࣝࣆࣟ La ࡍ求核攻撃ン部ࣃࣟࣉࣟࢡࢩࡀン࢜塩化物ࠊ後ࡓࡋ生成ࡀ
࣮ࣝࢻンࠊࡋ開環ࡀンࣃࣟࣉࣟࢡࢩ࡚ࡗ伴ࢆ芳香族化ࡢンࢽࣞࢻンࠊ࡛ࡇࡿ 生ࡀ22
成ࡓࡋ考え࡚ࢀࡽいࠊࡋࡋࠋࡿᮏ応࡛ࠊࡣ塩化物࢜ンࢰࣛࢻࣄࡀン 21a ࣟࢡࢩࡢ
ンࢰࣛࢻࣄࣟࣟࢡࠊࡋ開環ࡀンࣃࣟࣉࣟࢡࢩࡾࡼ求核攻撃ࡢンࣃࣟࣉ M ࠋࡿࡍ生成ࡀ

続い࡚ࢰࣛࢻࣄン࣑ン窒素ࡢ塩化物࢜ンࡢ求核攻撃ࡿࡼ環化応ࡀ進行ࡇࡿࡍ

ンࢪࢲࣜࣆࣟࢻࣄࣛࢺࢸࠊ࡛ あࡀ課題率や化学㑅択性ࠊࡵࡓࡿい࡚ࡋ生成同時ࡀ23
式ࠊScheme 9) ࡓࡗ  ࠋ(2

 

 
Scheme 9. Reaction of N-aryl-C-cyclopropylhydrazone via spirocyclopropyl indolenine. 

 

回著者ࢰࣛࢻࣄࡣン ȕࣝࢽ࣎ࣝ࢝基ࢆᑟ入ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࡓࡋン Fࣚࢆ
࡛ࡇࡿࡏࡉ応化水素࢘ ࣮ࣝࢻンࣝ࢟ࣝ-3 ᮏࠋ(Scheme 10) ࡓࡋ計画ࢆ合成ࡢ13
応ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࡣン F ンࢪࣛࢻࣄン࢚ࡢ F’ࡢ異性化 Fischer ࣮ࣝࢻン
化応ࡀ進行ࣝࣆࣟࣉࣟࢡࢩࣟࣆࢫࠊࡋンࢽࣞࢻン中間体 ࡢࡇࠋࡿࡍ生成㑅択的ࡀ11
C-Cࠊ࡚ࡗࡼ電子求引効ᯝࡢ基ࣝࢽ࣎ࣝ࢝ࡓࡋᑟ入ࠊࡁ 結合ࡢศ極率ࡢపୗ伴うࢩ
ࠊ求核攻撃ࡿࡼン࢜化物࢘続い࡚ࣚࠋࡿࢀࡉ期待ࡀ抑制ࡢ開環応ࡢンࣃࣟࣉࣟࢡ
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芳香環࡛あࡿン࣮ࣝࢻ環ࡢ形成ࢆ伴いࣃࣟࣉࣟࢡࢩࡽࡀ࡞ンࡢ開環ࡀ進行ࠊࡋα-࣮ࣚࢻ
ࣝࢽ࣎ࣝ࢝ 12 最後ࠋࡿࡍ生成ࡀ α-࣮ࣚࣝࢽ࣎ࣝ࢝ࢻ化合物ࡢ還元応ࡀ進行࡚ࡋ 2 
い࡞ࡓ持ࢆ置換基 ࣮ࣝࢻンࣝ࢟ࣝ-3  ࠋࡓࡋ期待ࡿࡍ生成ࡀ13

 

 
Scheme 10. Reductive Fischer indolization of N-aryl-C-cyclopropylhydrazone. 

 

ンࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࡿࢀࡉ予想ࡿ含水中࡛安定࡛あࡣᮏ応࡛ࡓࡲ Fやࣆࢫ
ンࢽࣞࢻンࣝࣆࣟࣉࣟࢡࢩࣟ 条ࡿࡏࡉ発生ࢆ化水素࢘無水条件࡛ࣚࠊࡵࡓࡿࡍ⏤経ࢆ11
件ࡀ適ษ࡛あࡿ考えࠋࡓ無水条件࡛ࣚ࢘化水素ࢆ発生ࡿࡏࡉ例࢘ࣚࠊ࡚ࡋ素࣮࢜ࢳࢆ

࡛ࣝ還元࡛࢘ࣚࡇࡿࡍ化水素ࡀ発生ࡀࡇࡿࡍ知࡚ࢀࡽいࡿ (Scheme 11ࠊ式㸯)ࡲ (19ࠋ
ࢫ࣍ࣝࢽ࢙ࣇࢪ化水素㸫࢘ࣚࠊࡿࡍ還元࡛ࢻࢩ࢟࢜ンࣇࢫ࣍ࣝࢽ࢙ࣇࢪࢆ素࢘ࣚࠊࡓ

式ࠊScheme 11) ࡿい࡚ࢀࡽ知ࡶࡇࡿࡍ発生ࡀ複合体ࢻࢩ࢟࢜ンࣇ ࡇࠊࡋࡋ (20 ࠋ(2
必要ࡀ除去操作ࡢン酸ࣇࢫ࣍ࣝࢽ࢙ࣇࢪやࢻࣇࣝࢫࢪࡿ生成物࡛あࡣ手法࡛ࡢࡽࢀ

 (21cࠋࡿ࡞

 

 

Scheme 11. Methods for generation of anhydrous hydrogen iodide. 
 

一方࡛ࣚ࢘化 tert-ࡣࣝࢳࣈຍ熱条件ୗ࡛無水ࣚ࢘化水素ࢸࣈࢯンศ解ࡿࡍ試薬࡛
あࠊࡵࡓࡢࡑࠋࡿ脱水条件ࡀ必要࡞有機合成応利用ࡿࡁ࡛ࡀࡇࡿࡍうえࠊ生成

物ࢸࣈࢯࡢンࡣ常温࡛気体࡛あࡢࡑࠊࡵࡓࡿ除去操作ࡀ要࡛あࡿ (Scheme 12ࠊ式
化࢘ࣚ (21 ࠋ(1 tert-ࡢࣝࢳࣈຍ熱ࡾࡼ生ࡿࡌ無水ࣚ࢘化水素ࢆ利用ࡓࡋ有機合成応ࡋ
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ࠊScheme 12) ࡿい࡚ࡋ報告ࢆ合成法࣮ࣝࢻン還元的ࡢンࢰࣛࢻࣄ共役ࡣ当研究室࡛ࠊ࡚
式 ンࢰࣛࢻࣄ共役ࡣᮏ応࡛ (22 ࠋ(2 ンࢪࣛࢻࣄン࢚࡚ࢀࡉ還元࡚ࡗࡼ化水素࢘ࣚࡀ24
N Fischerࠊ後ࡓࡋ生成ࡀ ࣮ࣝࢻンࣝ࢟ࣝ-3ࠊࡋ進行ࡀ化応࣮ࣝࢻン 25 ࡍ生成ࡀ
化࢘ࣚࡣᮏ応ࠋࡿ tert-ࡢࣝࢳࣈຍ熱ࡾࡼ生ࡿࡌ無水ࣚ࢘化水素ࡢ酸性ᗘ還元力ࢆ利
用࡛ࡇࡿࡍ効率ࡼく応ࡀ進行࡚ࡋい࡛ࡇࡑࠋࡿ著者࢘ࣚࡢࡇࡣࡽ化 tert-ࡢࣝࢳࣈ有用
性期待ࠊࡋN-࣮ࣝࣜ-C-ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩンࡢ還元的ン࣮ࣝࢻ合成࡛用いࡿ無
水ࣚ࢘化水素ࡢ発生源࡚ࡋ検討ࠋࡓࡋ 

 

 
Scheme 12. Generation of anhydrous hydrogen iodide from tert-butyl iodide and application 

reaction. 
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第 1節 応条件最適化ࡢ検討 
 

文献ࠊࡵࡌࡣ  ࢻࣄࢹࣝࣝࣆࣟࣉࣟࢡࢩ参考ࢆ方法ࡢ (23 29  ࡓࡗ行ࢆ合成ࡢ
(Scheme 13)ࣔࣟࣈࠊࡎࡲ ࠋ酢酸ࣝࢳ࢚ ࠊࡾࡼ求核置換応ࡢࢻࣇࣝࢫࣝࢳ࣓ࢪ26
ࢻ࣑ࣟࣈ࣒࢘ࢽ࣍ࣝࢫࣝࢳ࣓ࢪ ࣒࢘ࣜ࢝炭酸࣒࢘ࣜࢺࢼ水酸化ࠊ後ࡢࡑࠋࡓࡋ合成ࢆ27
ࣝࢸࢫ࢚用い࡚ࢆ αࢆ脱ࢺࣟࣉン化ࢻ࣒ࣜ࢘ࢽ࣍ࣝࢫࠊࡋ ࢪࠊ最後ࠋࡓࡋ合成ࢆ28
ࢻ࣒ࣜ࢘ࢽ࣍ࣝࢫࠊン還流中ࢱ࣓ࣟࣟࢡ ン࡛処理࢞ン࣐酸化ࢆ࣮ࣝࢥࣝࣝࣜ28
Corey-Chaykovskyࠊ࡛ࡇࡿࡍ 応ࡀ進行ࢻࣄࢹࣝࣝࣆࣟࣉࣟࢡࢩࠊࡋ 29  ࠋࡓࡋ合成ࢆ
 

 

Scheme 13. Preparation of cyclopropyl aldehyde. 
 

続い࡚ࢪࣛࢻࣄ࣮ࣝࣜࠊン 9a ࢻࣄࢹࣝࣝࣆࣟࣉࣟࢡࢩ 29 ࣄ࡚ࡗࡼ縮合応ࡢ
ンࢰࣛࢻ Faࢆ合成ࡿࡍ検討ࢆ行ࠊࡀࡓࡗ目的ࢰࣛࢻࣄࡢンࡣ安定࡛単㞳ࡁ࡛ࡀࡇࡿࡍ
 ࠋ(Scheme 14) ࡓࡗ࡞

 

 

Scheme 14. Preparation of cyclopropyl hydrazone. 
 

ࣛࢻࣄࠊ࡛ࡇࡿࡏࡉ同一応系中࡛進行ࢆ続く連続応ࠊ生成ࡢンࢰࣛࢻࣄ࡛ࡇࡑ

 ࠋ(Scheme 15) ࡓࡋࡇࡿࡍ検討ࢆ応条件ࠊ考えࡿ࡞要ࡀ単㞳精製工程ࡢンࢰ

ࡢ1.0当㔞ࠊࡎࡲ ンࢪࣛࢻࣄࣝࢽ࢙ࣇࢩ࢟ࢺ࣓-4 9aࢻࣄࢹࣝࣝࣆࣟࣉࣟࢡࢩ ࢭࢆ29
࡚ࡋ化水素発生源࢘無水ࣚࠊ還流中ࣝࣜࢺࢽࢺ 6.0 当㔞࢘ࣚࡢ化 tert-࡛ࣝࢳࣈ処理ࡓࡋ
࣮ࣝࢻンࠊࢁࡇ 13aaࡀ  ࠋࡓࢀࡽ率࡛得ࡢ32%

 
Scheme 15. One pot reaction of reductive indolization from cyclopropyl aldehyde and 

arylhydrazine. 
 

ప率留ࡓࡗࡲ原因ࡘい࡚ࠊ安定࡞ ࠊ࡛ࡇࡑࠋࡓ考えࡿい࡚ࢀࡉ系中࡛ศ解ࡀ29
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࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩࡓࡋ保護࣮ࣝࢱࢭࢆࢻࣄࢹࣝ 10a-d ン還元的ࠊ用い࡚ࢆ
࣮ࣝࢱࢭࣝࢳ࣓ࢪࠊࡎࡲࠋ(Table 1) ࡓࡋ検討ࢆ合成࣮ࣝࢻ 10aや ンࢧ࢟࢜ࢪ-1,3 10bࢆ
先述ࡓࡋ条件付ࢻࣄࢹࣝࠊࡍ 29  entries 1 and) ࡓࡋపୗࡣ率࡚比時ࡓ用いࢆ
ンࣛࢯ࢟࢜ࢪ-1,3-ࣝࢳ࣓ࣛࢺࢸ-,4,4,5,5ࠊ次ࠋ(2 10c 原ࠊࡎࡏ進行ࡣ応ࠊ場合ࡓ用いࢆ
料ࡀ回ࡢࡇࠋࡓࢀࡉ㝿ࠊ生成物࡚ࡋ ࡀンࣜࢽࢩ࢟ࢺ࣓-4 ࠋࡓࢀࡽ率࡛得ࡢ37%
続い࡚ ンࣛࢯ࢟࢜ࢪ-1,3 10dࢆ用いࡁࡓ率ࡀ ࣚࠊ一方࡛ࠋ㸦entry 4㸧ࡓࡋ向ୖ54%
化࢘ tert-ࡢࣝࢳࣈ代わ࢘ࣚࡾ化水素酸ࢆ用いࡓ場合ࠊ目的物ࢇࡣ得ࡓࡗ࡞ࢀࡽ 
(entry 5)ࡽࡇࡢࡇࠋ当初ࡢ想定通ࠊࡾᮏ応ࡣ無水条件ࡀ必要࡛あࡀࡇࡿ示唆ࠋࡓࢀࡉ
続い࡚࣮ࣝࢱࢭࡢ࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩࠊ脱保護続くࢪࣛࢻࣄンࡢ縮合応ࢆ

ಁ進࢘ࣚࡽࡀ࡞ࡋ化水素ࡢ生成ࡀ期待ࡿࢀࡉ試薬ࠊ࡚ࡋTMSCl/NaI いࡘ条件ࡿ用いࢆ
࡚検討ࠊࡀࡓࡋ率ࡣపୗࡓࡋ (entry 6)24ࠋ) 次様々࡞溶媒ࢆ検討ࡓࡋ (entries 7-10)ࡑࠋ
化࢘ࣚࡣࣝࣜࢺࢽࢺࢭࠋࡓࡗศࡀࡇࡿ最適࡛あࡀࣝࣜࢺࢽࢺࢭࠊ結ᯝࡢ tert-ࢳࣈ
ࡢ化水素࢘ࣚࡣᮏ応࡛ࠊࡵࡓࡿい࡚ࢀࡉ報告ࡀࡇࡿࡍ進ಁࢆ変換ࡢ化水素࢘ࣚࡢࣝ

㏿や࡞生成ࠊࡀ率ࡼく応ࢆ進行ࡢࡿࡏࡉ㔜要࡛あࡀࡇࡿ示唆22ࠋࡓࢀࡉ) 次ࠊ
ࢩ࢟ࢺ࣓-4ࠊ࡚ࡋ生成物ࡣᮏ応࡛ࠋࡓࡋい࡚検討ࡘ当㔞ࡢンࢪࣛࢻࣄࢩ࢟ࢺ࣓-4
ンࣜࢽ ࡢ原料ࡣࢀࡇࠋࡓࢀࡉ確認ࡀ30 ンࢪࣛࢻࣄࣝࢽ࢙ࣇࢩ࢟ࢺ࣓-4 9a࢘ࣚࡀ化水素
Pࠊࡋ進行ࡀ求核置換応ࡽࡀ࡞伴いࢆ脱㞳ࡢࢽンࣔࠊ࡚ࡗࡼ ࡽࡉࠊ後ࡓࡋ生成ࡀ
 (25ࠋ(Scheme 16) ࡿ考え࡚いࡿい࡚ࡋ生成࡛ࡇࡿࡍ進行ࡀ還元応ࡿࡼ化水素࢘ࣚ
ࡿࢀࡉ利用鍵応ࡽࡇࡢࡇ ࡓࡿࡍ応系中࡛減少ࡀンࢪࣛࢻࣄࣝࢽ࢙ࣇࢩ࢟ࢺ࣓-4
࡚ࡋ対࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩࠊࡵ 過㔞必要࡛あࡣンࢪࣛࢻࣄࣝࢽ࢙ࣇࢩ࢟ࢺ࣓-4
࡛ࡇࡑࠋࡓ考えࡿ 6.0 当㔞࢘ࣚࡢ化 tert-ࣝࢳࣈ存在ୗ࡛ ンࢪࣛࢻࣄࣝࢽ࢙ࣇࢩ࢟ࢺ࣓-4
ࢆ 1.0当㔞ࡽ 2.0当㔞増やࡍ検討ࡓࡋࢆ (entry 11)ࡢࡇࠋ㝿ࠊ応ࡀ途中࡛停Ṇࡿࡍ傾
向ࡀ見࡛ࡢࡓࢀࡽ応開始 15 ศ後 3.0 当㔞࢘ࣚࡢ化 tert-ࢆࣝࢳࣈ追ຍࡽࡉࠊࡋ 45 ศ
間応ࠊࡿࡏࡉ率ࡣ 10dࠊ次ࠋࡓࡋ向ୖ89% 立体異性体ࡢ 10d’ࢆ用いࡓ場合ࠊ
率ࡣわࡎపୗࡓࡋ (entry 12)ࣃࣟࣉࣟࢡࢩࡽࡇࡢࡇࠋンࡢ立体化学ࡣᮏ応
ࠊ還流中ࣝࣜࢺࢽࢺࢭࠊࡽ結ᯝࡢ検討ࡢ以ୖࠋࡓࢀࡉ示唆ࡀࡇい࡞えࢆ影響ࢇ

ࢆンࢪࣛࢻࣄ࣮࣮ࣝࣜࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩ 2.0当㔞ࣚࠊ 化࢘ tert-ࢆࣝࢳࣈ 9.0当㔞
用いࡿ条件ࡀ最ࡶ良い結ᯝࢆえࡀࡇࡿ明ࠋࡓࡗ࡞ࡽ 

 

 

Scheme 16. Proposed reaction mechanism of aniline generation. 
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Table 1. Optimization of reductive indolization reaction. 
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第 2節 応経路ࡢ考察 

 

ᮏ応ࡢ推定応経路ࢆ Scheme 17示ࢪࣛࢻࣄ࣮ࣝࣜࠊࡎࡲࠋࡍン 9aࣟࣉࣟࢡࢩ
࣮ࣝࢱࢭࣝࣆ 10dࢰࣛࢻࣄࡽン Faࡀ生成ࡢࡑࠋࡿࡍ後 Fischerン࣮ࣝࢻ化応ࡀ進
行ࣟࣆࢫࠊࡋンࢽࣞࢻン 11a ࡀン࢜化物࢘ࣚࠋࡿࡍ生成ࡀ 11a ࣝࢸࢫ࢚ࡢ ȕ求核
攻撃࢘ࣚࠊࡿࡍ化ࣝ࢟ࣝ 31a 31aࠋ(path b) ࡿࡍ生成ࡀ ࠊపくࡀ応性ࡿࡍ対還元ࡣ
ンࣜࢻンࣟࣆࢫ 11a ࡢࣝࢸࢫ࢚ࠊ一方ࠋࡿࡍ進行ࡀ逆応ࡢ α 求核攻撃ࠊࡿࡍ
α-࣮ࣚࣝࢸࢫ࢚ࢻ 12aࡀ生成ࠊࡋ可逆的還元࡚ࢀࡉ目的ࡢン࣮ࣝࢻ 13aaࡀ生成ࡿࡍ
 ࠋ(path a) ࡿ考え࡚い

 

 
Scheme 17. Proposed reaction pathway of reductive indolization. 

 

次ࠊᮏ応ࡢ詳細ࡘい࡚以ୗࡢ段階ศ࡚ࡅ詳ࡋく説明ࠋࡿࡍ 

中間体ࣝࢸࢫ࢚ࢻ࣮ࣚ .1 31a, 12aࡀ生成ࡿࡍ応経路 (9a, 10d → 31a ,12a) 
ンࢽࣞࢻンࣝࣆࣟࣉࣟࢡࢩࣟࣆࢫ .2 11a ࣮ࣝࢻンࡽ 13aa  応経路ࡿࡍ生成ࡀ

(11a→13aa) 
 

中間体ࣝࢸࢫ࢚ࢻ࣮ࣚ .1 31a, 12aࡀ生成ࡿࡍ応経路 

ン塩酸塩ࢪࣛࢻࣄࣝࢽ࢙ࣇࢩ࢟ࢺ࣓-4 9a࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩ 10dࡢ等㔞混合物
化࢘ࣚࡢ3.0当㔞ࠊ還流中ࣝࣜࢺࢽࢺࢭࢆ tert-ࣝࢳࣈ混合࡚ࡋ 5ศ後応ࢆ停Ṇࡏࡉ
ࡘࡶࢆ構造ࢀᯞศࠊࢁࡇࡓ ȕ-࣮ࣚࣝࢸࢫ࢚ࢻ 31a直鎖型ࡢ α-࣮ࣚࣝࢸࢫ࢚ࢻ 12aࡀ
5:1 式ࠊScheme 18) ࡓࢀࡽ比࡛得ࡢ 化࢘ࣚࢆ混合物ࡢࣝࢸࢫ࢚ࢻ࣮ࣚࠊࡽࡉࠋ(1 tert-ࣈ
࣮ࣝࢻンࡢ目的ࠊࡿࡍ処理࡛ࣝࢳ 13aaࡀ 式) ࡓࢀࡽ率࡛得ࡢ35% ࡇࡢ以ୖࠋ(2
ࣝࢸࢫ࢚ࢻ࣮ࣚ-ȕࠊࡽ 31a  α-࣮ࣚࣝࢸࢫ࢚ࢻ 12a ࡇࡿ中間体࡛あࡢᮏ応ࡀ混合物ࡢ
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ࣝࢸࢫ࢚ࢻ࣮ࣚ-ȕࠊ࠾࡞ࠋࡓࢀࡉ示唆ࡀ 31a ࡀ生成比ࡢ α-࣮ࣚࣝࢸࢫ࢚ࢻ 12a 高࡚比
立ࠊ㝿ࡿࡍࢆ求核攻撃ンࣃࣟࣉࣟࢡࢩࣟࣆࢫࡀン࢜化物࢘ࣚࠊい࡚ࡘ⏤理ࡓࡗ

体㞀害ࡢ影響ࡀᑠࡉいࡢࣝࢸࢫ࢚ ȕ ࡛ࡢ応ࡀ優先࡛ࡵࡓࡓࡋあࡿ考え࡚いࡿ 
(Scheme 19)ࠋ 

 

 

Scheme 18. Detection of iodinated indole intermediates. 
 

 

Scheme 19. Iodide attack at less hindered position of cyclopropane.  

 

続い࡚ࣝࣆࣟࣉࣟࢡࢩࣟࣆࢫࠊンࢽࣞࢻン 11a ࡍ確認ࢆࡇࡿ中間体࡛あࡢᮏ応ࡀ
ࢆᮏ応ࡎࡲࠋࡓࡗ行ࢆ実験ࡢࡵࡓࡿ 5ศ࡛停Ṇࠊ࡚ࡏࡉNMRࢆ確認ࢻ࣮ࣚࠊࢁࡇࡓࡋ
ンࢽࣞࢻンࣝࣆࣟࣉࣟࢡࢩࣟࣆࢫ他ࡢ混合物ࡢࣝࢸࢫ࢚ 11a 確ࢆࡇࡿい࡚ࡋ生成ࡀ
認ࠊࡀࡓࡋ痕跡㔞࡛あࠊࡵࡓࡓࡗ単㞳࡛ࣝࣆࣟࣉࣟࢡࢩࣟࣆࢫࠊ࡛ࡇࡑࠋࡓࡗ࡞ࡁン

ンࢽࣞࢻ 11a ࣟࢡࢩࣟࣆࢫࠊࡎࡲࠋࡓࡋࡇࡿࡍ検討ࢆ対照実験後ࡓࡋ別法࡛合成ࢆ
ン塩酸塩ࢪࣛࢻࣄࣝࢽ࢙ࣇࢩ࢟ࢺ࣓-4ࠋࡓࡋ検討ࢆ合成ࡢンࢽࣞࢻンࣝࣆࣟࣉ 9aࢡࢩ
࣮ࣝࢱࢭࣝࣆࣟࣉࣟ 10dࣝࣜࢺࢽࢺࢭࢆ還流中10ࠊ mol%ࡣࡓࡲ 3.0当㔞࢜ࣝࣇࣜࢺࡢ
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式ࠊScheme 20) ࡓࡗ࡞ࢀࡽ得ࡣ目的物ࠊࡀࡓࡋン酸࡛処理࣍ࣝࢫンࢱ࣓ࣟ ࡣࢀࡇࠋ(1
応中間体࡛あࢰࣛࢻࣄࡿンや࢚ンࢪࣛࢻࣄン目的ࣝࣆࣟࣉࣟࢡࢩࣟࣆࢫࡢンࢽࣞࢻン

考え࡚いࡿあ࡛ࡵࡓࡓࡗ安定࡛あࡣ条件࡛ࡢン酸存在ୗ࣍ࣝࢫンࢱ࣓ࣟ࢜ࣝࣇࣜࢺࡀ

ࢆ混合物ࡢ中間体ࣝࢸࢫ࢚ࢻ࣮ࣚ次ࠋࡿ 1.0 当㔞ࡢ炭酸銀࡛処理ࣟࣆࢫࠊࢁࡇࡓࡋ
ンࢽࣞࢻン 11a’ 11a’’ࢀࡒࢀࡑࡀ 19% 式) ࡓࢀࡽ率࡛得ࡢ48% ࡓࡋ合成ࠊ࡛ࡇࡑࠋ(2
化࢘ࣚࡢ3.0当㔞ࠊ還流中ࣝࣜࢺࢽࢺࢭࢆ混合物࣮࣐࢜ࣞࢸࢫࢪࡢンࢽࣞࢻンࣟࣆࢫ
tert-࡛ࣝࢳࣈ処理ࠊࡿࡍ目的ࡢン࣮ࣝࢻ 13aaࡀ ࠊࡽ結ᯝࡢࡇࠋࡓࢀࡽ率࡛得ࡢ36%
式) ࡓࢀࡉ示唆ࡀࡇࡿ中間体࡛あࡢᮏ応ࡀンࢽࣞࢻンࣝࣆࣟࣉࣟࢡࢩࣟࣆࢫ  ࠋ(3

 

 
Scheme 20. Synthesis of spiroindolenine and control experiments. 

 

 応経路ࡿࡍ生成ࡀ࣮ࣝࢻンࡽンࢽࣞࢻンࣝࣆࣟࣉࣟࢡࢩࣟࣆࢫ .2

 前述ࡓࡋ通ࠊࡾᮏ応ࡢ最終段階࡛ࡣ α-࣮ࣚࣝࢸࢫ࢚ࢻ 12a࢘ࣚࡀ化物࢜ン࡚ࡗࡼ
還元࡛ࡇࡿࢀࡉン࣮ࣝࢻ 13aaࡀ生成࡚ࡋいࡿ想定ࠊ࡛ࡇࡑࠋࡓࡋα-࣮ࣚࣝࢸࢫ࢚ࢻ
化࢘ࣚࡢ tert-ࣝࢳࣈ対ࡿࡍ応性ࢆ確認ࡿࡍ目的࡛ࣝࢹࣔࠊ基質ࢆ用い࡚検証ࡇࡿࡍ
文献ࠋࡓࡋ ࢻࣄࢹ࣒ࣝࢼンࢩࠊ参考ࢆ手法ࡢ (26 ࢆ32 THF中ࢩࣝࢳ࣓ࣜࢺ࡛℃ 0ࠊ
ࢻࢽࢩࣝࣜ DBU࢘ࣚࠊ素࡛࣮ࣝࣀࢱ࣓ࠊ処理࡛ࡇࡿࡍ α-࣮ࣚࣝࢸࢫ࢚ࢻ 33 合成ࢆ
Scheme 21, 式) ࡓࡋ ࡢࡇࠋ(1 α-࣮ࣚࣝࢸࢫ࢚ࢻ ࣚࡢ6.0当㔞ࠊ還流中ࣝࣜࢺࢽࢺࢭࢆ33
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化࢘ tert-࡛ࣝࢳࣈ処理ࣝࢸࢫ࢚ࠊࡿࡍ ࡀ34 62%࡛得ࡓࢀࡽ (式 ࣚ-αࠊࡽࡇࡢࡇࠋ(2
化࢘ࣚࡣࣝࢸࢫ࢚ࢻ࣮ tert-ࡽࣝࢳࣈ生成࢘ࣚࡿࡍ化水素࡚ࡗࡼ還元ࡀࡇࡿࢀࡉ明ࡽ
還元的ࡢᮏ研究ࠊ࡚ࡗ従ࠋࡓࡗ࡞ Fischerン࣮ࣝࢻ合成ࡿࡅ࠾中間体 12aࡶ同様ࡢ
応࡚ࡗࡼ還元࡚ࢀࡉいࡀࡇࡿ示唆ࠋࡓࢀࡉ 

 

 
Scheme 21. Control experiment of reduction of α-iodoester. 

 

ンࢽࣞࢻンࣝࣆࣟࣉࣟࢡࢩࣟࣆࢫࠊ࠾࡞ 11a ࣮ࣝࢻンࡽ 13aa ࠊ࡚ࡋ生成経路ࡢ
ࡓࢀࡉン化ࢺࣟࣉ 11aࡽ開環応ࡀ進行࢜ࢳ࢝࣎ࣝ࢝ࠊࡋン Qࡀ生成ࡓࡋ後࢘ࣚࠊ化物
ン࢜ࢳ࢝࣎ࣝ࢝ࡿࡼン࢜ Q ࣮ࣝࢻン求核付ຍࡢ 13aa 伴う還元ࢆ芳香族化ࡢ
応ࡀ進行ࡿࡍ経路ࡶ完全否定࡞ࡁ࡛ࡣい (Scheme 22)ࠋ 

 

 
Scheme 22. Another proposed pathway of the reduction of spiroindolenine. 
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第 3節 基質適用範囲関ࡿࡍ検討 

 

 次著者ࡣ還元的ン࣮ࣝࢻ合成ࡢ基質適用範囲ࡢ

検討ࢆ行ࠊࡎࡲࠋࡓࡗ第 1章第 3節第 1項࡛ࡣ原料合
成ࢆ行ࠋࡓࡗ第 1章第 3節第 2項࡛ࣛࢻࣄ࣮ࣝࣜࡣ
第ࠊンࢪ 1章第 3節第 3項࡛ࢱࢭࣝࣆࣟࣉࣟࢡࢩࡣ
 ࠋࡓࡋい࡚検討ࡘ基質適用範囲ࡢ࣮ࣝ

 

第 1項 ࢪࣛࢻࣄ࣮ࣝࣜンࡢ࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩ合成 

 

 初ࢪࣛࢻࣄࡵン塩酸塩 9c, 9u, 9q ンࣜࢽࡢ市販ࡎࡲࠋࡓࡋ合成うࡼࡢ以ୗࢆ 35c, 
35u, 35qࢆ亜硝酸ࠊ࣒࢘ࣜࢺࢼ塩化水素࡛処理࡛ࡇࡿࡍ N-ࢯࣟࢺࢽ化ࠋࡿࡍ続い࡚ࠊ塩
化ࢆࢬࢫ用い࡚還元࡛ࡇࡿࡍ合成ࡓࡋ (Table 2)ࠋ 

 

Table 2. Preparation of arylhydrazine hydrochlorides 9c, 9u, 9q. 

 

 

ンࣜࣀ࢟ࣟࢻࣄࣛࢺࢸࡢ市販ࠊࡓࡲ ࡛ࡇࡿࡍ塩化水素࡛処理࣒࢘ࣜࢺࢼ亜硝酸ࢆ36
N-ࢯࣟࢺࢽ化ࡓࡋ後ࠊLiAlH4࡛還元ࠊࡋ塩化水素 (4Mࢧ࢟࢜ࢪ-1,4ࠊン溶液) ࡛処理ࡇࡿࡍ
ン塩酸塩ࢪࣛࢻࣄ࡛ 9tࢆ合成ࡓࡋ (Scheme 23)ࠋ 

 

 

Scheme 23. Preparation of 3,4-dihydroquinonyl (2H)-amine hydrochloride 9t. 
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N-࣓ࣜࢽࢩ࢟ࢺ࣓-4-ࣝࢳン ࡛ࡇࡿࡍ塩化水素࡛処理࣒࢘ࣜࢺࢼ亜硝酸ࢆ38 N-ࢽ
 (ン溶液ࢧ࢟࢜ࢪ-1,4ࠊ4M) 塩化水素ࠊࡋ還元࡛࣒࢘ࢽンࣔ塩化亜鉛ࠊ後ࡓࡋ化ࢯࣟࢺ
࡛処理ࢪࣛࢻࣄ࡛ࡇࡿࡍン塩酸塩 9vࢆ合成ࡓࡋ (Scheme 24)ࠋ 

 

 

Scheme 24. Preparation of 1-(4-methoxyphenyl)-1-methylhydrazine hydrochloride 9v. 
 

ン塩酸塩ࢪࣛࢻࣄࣝࢽ࢙ࣇࡿࡍ有ࢆࢻ࣑ࢺࢭࣛࣃ 9e 文献ࡣ 参考ࢆ方法ࡢ (22
ࠊࣚࡕわ࡞ࡍࠋࡓࡋ合成࡚ࡋ ࡿ用い࡚ࡋ触媒ࢆ化銅࢘ N-(4-࣮ࣚࣝࢽ࢙ࣇࢻ)ࢻ࣑ࢺࢭ
40 N-Boc ࢪࣛࢻࣄン࢝ࡢッࣜࣉンࢢ応ࢪࣛࢻࣄ࣮ࣝࣜࡾࡼン 続い࡚ࠋࡓ得ࢆ41
ࡢBoc基ࠊ࡛ࡇࡿࡍ処理࡛ (ン溶液ࢧ࢟࢜ࢪ-1,4ࠊ4M) 塩化水素ࠊン中ࢱ࣓ࣟࣟࢡࢪࢆ41
脱保護ࢆ行いࢪࣛࢻࣄࠊン塩酸塩 9eࢆ合成ࡓࡋ (Scheme 25)ࠋ 

 

 
Scheme 25. Preparation of N-(4-hydrazinylphenyl)acetamide hydrochloride 9e. 

 

次様々ࡢ࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩ࡞基質合成ࢆ以ୗࡼࡢう行ࠊࡎࡲࠋࡓࡗα,ȕ-飽
和࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩࡘࡶࢆࣝࢸࢫ࢚ 10e ࣝࢸࢫ࢚ࠋ(Scheme 26) ࡓࡗ行ࢆ合成ࡢ
10d ࢆ THF 中ࠊLiAlH4࡛処理࡛ࡇࡿࡍ還元࣮ࣝࢥࣝࠊࡋ 42 ࣟࣟࢡࢪ続い࡚ࠋࡓ得ࢆ
Dess-Martinࠊン中ࢱ࣓ 試薬࡛処理ࢻࣄࢹ࡛ࣝࡇࡿࡍ 43 ࢚ࣝࢺ最後ࠋࡓࡋ酸化
ン中࡛ࢻ࣒ࣜ࢘ࢽ࣍ࢫ࣍ࠊ処理ࠊ࡛ࡇࡿࡍWittig応ࡀ進行ࠊࡋα,ȕ-飽和ࣝࢸࢫ࢚ 10e
 ࠋࡓࡋ合成ࢆ

 

 

Scheme 26. Preparation of cyclopropyl α,ȕ-unsaturated ester 10e. 
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 次୕ࠊ置換࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩ 10f ࣝࢳࣟࢡ-transࠋ(Scheme 27) ࡓࡋ合成ࢆ
࣮ࣝࢥࣝ ࡇࡿࡍン࡛処理࢞ン࣐酸化ࢻ࣒ࣜ࢘ࢽ࣍ࣝࢫࠊン還流中ࢱ࣓ࣟࣟࢡࢪࢆ44
࡛ Corey-Chaykovsky 応ࡀ進行ࢻࣄࢹࣝࣝࣆࣟࣉࣟࢡࢩࠊࡋ 45 続い࡚ࠋࡓࡋ合成ࢆ
ࢡࢩ࡛ࡇࡿࡍン酸࡛処理࣍ࣝࢫン࢚ࣝࢺ-p ࣮ࣝࢥࣜࢢンࣞࢳ࢚ࠊン還流中ࢮン࣋ࢆ45
࣮ࣝࢱࢭࣝࣆࣟࣉࣟ 10fࢆ合成ࠋࡓࡋ 

 

 

Scheme 27. Preparation of trisubstituted cyclopropyl acetal 10f. 
 

 次ࢆࢻ࣑ࠊ有࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩࡿࡍ 10g, 10h ࡿࡍ有ࢆࣝࢸࢫ࢚࢜ࢳ 10i
ࣝࢸࢫ࢚ࡎࡲࠋ(Scheme 28) ࡓࡋ合成ࢆ 10dࢆ水酸化࡛࣒ࣜ࢘ࢳ処理ࠊ࡛ࡇࡿࡍຍ水ศ解
ン酸࣎ࣝ࢝ࠊࡋ進行ࡀ 46 ン酸࣎ࣝ࢝ࠊン中ࢱ࣓ࣟࣟࢡࢪ続い࡚ࠋࡓ得ࢆ 46 ࣝࢳ࢚ࢪ
ࢆン࣑ EDC存在ୗ࡛縮合ࢻ࣑࡛ࡇࡿࡍ 10gࢆ合成ࠋࡓࡋ次ࢱ࣓ࣟࣟࢡࢪン中ࣝ࢝ࠊ
ン酸࣎ ࢆンࢪࣜࣆ46 EDC存在ୗ࡛縮合ࢻ࣑࡛ࡇࡿࡍ 10hࢆ合成࢝ࡽࡉࠋࡓࡋ
ン酸࣎ࣝ 46 ࢆンࢱࣉ࣓࢝ࣝࣝࢪン࣋ THF 還流中ࠊCDI 存在ୗ࡛縮合࢚࢜ࢳ࡛ࡇࡿࡍ
ࣝࢸࢫ 10iࢆ合成ࠋࡓࡋ 

 

 

Scheme 28. Preparation of amides 10g, 10h and thioester 10i. 
 

最後文献 ࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩࡿࡍ有ࢆࢻ࣑Weinreb参考ࢆ手法ࡢ (27 10jࡢ
合成ࢆ行ࡓࡗ (Scheme 29)ࣟࣟࢡ-2ࠋ-N-࣓ࢩ࢟ࢺ-N-࣓ࢻ࣑ࢺࢭࣝࢳ ࣝࢫࣝࢳ࣓ࢪࢆ47
ࢻࣜࣟࢡ࣒࢘ࢽ࣍ࣝࢫࣝࢳ࣓ࢪ࡛ࡇࡿࡍ中࡛ຍ熱攪拌ࢻࣇ 水ࠊ後ࡢࡑࠋࡓࡋ合成ࢆ48
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酸化࣒࢘ࣜࢺࢼ炭酸ࢆ࣒࢘ࣜ࢝用い࡚ࢻ࣑ α ࢆ脱ࢺࣟࣉン化࣒ࣜ࢘ࢽ࣍ࣝࢫࠊࡋ
ࢻ 続い࡚ࠋࡓࡋ合成ࢆ49 ン中࢚ࣝࢺࢆ49  -Coreyࠊ࡛ࡇࡿࡏࡉ応ンࣞࣟࢡ࡛℃ 60
Chaykovsky応ࡀ進行ࢻࣄࢹࣝࣝࣆࣟࣉࣟࢡࢩࠊࡋ ࢢンࣞࢳ࢚ࠊ最後ࠋࡓࢀࡽ得ࡀ50
࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩ࡛ࡇࡿࡍ保護࣮ࣝࢱࢭ用い࡚ࢆ࣮ࣝࢥࣜ 10jࢆ合成ࠋࡓࡋ 

 

 

Scheme 29. Preparation of cyclopropyl Weinreb amide 10j. 
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第 2項 ࢪࣛࢻࣄ࣮ࣝࣜンࡢ基質適用範囲関ࡿࡍ検討 

 

第 3 節第 1 項࡛合成ࢪࣛࢻࣄࡓࡋン市販ࢪࣛࢻࣄࡢンࢆ用い࡚還元的ン࣮ࣝࢻ合成
ンࢪࣛࢻࣄࣝࢽ࢙ࣇࡿࡍ有ࢆ置換基4ࠊࡎࡲࠋ(Scheme 30) ࡓࡋ検討ࢆ基質一般性ࡢ 9b-
lࢆ検討ࠊࢁࡇࡓࡋ電子供性࡛ࡢࡶࡘࡶࢆ率ࡀ高い傾向あࡀࡇࡿศࠊࡓࡲࠋࡓࡗ
ンࢪࣛࢻࣄࡿࡍ有ࢆ基ࣟࢺࢽ 9m ࡞一般的ࠊ࡚ࡗ従ࠋࡓࡗ࡞ࢀࡽ得ࡣ࣮ࣝࢻンࡣࡽ
Fischerン࣮ࣝࢻ合成類似ࡓࡋ傾向࡛あࡀࡇࡿ確認28ࠋࡓࢀࡉ) 次 2ࡣࡓࡲ 3
置換基ࢆ有ࢪࣛࢻࣄࣝࢽ࢙ࣇࡿࡍンࢆ検討3ࠋࡓࡋ ࣟࣟࢡ基ࢪࣛࢻࣄࣝࢽ࢙ࣇࡘࡶࢆ
ン 9nࡣࡽン࣮ࣝࢻ 13na13ࠊna’ࡢ混合物ࡀ 26%࡛得2ࠋࡓࢀࡽࢩ࢟ࢺ࣓基ࡘࡶࢆ
ンࢪࣛࢻࣄࣝࢽ࢙ࣇ 9oࡣࡽン࣮ࣝࢻ 13oaࢩ࢟ࢺ࣓ࡢ基ࡀ脱㞳ࡓࡋ 13jaࡀ生成
ンࢪࣛࢻࣄࣝࢽ࢙ࣇࡘࡶࢆ基ࣝࢳ࣓2ࠊࡓࡲࠋࡓࡋ 9pࡣࡽ 13paࡀࡳࡢ得3ࠋࡓࢀࡽ
ࣟ࢜ࣝࣇ基4ࠊ ࢩ࢟ࢺ࣓基ࢪࣛࢻࣄࣝࢽ࢙ࣇࡘࡶࢆン 9q ࣮ࣝࢻンࡣࡽ 13qa
ࡀ 67%࡛得ࢪࣛࢻࣄࣝࢳࣇࢼ-1ࠋࡓࢀࡽン 9rࡣࡽ 13raࡀ ࠊ一方࡛ࡓࢀࡽ率࡛得ࡢ56%
ンࢪࣛࢻࣄࣝࢳࣇࢼ-2 9sࡣࡽ 13saࡀ -(2H) ࣝࢽࣀ࢟ࣟࢻࣄࢪ-3,4ࠋࡓࢀࡽ率࡛得ࡢ36%
ン࣑ 9t୕ࡣࡽ環性ࡢ 13taࡀ 37%࡛得ࣞࢳ࣓-3,4ࠊࢀࡽンࢪࣛࢻࣄࣝࢽ࢙ࣇࢩ࢟࢜ࢪン
9uࡣࡽ 13uaࡀ 置換基最後ࠋࡓࢀࡽ率࡛得ࡢ53% R1ࣝࢳ࣓基ࢻࣄࣝࢽ࢙ࣇࡘࡶࢆ

4ࠊࢁࡇࡓࡋ検討ࢆンࢪࣛ ࢩ࢟ࢺ࣓基ࢪࣛࢻࣄࡘࡶࢆン 9v ࡣࡽ 13va ࡀ 69%࡛得
࣮ࣝࢻンࡢ目的ࡣࡢࡶࡢ水素ࡀ4ࠊࡀࡓࢀࡽ 13waࡢ率ࡀపୗࠋࡓࡋ 
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Scheme 30. Scope of arylhydrazines. 

 

以ୖࡼࡢうࢪࣛࢻࣄ࣮ࣝࣜࠊンࡢ基質適用範囲ࡘい࡚検討࣋ࠊࢁࡇࡓࡋンࢮン

環ୖ電子供性ࡢ置換基ࢆ有ࡿࡍ基質ࡢ方ࡀ電子求引性ࡢ置換基ࢆ有ࡿࡍ基質ࡶࡾࡼ効

率的応ࡀ進行ࡀࡇࡿࡍ明ࠋࡓࡗ࡞ࡽ 
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第 3項 ࡢ࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩ基質適用範囲関ࡿࡍ検討 

 

 第 3 節第 1 項࡛合成ࢆ࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩࡓࡋ用い࡚還元的ン࣮ࣝࢻ合成ࢩࡢ
ࡶࢆࣝࢸࢫ࢚α,ȕ-飽和ࠋ㸦Scheme 31㸧ࡓࡋ検討ࢆ一般性ࡿࡍ関置換基ࡢンୖࣃࣟࣉࣟࢡ
࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩࡘ 10e ࣮ࣝࢻンࡿࡍ有ࢆࣝࢸࢫ࢚ȕ,Ȗ-飽和ࠊࡣࡽ 13abࡀ
得ࠋࡓࢀࡽR3ࣝࢳ࣓基ࡘࡶࢆ 3 置換࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩ 10f ࡀ応良好ࡣࡽ
進行ࠊࡋン࣮ࣝࢻ 13ac ࡀ 75%࡛得ࠋࡓࢀࡽ続い࡚ R2ࢻ࣑や Weinreb ࢜ࢳࠊࢻ࣑
ࡿࡍ有ࢆࣝࢸࢫ࢚ 10g-jࡶࡽ応ࡀ良好進行ࠋࡓࡋ 

 

Scheme 31. Scope of cyclopropyl acetals. 
 

以ୖࡼࡢうࡢୖ࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩࠊ置換基࡞࡛ࡅࡔࣝࢸࢫ࢚ࠊ࡚ࡋくࠊ共

役ࣝࢸࢫ࢚やࡶࣝࢸࢫ࢚࢜ࢳࠊࢻ࣑適用࡛ࡀࡇࡿࡁศ࣎ࣝ࢝ࠊࡾン酸誘体関ࡿࡍ

一般性ࡀ実証୕ࡽࡉࠋࡓࢀࡉ置換ࡶ࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩ良好応ࡀ進行ࡇࡿࡍ

 ࠋࡓࡗศࡀ

 

最後回合成ࡓࡋンࡢ࣮ࣝࢻ有用性ࢆ確認ࠊࡵࡓࡿࡍWeinrebࢆࢻ࣑有ࡿࡍン
࣮ࣝࢻ 13afࡢ官能基変換ࢆ行ࡓࡗ (Scheme 32)13ࠋafࢆ ࣝࢽࢳ࢚-1 ンࢮン࣋ࢩ࢟ࢺ࣓-4
n-࡛࣒࢘ࢳࣜࣝࢳࣈ処理࡛ࡇࡿࡍ求核置換応ࡀ進行ࣀࠊࡋン 文献ࠋࡓࢀࡽ得ࡀ51 29) 
ンࣀ参考ࢆ手法ࡢ 中࡛ࣝࣜࢺࢽࢺࢭࢆ51 5 mol%ࡢ NaAuCl4࡛処理୕ࠊࡿࡍ環性

࣮ࣝࢻンࡢ 52 文献ࠊ一方ࠋࡓࢀࡽ得ࡀ ンࣀ参考ࢆ手法ࡢ (30 51 ンࢱ࣓ࣟࣟࢡࢪࢆ
中10ࠊ mol%ࡢ AgOTf࡛処理ࣟࣆࢫࡿࡍンࢽࣞࢻン  ࠋࡓࢀࡽ得ࡀ53



26 

 

 

 
Scheme 32. Transformations of 13af. 

 

以ୖࡼࡢうࠊ著者࢘ࣚࡣ化 tert-ࡽࣝࢳࣈ生成ࡿࡍ無水ࣚ࢘化水素ࢆ利用ࠊ࡛ࡇࡿࡍ
N-࣮ࣝࣜ-C-ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩンࡢ還元的ン࣮ࣝࢻ合成法ࢆ確立ࠋࡓࡋᮏ応ࡣ
N-࣮ࣝࣜ-C-ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩン࢚ࡢンࢪࣛࢻࣄンࡢ異性化ࢆࡓࡋ Fischer 
ン࣮ࣝࢻ化ࡾࡼ生成ࣝࣆࣟࣉࣟࢡࢩࣟࣆࢫࡿࡍンࢽࣞࢻンࡢ開環応ࡀ進行࡚ࡋいࠋࡿ

ᮏ応࠾い࡚ࢰࣛࢻࣄンࣃࣟࣉࣟࢡࢩࡣンࡢ活性化࡞࡛ࡅࡔくࠊン࣮ࣝࢻ環取ࡾ込

化࢘ࣚࠊࡓࡲࠋࡿ特徴࡛あࡀࡇࡿ応࡛あࡿい࡚ࢀࡲ tert-ࡀࣝࢳࣈ含水条件ୗ࡛安定
ࡽࡉࠋࡓࡁ࡛ࡀࡇࡍ示ࢆࡇࡿ試薬࡛あ࡞有用ࡿࡁ適用࡛応ࡿࡍ⏤経ࢆ中間体࡞

回開発ࡓࡋ 原料࡛あ࡞有用ࡿࡁ誘ᑟ࡛化合物ࡢ多環性ࡣ誘ᑟ体࣮ࣝࢻンࣝ࢟ࣝ-3
 ࠋࡓࡏ示ࡶࡇࡿ
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第 2章 N-ࢰࣛࢻࣄࣝࢩࣝࣆࣟࣉࣟࢡࢩンࡢ開環応ࢆ利用ࣆࡓࡋ
 開発ࡢ合成法࣮ࣝࢰࣛ

 

第 1 章࡛述ࡼࡓう࣮ࢱࣉࢭࢡ࣭࣮ࢼࢻ型ࣃࣟࣉࣟࢡࢩンࡣ電子的活性化࡚ࢀࡉ
いࣃࣟࣉࣟࢡࢩࠊࡽࡇࡿン環ࡢ開環応ࡀ容易進行ࠋࡿࡍ一方࡛置換基࡞ࡓࡶࢆい

くࡋ開環ࠊくࡋ乏応性ࡣンࣃࣟࣉࣟࢡࢩ࡞単純ࡢࡅࡔࡓࡋ置換ࡀ基ࣝ࢟ࣝやࡢࡶ

いࡼࡢࡇ (3 ࠋう࡞電子的活性化࡚ࢀࡉい࡞いࣃࣟࣉࣟࢡࢩンࡢ活性化࡚ࡋ㑄移金属ࢆ
用いࡿ手法ࡀあࠋࡿ一般的㑄移金属ࢆ用い࡚ࣃࣟࣉࣟࢡࢩンࢆ活性化ࠊࡿࡍ酸化的付

ຍや ȕ-炭素脱㞳ࢆࠊ࡚ࡋ開環応ࡀ進行ࡀࡇࡿࡍ知࡚ࢀࡽいࡿ (Scheme 33)31-33ࠋ) 
 

 
Scheme 33. C-C bond activation of cyclopropane with transition metals. 

 

ࡢンࣃࣟࣉࣟࢡࢩࠊࡓࡲ C-H活性化ࡾࡼ段階的ࣃࣟࣉࣟࢡࢩンࡀ開環ࡿࡍ例ࡶ数例
報告࡚ࢀࡉいࠋࡿ例えࡤ Fagnou ࡘࡶࢆ基ࣔࣟࣈࢺࣝ࢜ࡣࡽ N-ࣜࢽࣝࣆࣟࣉࣟࢡࢩ
ン ࡓ用いࢆ触媒࣒࢘ࢪࣛࣃࡢ54 C(sp3)-H活性化ࠊ続く開環応ࣜࣀ࢟ࣟࢻࣄࢪࠊࡾࡼ
ン 式ࠊScheme 34) ࡿい࡚ࡋ報告ࢆࡇࡿࡍ生成ࡀ55 ࡢ炭素-臭素結合ࡣᮏ応࡛ (34ࠋ(1
酸化的付ຍࡾࡼ生成ࡿࡍ C-Pd 共有結合ࣃࣟࣉࣟࢡࢩࡾࡼン環ࡢ近傍࣒࢘ࢪࣛࣃ種
ࡢン環ࣃࣟࣉࣟࢡࢩࠊ࡛ࡇࡿࡍ接近ࡀ C-H活性化ࡀ進行ࣝࢡࢧࣛࢱ࣓ࠊࡋ Tࡀ生成ࡍ
ࡿࡍ進行連続的ࡀ還元的脱㞳ࠊ開環ࡢンࣃࣟࣉࣟࢡࢩࡢ中ࣝࢡࢧࣛࢱ࣓ࠊ後ࡢࡑࠋࡿ

ンࣜࣀ࢟ࣟࢻࣄࢪ࡛ࡇ 55 2013ࠊ࡚ࡋ応ࡢ類似ࡽࡉࠋࡿࡍ生成ࡀ ᖺ Charette ࡽ
ࢻ࣑ࢬン࣋ࣝࣆࣟࣉࣟࢡࢩࠊࡣ 56 ンࣆࢮ[c]ࢰン࣋ࡽ 57 式) ࡿい࡚ࡋ報告ࢆ合成ࡢ
ࡽࡉ (35ࠋ(2 Charetteࡣࡽ 2022ᖺࢻ࣑ࣝࣆࣟࣉࣟࢡࢩ ࣀࣆࢮࣟࢻࣄࢧ࢟࣊ࡽ59
ン誘ᑟ体 式) ࡿい࡚ࡋ成ຌ合成ࡢ60  (36ࠋ(3
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Scheme 34. Ring opening reaction via C-H activation of cyclopropane. 

 

ࡢンࣃࣟࣉࣟࢡࢩࡣ応࡛ࡢࡽࢀࡇ C-H活性化ࣃࣟࣉࣟࢡࢩࡾࡼンࡢ開環続く連続
応ࡀ進行ࠊ࡛ࡇࡿࡍ含窒素ࣟࢸ࣊環ࡢ効率的࡞合成成ຌ࡚ࡋいࠊࡋࡋࠋࡿ目的ࡢ

ࡢンࣃࣟࣉࣟࢡࢩ C-H活性化ࢆ実現ࡵࡓࡿࡍあ࣋ࡵࡌࡽンࢮン環やࢣࣝࣟࢡࢩンୖ
あࡀ課題ࡽ観点ࡢ原子効率ࠊࡾあࡀ必要ࡿࡍᑟ入ࢆン࢜ン化物ࢤࣟࣁ࡞合成ୖ要

ࡢンࣃࣟࣉࣟࢡࢩ一方࡛ࠋࡓࡗ C-H活性化ࡢ別法࡚ࡋ配向基ࢆ用いࡿ手法ࡀ報告࡚ࢀࡉ
い37ࠋࡿ) 配向基ࡣ配結合࡚ࡗࡼ目的ࡢ基質金属触媒ࢆ近࡙ࡿࡅ官能基࡛あ38ࠋࡿ) 
ࡢンࣃࣟࣉࣟࢡࢩ用い࡚ࢆ配向基ࡣ回著者࡛ࡇࡑ C-H活性化ࡀ進行ࡓࡋ後ࠊ開環応
続く連続応ࡀ進行ࠊࡋ配向基ࢆ含窒素ࣟࢸ࣊環ࡢ一部࡚ࡋ取ࡾ込ࠊࡤࢀࡁ࡛ࡀࡇࡴ

ࣟࣉࣟࢡࢩ࡞うࡼࡢࡇࠋ(Scheme 35) ࡓ考えࡿࡁ実現࡛ࡀ合成法ࡓࢀ優原子効率ࡽࡉ
ࡢンࣃ C-H活性化続く連続応ࡢ進行ࡀ期待࡛ࡿࡁ配向基ࢰࣛࢻࣄࠊ࡚ࡋン着目ࡋ
 ࠋࡓ

 

 
Scheme 35. Synthesis of nitrogen containing heterocycle via C-H activation with directing group. 
 

ࣝࡿࡍ相互作用㑄移金属ࡀ孤立電子対ࡿࢀࡲ含窒素原子ࡢࢀࡒࢀࡑࡣンࢰࣛࢻࣄ

C-Hࠊ࡛ࡇ働く࡚ࡋ塩基ࢫ 活性化ࡢ配向基࡚ࡋ機能ࡀࡇࡿࡍ知࡚ࢀࡽいࠋࡿ例え
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ࡤ 2006ᖺ稲ᮏࡣࡽ N-ࢰࣛࢻࣄࣝࢩࢺン ࢆ63 DMSO中 50 ℃࡛酢酸ࡧࡼ࠾࣒࢘ࢪࣛࣃ酢
酸銅࡛処理࡛ࡇࡿࡍン࣮ࣝࢰࢲ ࡣᮏ応࡛ (39ࠋ(Scheme 36) ࡿい࡚ࡋ成ຌ合成ࡢ64
ン炭素࣑ンࢰࣛࢻࣄࠊࡁ働࡚ࡋ塩基ࢫࣝࡢ触媒࣒࢘ࢪࣛࣃࡀン窒素࣑ンࢰࣛࢻࣄ

࡛ࡇࡿࡍ進行ࡀ還元的脱㞳ࡕࡢࡓࡋࢆC-H活性化ࡢ基࣮ࣝࣜࡢୖ C-N結合ࡀ形成ࡉ
࣮ࣝࢰࢲン࡛ࡇࡿࢀ 配向基ࢆンࢰࣛࢻࣄࡾࡲ始例ࡢࡽ稲ᮏࡢࡇࠋࡿい࡚ࡋ生成ࡀ64
ࡓ用い࡚ࡋ C-H活性化ࡀ多く開発࡚ࢀࡉい40ࠋࡿ) 
 

 
Scheme 36. C-H activation with hydrazone directing group. 

 

ࡀ孤立電子対ࡢ窒素ࣀ࣑ࠊ一方࡛ࡍ示ࢆ配性࡚ࡋ対金属ࡣンࢰࣛࢻࣄ C=N結合
共鳴ࢰࠊ࡛ࡇࡿࡍ化合物 E ࠊࡵࡓࡢࡑ (14ࠋ(Scheme 37) ࡘࡶࢆ性質ࡿࡍ互変異性化

ࡢンࢰࣛࢻࣄ C=N 結合ࠊࡣ一般的࣑࡞ンࡢ C=N 結合ࡶࡾࡼ単結合近い性質ࢆ有࡚ࡋ
いࠋࡿ  
 

 
Scheme 37. Tautomer of hydrazones. 

 

以ୖࡼࡢうࢰࣛࢻࣄ࡞ンࡢ性質ࢆ利用ࣃࣟࣉࣟࢡࢩࠊ࡛ࡇࡿࡍンࡢ C-H活性化続く
連続応ࡀ進行ࢰࣛࢻࣄࠊࡋンࡀ取ࡾ込ࡼࡿࢀࡲう࡞含窒素ࣟࢸ࣊環ࡢ合成ࡀ期待࡛ࡿࡁ

ࡘࡶࢆ基ࣝࢩン炭素ୖ࣑ࠊ࡛ࡇࡑࠋࡓ考え N-ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩン 14 ຍࢆ
熱条件ୗࠊ㑄移金属触媒応࣮ࣝࢰࣛࣆ࡛ࡇࡿࡏࡉ ࠋ(Scheme 38) ࡓࡋ計画ࢆ合成ࡢ16
ࢆン互変異性ࢰࣛࢻࣄ㸫ࢰࠊ࡛ࡇࡿࡍᑟ入ࢆ基ࣝࢩン炭素ୖ࣑ࡢンࢰࣛࢻࣄ

ࡓࡋ C=N 㔜結合ࡢ異性化ಁࡢ進࣑ࠊン窒素ࡢᗙ配向基ࡢ࡚ࡋ機能ࢆ期待ࡋ
ンࢰࣛࢻࣄࡕわ࡞ࡍࠋࡓ ࡀ14 ࣃࣟࣉࣟࢡࢩࡿࡼ㑄移金属触媒ࠊࡕࡢࡓࡋ異性化’14
ンࡢ C(sp3)-H活性化ࡀ進行ࣝࢡࢧࣛࢱ࣓ࠊࡋ Gࡀ生成ࣝࢡࢧࣛࢱ࣓ࠊࡽࡉࠋࡿࡍ
縮環࡛ࡇࡿࡍ増大ࣃࣟࣉࣟࢡࢩࡓࡋン環ࡢ࣮ࢠࣝࢿ࢚ࡳࡎࡦࡢ解消ࢆ駆動力ࡇࡿࡍ

ンࢪࠊࡋ進行ࡀ続く連続応開環ࡢンࣃࣟࣉࣟࢡࢩࠊ࡛ ຍ熱ࠊ最後ࠋࡿࡍ生成ࡀ15
࣮ࣝࢰࣛࣆࠊ࡚ࡋ進行ࡀ環化異性化応ࡿࡼ ࣝࢩࡣᮏ応ࠋࡓࡋ期待ࡿࡍ生成ࡀ16
ࡢンࣃࣟࣉࣟࢡࢩࡀンࢰࣛࢻࣄ C-H活性化ಁࢆ進࡞࡛ࡅࡔࡿࡍくࠊ環化異性化応ಁࡢ進
観ࡢ原子効率ࠊࡵࡓࡿࢀࡲ込ࡾ取࣮ࣝࢰࣛࣆࡢ目的ࡀンࢰࣛࢻࣄࡽࡉࠋࡿࡍ寄ࡶ

点ࡽ優ࡓࢀ含窒素ࣟࢸ࣊環合成法ࢆ実現ࠋࡿࡍ 
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Scheme 38. Pyrazole synthesis via C-H activation of N-cyclopropyl acylhydrazone. 
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第㸯節 応条件最適化ࡢ検討 

 

ࡿ࡞基質ࠊࡵࡌࡣ N-ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩン 14aaࡢ合成ࢆ行ࠋࡓࡗ文献 参ࢆ (41

考ࣟ࣎ࣝࣆࣟࣉࣟࢡࢩࠊン酸 ࣝࢳࣈ-tert-ࢪン酸࣎ࣝ࢝ࢪࢰࢆ65 10 mol%ࡢ酢酸銅࡛
処理ࣟ࣎ࣝࣆࣟࣉࣟࢡࢩࠊࡿࡍン酸ࢰࡢ基ࡢ触媒的付ຍ応ࡀ進行ࠊࡋBoc 基ࡶࢆ
ンࢪࣛࢻࣄࡘ 中ࣝࣜࢺࢽࢺࢭࠊ後ࡢࡑࠋࡓࢀࡽ得ࡀ66 60 ℃࡛ p-࢚ࣝࢺン࣍ࣝࢫン酸一
水和物ࢆ添ຍࠊ࡛ࡇࡿࡍ脱 Boc化ࡀ進行ࢪࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࠊࡋン-p-࢚ࣝࢺンࣝࢫ
ン酸塩࣍ 67 次ࠋ(Scheme 39) ࡓࡋ合成ࢆ ンࣞࢱࣇࢼࣔࣟࣈ-2 68 処理࡛࣒࢘ࢩࢿࢢ࣐ࢆ
࡛ࡇࡿࡍ ࢻ࣑ࣟࣈ࣒࢘ࢩࢿࢢ࣐ࣝࢳࣇࢼ-2 ࣝࢳ࣓ࢪ酸࢘ュࢩ続い࡚ࠋࡿࡍ誘ᑟ69
応࡛ࡇࡿࡏࡉ付ຍ脱㞳応ࡀ進行ࠊࡋα-ࣝࢸࢫ࢚ࢺࢣ 70aa 合ࠋ(Scheme 40) ࡓࡋ合成ࢆ
成ࣝࢸࢫ࢚ࢺࢣࡓࡋ 70aa ンࢪࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩン存在ୗ࡛ࢪࣜࣆࢆ 67 ࡇࡿࡍ縮合
ンࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࠊ࡛ 14aaࢆ合成ࠋࡓࡋ 

 

 

Scheme 39. Preparation of cyclopropylhydrazine 67. 
 

 
Scheme 40. Preparation of N-cyclopropylhydrazone 14aa. 

 

次合成ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࡓࡋン 14aa ࡢンࣃࣟࣉࣟࢡࢩ用い࡚ࢆ C-H 活性化
開環応ࡢ連続応ࢆ検討ࡓࡋ (Table 3)ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࡎࡲࠋン 14aa ࣞࢩ࢟ࢆ
ン中ࣔࣞ࢟ュ࣮ࣛࣈ࣮ࢩ 4A存在ୗࠊC-H活性化ࡢ進行ࢆ期待10ࠊ࡚ࡋ mol%࣒࢘ࢪࣟࡢ触
媒やࢽッࣝࢣ触媒ࢆ用い࡚検討࣮ࣝࢰࣛࣆࠊࢁࡇࡓࡋ 16aa  ࡓࡗ࡞ࡋく生成ࡼ効率ࡣ
(Table 3, entries 1 and 2)43 ,42ࠋ) 一方࡛ 10 mol%ࡢ酢酸ࢆ࣒࢘ࢪࣛࣃ添ຍࡓࡋ㝿࣮ࣝࢰࣛࣆ
16aaࡀ 酢ࣟ࢜ࣝࣇࣜࢺࠊࡋ期待ࢆ向ୖࡢ応効率ࡿ࡞更ࠋ(entry 3) ࡓࢀࡽ率࡛得ࡢ49%
酸࣒࢘ࢪࣛࣃ 10 mol%ࢆ添ຍࠊࡀࡓࡋ率ࡣ向ୖࡓࡗ࡞ࡋ (entry 4)ࠋ次 0価࢘ࢪࣛࣃ
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ࡽ࣒ 2 価ࡢ酢酸ࡢ࣒࢘ࢪࣛࣃ再生ಁࢆ進ࡀࡇࡿࡍ期待࡛ࡿࡁ添ຍ剤࡚ࡋ 2.0 当㔞
一方࡛ (44ࠋ(entry 5) ࡓࡗ࡞ࡋ向ୖࡣ率ࠊࢁࡇࡓࡋ添ຍࢆ酢酸銀ࡢ C-H活性化ಁࢆ進
ࡢ2.0当㔞ࠊ࡚ࡋ添ຍ剤ࡿࡁ期待࡛ࡀࡇࡿࡍ HFIPࢆ添ຍࠊࢁࡇࡓࡋ率ࡣ 向69%
ࡓࡲ (45ࠋ(entry 6) ࡓࡋୖ HFIPࢆ溶媒࡚ࡋ用い࣮ࣝࢰࣛࣆࠊࡀࡓ 16aaࡣ得ࡓࡗ࡞ࢀࡽ 
(entry 7)ࠋ次 HFIP ࡓ用い࡚ࡋ溶媒ࢆ࣮ࣝࢥ࣑ࣝࣝ-tertࠊ࡚ࡋ期待ࢆ効ᯝࡢ類似
ࡣ率ࡢ16aaࠊࢁࡇ ࣮ࢥ࣑ࣝࣝ-tertࠊࡽ結ᯝࡢ以ୖ (46 ࠋ(entry 8) ࡓࡋ向ୖ80%
ࣝ還流中ࠊ酢酸࣒࢘ࢪࣛࣃ 10 mol%࢟ࣞࣔュ࣮ࣛࣈ࣮ࢩ 4A ࣮ࢰࣛࣆ条件࡛ࡿࡍ添ຍࢆ
 ࠋࡓࡗ࡞ࡽ明ࡀࡇࡿࢀࡽ高率࡛得ࡀࣝ

 

Table 3. Optimization of C(sp3)-H activation of N-cyclopropyl acylhydrazone. 
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第 2節 基質適用範囲関ࡿࡍ検討 

 

 次 N-ࢰࣛࢻࣄࣝࢩࣝࣆࣟࣉࣟࢡࢩン࢘ࢪࣛࣃࡢ
基質適用ࡢ開環応ࡢンࣃࣟࣉࣟࢡࢩࡓ用いࢆ触媒࣒

範囲ࢆ検討ࠋࡓࡋ第 2 章第 2 節第 1 項࡛ࡣ原料࡛あࡿ
第ࠋࡓࡗ行ࢆ合成ࡢンࢰࣛࢻࣄ 2 章第 2 節第 2 項࡛ࡣ
 ࡢンୖࣃࣟࣉࣟࢡࢩ基࣮ࣝࣜࡢ炭素ୖࣀ࣑
(R2)ࠊ第 2 章第 2 節第 3 項࡛ࣀ࣑ࡣ炭素ୖࡢ置換基 
(R3) ࡢୖࣝࢽ࣎ࣝ࢝ࡧࡼ࠾置換基 (R4) ࡘい࡚検討ࠋࡓࡋ 

 

第 1項 N-ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩンࡢ合成 

第 2章第 2節第 2項࡛用いࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࡿンࡢ合成ࢆ行ࣀࢱ࣓ࠊࡎࡲࠋࡓࡗ
࣮ࣝ中室温࡛ࠊα-ࢪࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࣝࢸࢫ࢚ࢺࢣンࢪࣜࣆࢆン存在ୗ࡛縮合ࡏࡉ
ンࢰࣛࢻࣄ࡛ࡇࡿ 14ab-asࢆ合成ࡓࡋ (Table 4)ࠋ 
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Table 4. Preparation of N-cyclopropylhydrazones. 

 
 

ୖ記ࢰࣛࢻࣄࡢン合成ࡢ原料ࡿ࡞ α-ࣝࢸࢫ࢚ࢺࢣ 70ab-ah, 70ajࡣ市販࡛あࠊࡀࡿα-ࢣ
ࣝࢸࢫ࢚ࢺ 70ai, 70ak-asࡣ以ୗࡼࡢう合成ࡎࡲࠋࡓࡋ文献 ンࢺࢣࠊ参考ࢆ (47 71ai, 71ak-
ap, 71asࢆ酸化ࣞࢭン࡛酸化ࠊࡋα-࣎ࣝ࢝ࢺࢣン酸誘ᑟࠋࡿࡍ続い࡚塩化ࣝࢽ࢜ࢳ
ࡢࣝࢸࢫ࢚ࢺࢣ-αࠊ㝿ࡢࡇࠋࡓࡋࣝࢸࢫ࢚ࣝࢳ࣓ࡾࡼ࣮ࣝࣀࢱ࣓ α,α-ࢩ࢟ࢺ࣓ࢪ
ࡍຍ水ศ解ࢆࣝࢸࢫ࢚ࢩ࢟ࢺ࣓ࢪ-α,αࠊ用い࡚ࢆ過塩素酸最後ࠋࡿい࡚ࡋ生成ࡀࣝࢸࢫ࢚
࡛ࡇࡿ α-ࣝࢸࢫ࢚ࢺࢣ 70ai, 70ak-ap, 70asࢆ合成ࡓࡋ (Table 5)ࠋ 
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Table 5. Preparation of α-keto esters 70ai, 70ak-ap, 70as. 

 

 

α-ࣝࢸࢫ࢚ࢺࢣ 70aqࡣ 酸ࣝࢩ࢟࢜ࣜࢢン࢙ࣇ࢜ࢳ-2 ࢆ72 DBU࢘ࣚ化࣓ࢆࣝࢳ用い
 ࠋ(Scheme 41) ࡓࡋ合成࡛ࡇࡿࡍ化ࣝࢳ࣓࡚

 

 
Scheme 41. Preparation of α-keto ester 70aq. 

 

α-ࣝࢸࢫ࢚ࢺࢣ 70arࡘい࡚ࡣ文献 ンࣀ࣐ࣛࢡ参考ࢆ (49 ,48 ࢺࠊン還流中࢚ࣝࢺࢆ73
ࢳ࢚ン-3-酢酸ࣛࣇࢰン࣋ࠊࡾࡼWittig応ࡢࣝࢳ࢚ン酢酸ࢹࣜࢽࣛ࣍ࢫ࣍ࣝࢽ࢙ࣇࣜ
ࣝ  ࠋ(Scheme 42) ࡓࡋ合成࡛ࡇࡿࡍン࡛酸化ࣞࢭ酸化ࡽࡉࠊࡋ合成ࢆ74

 

 

Scheme 42. Preparation of α-keto ester 70ar. 
 

次ࣃࣟࣉࣟࢡࢩンୖࣝࢽ࢙ࣇ基ࢆ有ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࡿࡍン 14atࡢ合成ࢆ行
文献ࠋ(Scheme 43) ࡓࡗ ࢸࢫ࢚࣮ࣝࢥࢼࣆン酸ࣟ࣎ࣝࢽࣅࣝࢽ࢙ࣇ-2-ࢫンࣛࢺ参考ࢆ (50
ࣝ ࡛ࡇࡿࡍTFA࡛処理ࠊンࢱ࣓ࢻ࣮ࣚࢪ亜鉛ࣝࢳ࢚ࢪࢆ75 Simmons-Smith応ࡀ進行
ࣝࢸࢫ࢚࣮ࣝࢥࢼࣆン酸ࣟ࣎ࣝࣆࣟࣉࣟࢡࢩࠊࡋ 76 続い࡚ࠋࡓࡋ生成ࡀ 76 素酸࢘過ࣚࢆ
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ࣆࣟࣉࣟࢡࢩࠊࡋ脱保護ࢆࣝࢸࢫ࢚࣮ࣝࢥࢼࣆࠊ࡛ࡇࡿࡍ塩化水素࡛処理࣒࢘ࣜࢺࢼ

ン酸ࣟ࣎ࣝ 77 ン酸ࣟ࣎ࣝࣆࣟࣉࣟࢡࢩࡓࢀࡽ得次ࠋࡓ得ࢆ 77 -ࢪン酸࣎ࣝ࢝ࢪࢰࢆ
tert-ࣝࢳࣈ 10 mol%ࡢ酢酸銅࡛処理ࣟ࣎ࣝࣆࣟࣉࣟࢡࢩࠊࡿࡍン酸ࢰࡢ基ࡢ触媒的
付ຍ応ࡀ進行ࠊࡋBoc基ࢪࣛࢻࣄࡘࡶࢆン 中ࣝࣜࢺࢽࢺࢭ後ࡢࡑࠋࡓࢀࡽ得ࡀ78 60 ℃
࡛ p-࢚ࣝࢺン࣍ࣝࢫン酸一水和物ࢆ添ຍࠊ࡛ࡇࡿࡍ脱 Boc化ࡀ進行ࣝࣆࣟࣉࣟࢡࢩࠊࡋ
ン酸塩࣍ࣝࢫン࢚ࣝࢺ-ン-pࢪࣛࢻࣄ 79 ࣉࣟࢡࢩ中室温࡛࣮ࣝࣀࢱ࣓最後ࠋࡓࡋ合成ࢆ
ンࢪࣛࢻࣄࣝࣆࣟ 79 ࢻࣄ࡛ࡇࡿࡏࡉン存在ୗ࡛縮合ࢪࣜࣆࢆࣝࢳ࢚酸ࢠࣝࢰン࣋
ンࢰࣛ 14atࢆ合成ࠋࡓࡋ 

 

 

Scheme 43. Preparation of cyclopropylhydrazone 14at. 
 

次ࠊ第 2章第 2節第 3項࡛用いࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࡿン 14au-az, 14ba-bc, 14caࡢ
合成ࢆ行ࣀ࣑ࠊࡎࡲࠋࡓࡗ炭素ୖ水素ࢆ有ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࡿࡍン 14auࡢ合成
ࡢ中室温࡛市販࣮ࣝࣀࢱ࣓ࠋࡓࡗ行ࢆ ࣝࢳ酢酸࣓ࢩ࢟ࢺ࣓-2-ࢩ࢟ࣟࢻࣄ-2 80 ࣉࣟࢡࢩ
ンࢪࣛࢻࣄࣝࣆࣟ  ࠋ(Scheme 44) ࡓࡋ合成࡛ࡇࡿࡍ存在ୗ࡛縮合࣒࢘ࣜࢺࢼ酢酸ࢆ67

 

 

Scheme 44. Preparation of cyclopropylhydrazone 14au. 
 

次ࠊ前述同ࡌく࣓࣮ࣝࣀࢱ中室温࡛ࢪࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩン 67  α-࣎ࣝ࢝ࢺࢣ
化合物ࣝࢽ 81av-az, 81ba-bc, 81caࢪࣜࣆࢆン存在ୗ࡛縮合࡛ࡇࡿࡏࡉ合成ࡓࡋ (Table 6)ࠋ 
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Table 6. Preparation of cyclopropylhydrazones 14av-az, 14ba-bc, 14ca. 

 

 

α-ࣝࢽ࣎ࣝ࢝ࢺࢣ化合物 81av, 81az, 81ba-bc 化合物ࣝࢽ࣎ࣝ࢝ࢺࢣ-αࠊࡀࡿ市販࡛あࡣ
81aw, 81ax, 81ay, 81caࡣ以ୗࡼࡢう合成࣑ࡎࡲࠋࡓࡋン炭素ୖ࣋ンࣝࢪ基ࡘࡶࢆ α-
ࣝࢸࢫ࢚ࢺࢣ 81aw tert-ࣝࢳࣈ基ࡘࡶࢆ α-ࣝࢸࢫ࢚ࢺࢣ 81ayࡢ合成ࡘい࡚ࠊࡣα-ࢺࢣ
ン酸࣎ࣝ࢝ 82aw, 82ay ࢆ DBU  ࡓࡋ合成࡛ࡇࡿࡍ化ࣝࢳ用い࡚࣓ࢆࣝࢳ化࣓࢘ࣚ
(Table 7)ࠋ 
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Table 7. Preparation of α-keto esters 81aw, 81ay. 

 
 

続い࡚࣌ࣟࢡࢩンࢻ࣑ࣟࣈ࣒࢘ࢩࢿࢢ࣐ࣝࢳ 付ຍ脱㞳ࣝࢳ࢚ࢪ酸࢘ュࢩࠊ用いࢆ83
応ࢆ進行࣌ࣟࢡࢩࠊ࡛ࡇࡿࡏࡉンࣝࢳ基ࡘࡶࢆ α-ࣝࢸࢫ࢚ࢺࢣ 81axࢆ合成ࡓࡋ (Scheme 
 ࠋ(45

 

 

Scheme 45. Preparation of α-keto ester 81ax. 
 

次 α-ࢻ࣑ࢺࢣ 81caࡣ文献 ンࢺࢣ参考ࢆ(51 ン中࢚ࣝࢺࢆ84 65 ℃࡛酸素雰囲気
ୗࢪࣜࣆࠊン 10 mol%࢘ࣚࡢ化銅࡛処理࡛ࡇࡿࡍ合成ࡓࡋ (Scheme 46)ࠋ 

 

 

Scheme 46. Preparation of α-keto amide 81ca. 
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第 2項 ࣀ࣑炭素ୖ࣮ࣝࣜ基ࢆ有ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࡿࡍ
ンࡢ基質適用範囲関ࡿࡍ検討 

 

第 2 節第 1 項࡛合成ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࡓࡋン 14ab-at 触媒࣒࢘ࢪࣛࣃࠊ用い࡚ࢆ
ン炭素࣑ンࢰࣛࢻࣄࠊࡎࡲࠋ(Scheme 47) ࡓࡋ検討ࢆ開環応ࡢンࣃࣟࣉࣟࢡࢩࡓ用いࢆ
14ab, 14acࠋࡓࡋい࡚検討ࡘ置換基効ᯝࡢ基࣮ࣝࣜࡢୖ ࣄࡘࡶࢆ基ࣝࢽ࢙ࣇうࡼࡢ
࣮ࣝࢰࣛࣆࡣࡽンࢰࣛࢻ 16ab (64%), 16ac (55%) ࡀ得14ࠊࡓࡲࠋࡓࢀࡽacࡢ幾何異性体
࣮ࣝࢰࣛࣆࡢ目的ࡶ場合ࡓ用いࢆ 16acࡀ 原ࡣᮏ応࡛ࠊࡵࡓࡢࡑࠋࡓࢀࡽ率࡛得ࡢ54%
料ࢰࣛࢻࣄࡢンࡢ幾何異性ࡀ応影響࡞ࡋいࡀࡇ示唆14ࠋࡓࢀࡉad-ajࡼࡢう 4
置換基࣮ࣝࣜࡘࡶࢆ基࡛ࡶ応ࡀ進行ࣔࣟࣈࠊࡀࡓࡋ基ࡘࡶࢆ 14ahࡣࡽ率ࡀ大幅
పୗ࣮ࣝࢰࣛࣆࠊࡋ 16ah ࡀ 9%࡛得ࣔࣟࣈࠋࡓࢀࡽ基ࢆ有ࡿࡍ 16ah పୗ大幅ࡀ率ࡢ
ࡿࡍ応途中࡛生成ࠊい࡚ࡘ原因ࡓࡋ 0価ࡀ࣒࢘ࢪࣛࣃ炭素-臭素結合酸化的付ຍࡿࡍ
2やࠊࡓࡲࠋࡿ考え࡚いࡓࡋ進行ࡀ応࡛ࡇ 3置換基ࡘࡶࢆ 14ak-aoࣆࡣࡽ
࣮ࣝࢰࣛ 16ak-aoࡀ得ࣞࢳ࣓-3,4ࠊࡀࡓࢀࡽンࢩ࢟࢜ࢪ基ࢆ有ࡿࡍ 14apࡣ応㏿ᗘࡀ遅
応開始ࠊࡵࡓࡓࡗ 19時間後 150 °C࡛ࡲ昇温ࡽࡉࡋ 9時間攪拌ࠊࢁࡇࡓࡋ原料ࡣ
消失࣮ࣝࢰࣛࣆࠊࡋ 16apࡀ ࡿࡍ有ࢆン࢙ࣇ࢜ࢳ࡚ࡋ基࣮ࣝࣜࠋࡓࢀࡽ率࡛得ࡢ33%
14aqや࣋ンࣛࣇࢰンࢆ有ࡿࡍ 14arࢆࣝࢳࣇࢼ-1ࠊ有ࡿࡍ 14as࣮ࣝࢰࣛࣆࡣࡽ 16aq (74%), 
16ar (60%), 16as (62%) ࢀࡒࢀࡑࡀ得ࠋࡓࢀࡽ最後ࣃࣟࣉࣟࢡࢩンୖࡢ置換基 R2࢙ࣇ

基質ࡿࡍ有ࢆ基ࣝࢽ 14at 用い࡚ࢆࣈュ࣮ࢳࢻ࣮ࣝࢩࠊࡀࡓࡁ適応࡛ࡶ 140 °C ࡚ࡋ昇温
21 時間攪拌ࡓࡋ後ࡽࡉࠊ 10 mol%ࡢ酢酸ࢆ࣒࢘ࢪࣛࣃ追ຍ4ࠊࡋ 時間攪拌ࣆ࡛ࡇࡿࡍ
࣮ࣝࢰࣛ 16atࢆ  ࠋࡓࡁ࡛ࡀࡇࡿ率࡛得ࡢ38%

 

Scheme 47. Screening of aryl groups and substituent on cyclopropane. 
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第 3項 ࣀ࣑炭素ୖࣝ࢟ࣝ基や様々ࣝࢩ࡞基ࢆ有ࣟࢡࢩࡿࡍ
 検討ࡿࡍ関基質適用範囲ࡢンࢰࣛࢻࣄࣝࣆࣟࣉ

 

第 2 節第 1 項࡛合成ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࡓࡋンࢆ用い࡚ࣀ࣑炭素ୖࡢ置換基࢝
置換基ࠋ(Scheme 48) ࡓࡋ検討ࢆい࡚基質適用範囲ࡘ置換基ࡢ基ୖࣝࢽ࣎ࣝ R3ࡀ水素ࠊ

ࡘࡶࢆࣝࢳン࣌ࣟࢡࢩࠊࣝࢪン࣋ࠊࣝࢳ࣓ 14au-ax࡛応ࡣ進行ࠊࡀࡓࡋtert-ࣝࢳࣈ基ࡶࢆ
ࡘ 14ayࡣ 20 mol%ࡢ酢酸࣒࢘ࢪࣛࣃ高い応温ᗘࡀ必要࡛あࠋࡓࡗ次ࡢୖࣝࢽ࣎ࣝ࢝
置換基ࡘい࡚検討ࠋࡓࡋ環状ࣛࢺࢡンࢰࣛࢻࣄࡘࡶࢆン 14azࢆ用いࡿ ࣆ率࡛ࡢ86%
࣮ࣝࢰࣛ 16azࡀ得ࢺࢣࠊࡓࡲࠋࡓࢀࡽンࢰࣛࢻࣄࡘࡶࢆン 14baや 14bbࢆ用い࡚検討ࡓࡋ
࣮ࣝࢰࣛࣆࠊࢁࡇ 16ba (38%) ࡧࡼ࠾ 16bb (44%) ࡀ得ࠋࡓࢀࡽ環状ࢺࢣンࣛࢻࣄࡘࡶࢆ
ンࢰ 14bc࣮ࣝࢰࣛࣆࡣࡽ 16bcࡀ ࣛࢻࣄࡿࡍ有ࢆࢻ࣑最後ࠋࡓࢀࡽ率࡛得ࡢ59%
ンࢰ 14caࢆ用い࣮ࣝࢰࣛࣆࠊࡿ 16caࡀ  ࠋࡓࢀࡽ率࡛得ࡢ54%

 

Scheme 48. Screening of alkyl groups and acyl groups.  
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第 3節 応経路ࡢ考察 

 

ᮏ応ࡢ推定応経路ࢆ Scheme 49示ࢰࣛࢻࣄࠊࡎࡲࠋࡍン ࡢ14 C=N㔜結合ࡀ異
性化ࡓࡋ後ࠊ酢酸ࡀ࣒࢘ࢪࣛࣃ配࡚ࡋ中間体 Xࡀ生成ࠋࡿࡍ次ࠊ協奏的ࣝࢱ࣓࡞化
㸫脱ࢺࣟࣉン化࡞ࡍࠊわࡕ CMD (Concerted Metallation-Deprotonation) 機構ࣟࢡࢩࠊࡾࡼ
ࡢンࣃࣟࣉ C-H結合ࡀษ断ࣝࢡࢧࢲࣛࣃ࡚ࢀࡉ Gࡀ生成ࠋࡿࡍ次酢酸ࢺࣟࣉࡾࡼン
化࡚ࢀࡉ Yࠊࡾ࡞続い࡚ࣃࣟࣉࣟࢡࢩンࡢ開環ࡾࡼ Zࡀ生成ࡢࡑࠋࡿࡍ後ࠊȕ-ࣜࢻࣄ
ンࢪ共役ࡓࡋ配ࡀ࣒࢘ࢪࣛࣃ0価ࠊ࡚ࡋ進行ࡀ脱㞳ࢻ AAࡿ࡞ (path b)ࠋ一方࡛ࣃࠊ
協奏ࡀ伴う脱㞳応ࢆ還元ࡢ触媒࣒࢘ࢪࣛࣃ開環ࡢンࣃࣟࣉࣟࢡࢩࡽGࣝࢡࢧࢲࣛ
的進行0ࠊࡋ価ࡀ࣒࢘ࢪࣛࣃ配ࢪࡓࡋン AAࡿ࡞経路ࡶ考えࡿࢀࡽ (path a)ࡢࡑࠋ
後ࠊAAࡢ 0価ࡀ࣒࢘ࢪࣛࣃ酸素酢酸ࡾࡼ酢酸࣒࢘ࢪࣛࣃ種変換ࠊࢀࡉ遊㞳ࢪࡢ
ン 15 15ࠊ最後ࠋࡿࡍ生成ࡀ 中間体ࡾࡼ環化異性化応ࡢ AB  AC  AD ࡋ⏤経ࢆ
࣮ࣝࢰࣛࣆࠊ࡚  ࠋࡿࡍ生成ࡀ16
 

 

Scheme 49. Proposed reaction pathway. 
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 ࠋࡓࡋく考察ࡋ詳࡚ࡅศ段階ࡢ以ୗࢆᮏ応ࠊ࡛ࡇࡑ

 生成経路 (14 → 15)ࡢンࢪ共役ࡽンࢰࣛࢻࣄ .1
2. 0価ࡽ࣒࢘ࢪࣛࣃ酢酸ࡀ࣒࢘ࢪࣛࣃ再生ࡿࡍ応経路ࡘい࡚ 

3. 共役ࢪンࡀ࣮ࣝࢰࣛࣆࡽ生成ࡿࡍ経路 (15 → 16) 
 

 生成経路ࡢンࢪ共役ࡽンࢰࣛࢻࣄ .1

ᮏ応ࢆ最適条件ୗ࡛応開始後30ࠊศ1ࠊ時間2ࠊ時間࡛応ࢆ停Ṇࡏࡉ NMR測定ࢆ
行ࡢࢀࡒࢀࡑࠊࢁࡇࡓࡗ時間࡛࣮ࣝࢰࣛࣆ 16ac ンࢪࡶ生成ࡢ 15ac ప率࡛ࡀ
生成࡚ࡋいࡀࡇࡿ確認ࡓࢀࡉ (Scheme 50)17ࠊࡽࡉࠋ時間後࡛ࢪࡣン 15acࡀ消失ࠊࡋ
目的࣮ࣝࢰࣛࣆࡢ 16acࡀࡳࡢ確認ࡽࡇࡢࡇࠋࡓࢀࡉ共役ࢪンࡀ中間体࡛あࡀࡇࡿ
推定ࠋࡓࢀࡉ 

 

 

Scheme 50. Synthesis of conjugated azine and control experiments. 
 

次 N-ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩンࡽ共役ࢪンࡢ生成経路ࡘい࡚考察ࠋࡓࡋᮏ応
ࡢンࣃࣟࣉࣟࢡࢩࡿࡼ触媒࣒࢘ࢪࣛࣃうࡼࡢ前述ࡣ C-H活性化ࡀ進行ࣟࣉࣟࢡࢩࠊࡋ
࡛ࡇࡑࠋࡓࡋ推定ࡓࡋ生成ࡀンࢪ࡚ࡋ進行ࡀ続く連続応開環応ࡢンࣃ C-H活性
化ࡀ進行࡚ࡋいࢆࡇࡿ実験的示ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࡵࡓࡍン 14ab ࢆ tert-࣑
࣮ࣝࢰࣛࣆࡢ目的ࠊࢁࡇࡓࡋ処理࡛࣒࢘ࢪࣛࣃ塩化ࡢ%mol 10ࠊ還流中࣮ࣝࢥࣝࣝ 16ab
ンࢪ 15abࡣ全く得ࡓࡗ࡞ࢀࡽ (Scheme 51)ࡣࢀࡇࠋᮏ応࠾い࡚࣒࢘ࢪࣛࣃࠊ触
媒ࡢ配子࡚ࡋ酢酸࢜ࢽンࡀ㔜要࡛あࢆࡇࡿ示ࠊࡾ࠾࡚ࡋCMD 機構࡚ C-H 活性
化ࡀ進行࡚ࡋいࡀࡇࡿ示唆ࠋࡓࢀࡉ 

 

 

Scheme 51. Control experiment of C-H activation. 
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続い࡚ DFT 計算ࢆ用い࡚ࠊC-H 活性化ࢆ経⏤ࡿࡍ応経路ࡘい࡚考察ࡓࡋ (Scheme 
ࡋ対࣒࢘ࢪࣛࣃ࡚ࡋ基底関数ࠊࡋ適用ࢆM06ࡣ汎関数ࠋ(52 Lanl2DZࡢࡑࠊ他ࡢ原子
ࡣ࡚ࡋ対 6-31G+(d, p)ࢆ用いࠊࡎࡲࠋࡓ酢酸ࡢ࣒࢘ࢪࣛࣃ配子交換ࡀ進行ࠊࡋ酢酸ࡢ脱
㞳ࢆ伴ࢰࣛࢻࣄ࡚ࡗンࡀ࣒࢘ࢪࣛࣃ配ࡓࡋ中間体 Xࡀ生成ࡢࡑࠋࡿࡍ後ࠊ中間体 X
ࡽ CMD機構ࡿࡼ C-H活性化ࡀ進行ࣝࢡࢧࢲࣛࣃ࡚ࡋ Gࡀ生成ࡿࡍ応ࡢ活性化ࢿ࢚
ࢁࡇࡓࡋ計算ࢆ࣮ࢠࣝ 23.1 kcal/mol࡛あࡀࡇࡿศࠋࡓࡗ続い࡚ࠊpath bࡼࡢう 23.2 
kcal/molࡢ活性化ࢆ࣮ࢠࣝࢿ࢚伴いࠊ酢酸ࡢ配ࢰࣛࢻࣄࡶンࢺࣟࣉࡀン化ࣃࠊࢀࡉ
ࣝࢡࢧࢲࣛ Yࡿ࡞ (Scheme 52ࠊ式 次ࠋ(1 29.7 kcal/molࡢ活性化ࢆ࣮ࢠࣝࢿ࢚伴いࢩ
kcal/mol 14.1ࠊ開環ࡀンࣃࣟࣉࣟࢡ 伴いࢆ࣮ࢠࣝࢿ࢚活性化ࡢ ȕ-ࢻࣜࢻࣄ脱㞳ࡀ進行࡚ࡋ
ンࢪ AAࡀ生成ࡿࡍ計算ࠋࡓࡋ一方࡛ path aࡼࡢうࣝࢡࢧࢲࣛࣃ Gࣉࣟࢡࢩࡽ
ンࢪ࡚ࡋ進行協奏的ࡀ還元ࡢ࣒࢘ࢪࣛࣃ開環ࡢンࣃࣟ AA 活性ࡣ経路࡛ࡿࡍ生成ࡀ
化ࡀ࣮ࢠࣝࢿ࢚ 10.3 kcal/mol計算ࡓࢀࡉ (Scheme 52ࠊ式 ࡢンࣃࣟࣉࣟࢡࢩࡣ値ࡢࡇࠋ(2
開環 ȕ-ࢻࣜࢻࣄ脱㞳ࡀ段階的進行ࡿࡍ path b比較࡚ࡋ 12.8 kcal/molపいࢡࢩࠊ࡛ࡢ
ࡿࡍ進行協奏的ࡀ還元ࡢ࣒࢘ࢪࣛࣃ開環ࡢンࣃࣟࣉࣟ path aࡀ主経路࡛あࡿ考えࠋࡓ 
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Scheme 52. Gibbs free energy profile of C-H activation pathway. (R1 = Me, R2 = OMe) 
 

࡛࡛ࡲࡇࡇ C-H活性化ࡢ経路ࡘい࡚検討ࠋࡓࡋ一方࡛ᮏ応ࣃࣟࣉࣟࢡࢩࡢンࡢ開環
応ࡢ別経路ࡶ考え࡞ࡍࠋࡿࢀࡽわࠊࡕ酢酸ࡢ࣒࢘ࢪࣛࣃ配子交換ࡀ進行ࠊࡋ酢酸ࡢ脱

㞳ࢆ伴ࡀ࣒࢘ࢪࣛࣃ࡚ࡗ配6ࠊࡋ員環࣒࢘ࢪࣛࣃࡢ錯体 AEࡀ生成ࡿࡍ (Scheme 53)ࡑࠋ
ࡢンࣃࣟࣉࣟࢡࢩࠊࡋ進行ࡀȕ-炭素脱㞳ࠊ後ࡢ C-C結合ࡀ直接ษ断ࡿࢀࡉ応経路࡛あࠋࡿ
࣒࢘ࢪࣛࣃ࡚ࡋ基底関数ࠊࡋ適用ࢆM06࡚ࡋ汎関数ࡶい࡚ࡘᮏ応経路ࠊ࡛ࡇࡑ
対ࡋ Lanl2DZࡢࡑࠊ他ࡢ原子対ࡣ࡚ࡋ 6-31G+(d, p)ࢆ用いࡓ DFT計算ࢆ行ࠋࡓࡗ 
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Scheme 53. Reaction mechanism of ȕ-carbon elimination. 
 

ࡎࡲ 6 員環ࡢ錯体 AE ࡣ C-H 活性化ࡢ前駆体࡛あࡿ 5 員環࣒࢘ࢪࣛࣃࡢ錯体 X ࡶࡾࡼ
22.8 kcal/mol安定࡛あࡀࡇࡿ計算ࡓࢀࡉ (Scheme 54)ࠋ続い࡚ AEࡽ 19.4 kcal/molࡢ活
性化ࢆ࣮ࢠࣝࢿ࢚伴いࠊȕ-炭素脱㞳ࡀ進行5ࠊࡋ員環ࣝࢡࢧࢲࣛࣃࡢ AFࡀ生成ࠋࡿࡍ次
ࡽAF ȕ-ࢻࣜࢻࣄ脱㞳ࡀ進行࡚ࡋ共役ࢪンࡀ生成ࡿࡍ経路ࡘい࡚計算ࢆ行ࠊࡀࡓࡗ
ࣝࢡࢧࢲࣛࣃ AF 㑄移状࡞うࡼࡿࡍ進行ࡀ脱㞳ࢻࣜࢻࣄ-ȕࠊࡾ錯体࡛あ࡞安定非常ࡣ
態ࢆ見ࣝࢡࢧࢲࣛࣃࡽࡇࡢࡇࠋࡓࡗ࡞ࡁ࡛ࡣࡇࡿࡅࡘ AF ࡣࡽ ȕ-ࢻࣜࢻࣄ脱
㞳ࡀ進行࡞ࡋい考え࡚いࠋࡿ 

 

 

Scheme 54. Gibbs free energy profile of ȕ-carbon elimination pathway. (R1 = Me, R2 = OMe) 
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ࣝࢡࢧࢲࣛࣃࠊ࡛ࡇࡑ  AF ࡿࡍ有ࢆン構造࣑ࢼ࢚ࠊࡋ進行ࡀ互変異性化ࡽ AG ࡞
ンࢪ共役ࠊࡋ進行ࡀ水素脱㞳ࡢン窒素ୖ࣑続い࡚ࠋࡿ 生成ࡀࢻࣜࢻࣄ࣒࢘ࢪࣛࣃ’15
ศ散力࡚ࡋ汎関数ࠊ結ᯝࡓࡋい࡚種々検討ࡘᮏ経路ࠋ(Scheme 55) ࡓࡋ考案ࢆ経路ࡿࡍ
補ṇࡀ行わࡓࢀ B97Dࠊ基底関数࣒࢘ࢪࣛࣃ࡚ࡋ対ࡋ Lanl2DZࡢࡑࠊ他ࡢ原子対࡚ࡋ 6-

31G+(d, p)-def2TZVࢆ用いࡓ DFT計算ࢆ行ࡓࡗ場合ࠊ中間体 AFࡽ 10.5 kcal/molࡢ活性化
ン中間体࣑ࢼ࢚ࠊ伴いࢆ࣮ࢠࣝࢿ࢚ AGࡀ生成ࡿࡍ (Scheme 56)ࠋ続い࡚ 18 kcal/molࡢ活
性化ࢆ࣮ࢠࣝࢿ࢚伴い共役ࢪン  ࠋࡓࢀࡉ計算ࡀࡇࡿࡍ生成ࡀ’15

 

 

Scheme 55. Another pathway of generating conjugated azine from 5-membered palladacycle AF. 
 

 

Scheme 56. Gibbs free energy profile of generating conjugated azine from 5-membered 
palladacycle AF. (R1 = Me, R2 = OMe) 
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以ୖࡼࡢうࠊȕ-炭素脱㞳ࢆࣃࣟࣉࣟࢡࢩࡓࡋンࡢ開環応ࡣ C-H 活性化ࢆ経⏤ࡿࡍ
開環応ࡶࡾࡼ活性化ࡀ࣮ࢠࣝࢿ࢚పいࡀࡇศࠊࡾᮏ応ࡣ ȕ-炭素脱㞳ࢆࢡࢩࡓࡋ
ンࢰࣛࢻࣄࠊࡕわ࡞ࡍࠋࡓ考えࡿ主経路࡛あࡀ開環応ࡢンࣃࣟࣉࣟ ࢘ࢪࣛࣃ酢酸14
࡚ࡋ配ࡀ࣒ 6 員環ࣝࢡࢧࢲࣛࣃ AE ࣃࣟࣉࣟࢡࢩࡓࡋࢆȕ-炭素脱㞳ࠊ後ࡓࡋ生成ࡀ
ンࡢ開環応ࡀ進行5ࠊࡋ 員環ࣝࢡࢧࢲࣛࣃ AF AFࠋ(Scheme 57) ࡿࡍ生成ࡀ 互変ࡽ
異性化ࡀ進行࣑ࢼ࢚ࠊࡋン構造ࢆ有ࡿࡍ中間体 AG 水素脱ࡢン窒素ୖ࣑続い࡚ࠋࡿ࡞
㞳ࡀ進行ࠊࡋ共役ࢪン 還元ࡣࢻࣜࢻࣄ࣒࢘ࢪࣛࣃࠋࡿࡍ生成ࡀࢻࣜࢻࣄ࣒࢘ࢪࣛࣃ’15
的脱㞳ࡾࡼ 0 価࣒࢘ࢪࣛࣃࡢ種ࡢࡑࠊࡾ࡞後酸素酢酸ࡾࡼ酢酸࣒࢘ࢪࣛࣃ種
変換ࠋࡿࢀࡉ最後共役ࢪン ࣮ࣝࢰࣛࣆࡾࡼ環化異性化応ࡢ’15  ࠋࡿࡍ生成ࡀ16

 

 

Scheme 57. Main reaction pathway. 
 

2. 0価ࡽ࣒࢘ࢪࣛࣃ酢酸ࡀ࣒࢘ࢪࣛࣃ再生ࡿࡍ応経路ࡘい࡚ 

ᮏ応ࢆ最適条件ࡢ空気存在ୗ࡛࡞ࡣくࢦࣝࠊン雰囲気化࡛検討ࢰࣛࣆࠊࢁࡇࡓࡋ

࣮ࣝ 16abࡢ率ࡣ ࡇࡿ必要࡛あࡀ酸素ᮏ応ࡽࡇࡇࠋ(Scheme 58) ࡓࡋపୗ34%
0ࠊい࡚ࡘ⏤理ࡢࡇࠋࡓࢀࡉ示唆ࡀ 価ࡀ࣒࢘ࢪࣛࣃ酸化ࢀࡉ 2 価ࡢ酢酸ࡀ࣒࢘ࢪࣛࣃ再
生ࡿࡍ㝿空気中ࡢ酸素ࡀ必要࡛あࡀࡇࡿ考え53 ,52ࠋࡿࢀࡽ)  

 



48 

 

 

Scheme 58. The reaction mechanism of regenerating Pd(OAc)2. 
 

3. 共役ࢪンࡀ࣮ࣝࢰࣛࣆࡽ生成ࡿࡍ経路 

ᮏ応途中࡛共役ࢪン 15ac  Scheme) ࡓࡗప率࡛あࠊࡀࡓࡋ確認ࢆࡇࡿࡍ生成ࡀ
ンࢪࠊ࡛ࡇࡑࠋ(50 15ac ࡎࡲࠋࡓࡋࡇࡿࡍ検討ࢆ対照実験後ࡓࡋ別途合成ࢆ α-ࢣ
ࣝࢸࢫ࢚ࢺ 70ac ンࢰࣛࢻࣄ࡛ࡇࡿࡍ縮合ン水和物ࢪࣛࢻࣄࢆ 85  Scheme) ࡓࡋ合成ࢆ
式ࠊ59 ンࢰࣛࢻࣄࡓࢀࡽ得ࠋ(1 ンࢪࠊ࡛ࡇࡿࡍ縮合ンࣞࣟࢡࢆ85 15acࢆ 29%
ンࢪࡓࡋ合成ࠊ次ࠋࡓࡋ率࡛合成ࡢ 15ac ࣮ࣝࢰࣛࣆࠊࡍ付最適条件ࢆ 16ac ࡀ
式) ࡓࢀࡽ率࡛得ࡢ72% ࡀࡇࡿ中間体࡛あࡢᮏ応ࡀンࢪ共役ࡽࡇࡢ以ୖࠋ(2
示唆ࠋࡓࢀࡉ共役ࢪン 15ac ࣮ࣝࢰࣛࣆࠊࡿࡍ触媒非存在ୗ࡛ຍ熱࣒࢘ࢪࣛࣃࢆ 16ac
ࡀ 式) ࡓࡗ࡞高い率ࡎわࡶࡾࡼ触媒存在ୗ࣒࢘ࢪࣛࣃࠊࢀࡽ率࡛得ࡢ78% ࠋ(3
ࢪࣛࣃい࡚࠾過程ࡿࡍ生成ࡀ࣮ࣝࢰࣛࣆࡾࡼ環化異性化応ࡢンࢪ共役ࠊࡵࡓࡢࡑ

࡚ࢀࡉ報告ࠊ࠾࡞ࠋࡓࢀࡉ示唆ࡀࡇࡿい࡚ࡋ阻害ࢆ応ࡎわࠊࡎࡏ関ࡣ触媒࣒࢘

いࡿ類似ࡢ環化異性化応࡛ࡶຍ熱࡛ࡳࡢ応ࡀ進行ࠊࡾ࠾࡚ࡋᮏ検討࡛ࡶ同様ࡢ結ᯝࡀ

確認ࡓࢀࡉ (式  (54ࠋ(4

 



49 

 

 

Scheme 59. Cycloisomerization of conjugated azine without Pd catalyst. 
 

以ୖࡼࡢう著者ࡣ N-ࢰࣛࢻࣄࣝࢩࣝࣆࣟࣉࣟࢡࢩン࣒࢘ࢪࣛࣃࡢ触媒ࣟࢡࢩࡿࡼ
ࡢンࣃࣟࣉ C-C結合ษ断続く連続応ࡢ࣮ࣝࢰࣛࣆࡾࡼ合成成ຌࠋࡓࡋᮏ応࠾
い࡚ࢰࣛࢻࣄࣝࢩࠊンࣃࣟࣉࣟࢡࢩࡣン活性化ࡢ配向基ࡢ࡚ࡋ役割࡞࡛ࡅࡔくࡢࡑࠊ

後ࡢ環化異性化応ಁࡢ進ࡶ関ࠊࡋ目的࣮ࣝࢰࣛࣆࡢ取ࡾ込࡚ࢀࡲいࠊࡵࡓࡿ原子

効率ࡢ観点ࡽ優ࡓࢀ合成法ࡀ実現࡛ࡿࡁ配向基࡛あࠋࡿ 
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第 3章 N-ࢰࣛࢻࣄࣝࢩࣝࣆࣟࣉࣟࢡࢩンࡢ開環応 Heck応ࡢ
連続応ࡿࡼ 開ࡢ合成法࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5-ࣝ࢟ࣝ-1
発 

 

第 2章࡛ N-ࢰࣛࢻࣄࣝࢩࣝࣆࣟࣉࣟࢡࢩン࣒࢘ࢪࣛࣃࢆ触媒࡛処理ࣀ࣑࡛ࡇࡿࡍ
基ୖࣃࣟࣉࣟࢡࢩࡢンࡢ C-C結合ษ断ࢆ起点ࡿࡍ連続応ࡢ開発成ຌࠊࡋࡋࠋࡓࡋ
合成࡛ࡀࢇࡢ࣮ࣝࢰࣛࣆࡿࡁ一置換࣮ࣝࢰࣛࣆ限ࠊࡾ࠾࡚ࢀࡽ置換࣮ࣝࢰࣛࣆ

実用的ࡽࡇࡿࡍ要ࢆ工程ࡢ多く合成ࡢンࣃࣟࣉࣟࢡࢩ置換ࡿ原料࡛あࠊࡣ合成ࡢ

ン中間体ࢪ共役ࡢᮏ応ࡣ著者ࠊ࡚ࡋ解決案ࡢ問題ࡢࡇࠋࡓࡗ࡞࡛ Heck応࡛置
換基ᑟ入ࠊࡤࢀࡁ࡛ࡀ置換ࢆ࣮ࣝࢰࣛࣆ簡便合成࡛ࡿࡁ考え࡞ࡍࠋࡓわࠊࡕຍ熱条

件ୗ࡛ N-ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩン 14 ࡿࡏࡉ応触媒࣒࢘ࢪࣛࣃࢆン࣮ࣞࢻ࣮ࣚ
࡛ࡇ ࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5-ࣝ࢟ࣝ-1 ࡣᮏ応ࠋ(Scheme 60) ࡓ考えࡿࡁ合成࡛ࡀ18
第 2 章ࡢ応同様࣒࢘ࢪࣛࣃ触媒ࣃࣟࣉࣟࢡࢩࡿࡼンࡢ開環応ࡀ進行ࠊࡋ共役
ンࢪ 続い࡚ࠋࡿࡍ生成ࡀ15 Heck応ࡀ進行࣮ࣝࣜࠊࡋ化ࢪࡓࢀࡉン 最ࠊࡋ生成ࡀ17
後ຍ熱ࡿࡼ環化異性化ࡀ進行࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5-ࣝ࢟ࣝ-1ࠊ࡛ࡇࡿࡍ 生成ࡀ18
 ࠋࡿࡍ

 

 
Scheme 60. 1-Alkyl-5-aryl pyrazole synthesis via C-C bond cleavage of cyclopropane, Heck 

arylation and cycloisomerization. 
 

回合成ࡿࡍ い࡚ࢀࡉ報告ࡀ手法࡞様々࡛ࡲࢀࡇࡣ࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5-ࣝ࢟ࣝ-1
ࡢ合成࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5-ࣝ࢟ࣝ-1ࠋい࡞い࡚ࢀࡉ報告ࡔᮍࡣ合成法࡞効率的ࠊࡀࡿ
最ࡶ単純࡞例ࣝࢽ࣎ࣝ࢝ࢪ-1,3ࠊ࡚ࡋ化合物等価体ࢪࣛࢻࣄンࢆ用いࡓ縮合応ࡀあࠋࡿ
Reedjikࢻ࣑ࢫ࢞ࣟࢽࣅࡣࡽ ࡛ࡇࡿࡏࡉ縮合ࢆンࢪࣛࢻࣄࣝࢳ࣓88 -5-ࣝ࢟ࣝ-1
࣮ࣝࢰࣛࣆ࣮ࣝࣜ 同時ࠊࡋࡋ (55ࠋ(Scheme 61) ࡿい࡚ࡋ報告ࢆࡇࡿࡁ合成࡛ࢆ89 1-
࣮ࣝࢰࣛࣆ࣮ࣝࣜ-3-ࣝ࢟ࣝ  ࠋࡓࡗあࡀ課題置㑅択性ࠊࡽࡇࡿࡍ生ࡀ90
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Scheme 61. Pyrazole synthesis via condensation of hydrazine and 1,3-dicarbonyl isostere. 
 

用い࡚ࢆ࣮ࣝࢰࣛࣆ一置換ࠊࡓࡲ N1ࣝ࢟ࣝ基ࢆᑟ入ࡿࡍ手法ࡀ報告࡚ࢀࡉいࠋࡿ
Jurbergࢺ࣮ࢸࢭࢰࢪ࣮ࣝࣜࡣࡽ ࢆ91 UV照射ୗ3.0ࠊ当㔞ࡢ ࣮ࣝࢰࣛࣆ࣮ࣝࣜ-3
92 10 mol%ࣜࡢン酸࡛࣒࢘ࣜ࢝処理ࠊ࡛ࡇࡿࡍN-H挿入応ࡀ進行5-ࣝ࢟ࣝ-1ࠊࡋ-
࣮ࣝࢰࣛࣆ࣮ࣝࣜ 式ࠊScheme 62) ࡿい࡚ࡋ成ຌ合成ࡢ93 ࡣࡽThomsonࠊࡓࡲ (56ࠋ(1
ࣝࢸ࣮࢚࣮ࣝࣀ࢚ࣝࣜࢩ ࢆ95 CAN存在ୗ࡛ 3.0当㔞ࡢ ࣮ࣝࢰࣛࣆ࣮ࣝࣜ-3 96 5.0当
㔞ࡢ炭酸水素࡛࣒࢘ࣜࢺࢼ処理ࠊ࡛ࡇࡿࡍ酸化的࢝ッࣜࣉンࡀࢢ進行5-ࣝ࢟ࣝ-1ࠊࡋ-
࣮ࣝࢰࣛࣆ࣮ࣝࣜ 式) ࡿい࡚ࡋ成ຌ合成ࡢ97 ࡽࢀࡇࠊࡋࡋ (57ࠋ(2 ࡢࡘ2 N1ࣝ
࣮ࣝࢰࣛࣆ࣮ࣝࣜ-3-ࣝ࢟ࣝ-1ࠊ同様ࡶ化応࡛ࣝ࢟ 94 や ࠊࡵࡓࡿࡍ生ࡀ98
置㑅択性課題ࡀあࠋࡓࡗ 

 

 
Scheme 62. N-H insertion of pyrazoles. 

 

ࡽࡉ N1一置換ࢆ࣮ࣝࢰࣛࣆ用い5ࠊ࣮ࣝࣜ基ࢆᑟ入ࡿࡍ手法ࡶ報告࡚ࢀࡉい
ࡣࡽManziniࠋࡿ N-࣓࣮ࣝࢰࣛࣆࣝࢳ ࢆ99 5 mol%ࡢ酢酸࣒࢘ࢪࣛࣃ触媒存在ୗࣔࣟࣈ-4ࠊ
ン࢚ࣝࢺ n-Bu4NOAc࡛処理࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5ࠊ࡛ࡇࡿࡍ い࡚ࡋ成ຌ合成ࡢ100
࣮ࣝࢰࣛࣆ置換୕ࡓࡋ進行ࡽࡉࡀ化࣮ࣝࣜࠊࡋࡋ (58ࠋ(Scheme 63) ࡿ 101 同時ࡶ
生成࡚ࡋいࠊࡵࡓࡿᮏ手法ࡣ化学㑅択性課題ࡀあࠋࡓࡗ 
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Scheme 63. C-H arylation of pyrazoles. 

 

以ୖࡼࡢう࡞置㑅択性ࡣࡓࡲ化学㑅択性ࡢ課題ࢆ解決ࡿࡍ合成法࢝ࠊ࡚ࡋッࣜࣉン

ࡤ例えࠋࡿあࡀ手法ࡿࡍ利用ࢆ応ࢢ Fu ࡣࡽ ン酸࣮ࣟ࣎ࣝࢰࣛࣆࣝ࢟ࣝ-1 102 ࢙ࣇ
置㑅択的ࠊ࡛ࡇࡍ付条件ࡢࢢンࣜࣉッ࢝ࢫࣟࢡ鈴木ࢆࢻ࣑ࣟࣈࣝࢽ -5-ࣝ࢟ࣝ-1
࣮ࣝࢰࣛࣆ࣮ࣝࣜ ࡢ原料ࠊࡋࡋ (59ࠋ(Scheme 64) ࡿい࡚ࡋ成ຌ合成ࡢ103 ࢟ࣝ-1
ン酸࣮ࣟ࣎ࣝࢰࣛࣆࣝ ࡿ強塩基࡛あࠊい࡚࠾合成ࡢ102 n-BuLiࢆ用いࡓ条件ࢆ利用࡚ࡋ
いࠊࡵࡓࡿ合成࡛ࡿࡁ  ࠋࡿい࡚ࢀࡉ制限ࡀン酸࣮ࣟ࣎ࣝࢰࣛࣆࣝ࢟ࣝ-1

 

 

Scheme 64. Cross coupling reaction of pyrazoleboronic acid with arylbromide. 
 

以ୖࡼࡢう い࡚ࢀࡉ報告ࡀ手法࡞様々࡛ࡲࢀࡇࡣ࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5-ࣝ࢟ࣝ-1
ࡿࡍ開発ࡀ著者ࠋࡓࡗあࡀ課題置㑅択性や化学㑅択性主ࠊࡀࡿ N-ࣄࣝࣆࣟࣉࣟࢡࢩ
ࡢンࢰࣛࢻ C-C 結合ษ断ࠊHeck 応ࠊ環化異性化ࡢ連続応ࡣ ࣆ࣮ࣝࣜ-5-ࣝ࢟ࣝ-1
解決ࢆ課題ࡢ置㑅択性や化学㑅択性ࠊࡁ࡛ࡀࡇࡿࡍ提供࡚ࡋ単一生成物ࢆ࣮ࣝࢰࣛ

 ࠋࡿࡁ期待࡛ࡀࡇࡿ࡞合成法ࡿࡍ
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第 1節 応条件最適化ࡢ検討 

 

ンࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩ 14ac 用い࡚ࢆ N-ࢰࣛࢻࣄࣝࢩࣝࣆࣟࣉࣟࢡࢩンࣟࢡࢩࡢ
ࡢンࣃࣟࣉ C-C結合ษ断 Heck応ࡿࡼ 検ࢆ合成ࡢ࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5-ࣝ࢟ࣝ-1
討ࡓࡋ (Scheme 65)ࣃࣟࣉࣟࢡࢩࡎࡲࠋンࡢ開環ࡾࡼ共役ࢪンࡀ生成ࡓࡋ後ࠊHeck 
応ࡀ進行࣮ࣝࣜ-5ࠊ࡛ࡇࡿࡍ共役ࢪン 17aaࡀ生成ࡿࡍ応ࡢ条件ࢆ探索ࠋࡓࡋ前章
ࡣンࢪ共役ࠊ࡛ ࣮ࢰࣛࣆ一置換ࠊࡋ進行ࡀ環化異性化い࡚㏿や࠾条件ୗࡢ℃ 100
環化異性ࡢンࢪ共役࡛ࡇࡿࡆୗࢆ応温ᗘࠊࡵࡓࡿい࡚ࡗศࡀࡇࡿࢀࡉ変換ࣝ

化ࢆ抑制ࠊࡋHeck応ࢆ優先࡚ࡋ進行࣮ࣝࣜ-5ࠊ࡛ࡇࡿࡏࡉ共役ࢪンࡀ㑅択的得
࡛℃ 80ࠊ中࣮ࣝࢥ࣑ࣝࣝ-tertࠊࡋ参考ࢆ条件ࡢHeck応ࠊ࡛ࡇࡑࠋࡓ考えࡿࢀࡽ
ンࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩ 14ac 2.0当㔞ࡢ p-࣮࢚ࣚࣝࢺࢻンࢆ 20 mol%ࡢ酢酸࢘ࢪࣛࣃ
࣒ 40 mol%ࡢ(o-Tol)3Pࡧࡼ࠾ࠊ塩基࡚ࡋ 2.0 当㔞ࡢ炭酸ࢆ࣒࢘ࢩࢭ用い࡚ 13 時間攪拌
ンࢪ共役࣮ࣝࣜ-5ࠊࡾ期待通ࠊࡿࡍ 17aaࡀ生成࣮ࣝࣜ-5 (61 ,60ࠋࡓࡋ共役ࢪン 17aa
ࡣ 80 °C ࠋࡓࡋࡇࡿࡍ続い࡚昇温ࠊࡵࡓい࡞ࡋ進行ࡀい࡚環化異性化応࠾条件ࡢ
第ࠊࡓࡲ 2 章第 3 節࡛ࡢ対照実験ࡢ結ᯝ࣒࢘ࢪࣛࣃࠊࡽ触媒ࡣ環化異性化ࢆ阻害ࡇࡿࡍ
系中ࠊ࡚ࡋ期待ࢆ機能ࡢ࡚ࡋ捕捉剤࣒࢘ࢪࣛࣃࠊ࡛ࡇࡑࠋࡓい࡚ࡗศࡀ 40 mol%
ຍえ࡚ࢆ࣒࢘ࣜ࢝ン酸ࢤࢺンࢧ࢟ࣝࢳ࢚ࡢ 150 ℃࡛ຍ熱攪拌࣮ࣝࢰࣛࣆࠊࢁࡇࡓࡋ 18aa
ࡣࢀࡇࠋࡓࡗ࡞ࢀࡽ全く得ࡣ tert-࣮ࣝࢥ࣑ࣝࣝ中 150 °Cࡢ条件࡛࣮ࣝࣜ-5ࠊࡣ共
役ࢪン 17aa࣮ࣝࢰࣛࣆࡣࡓࡲ 18aaࡀศ解ࡔࡵࡓࡓࡋ考え࡚いࠋࡿ 

 

 
Scheme 65. Heck reaction of N-cyclopropyl acylhydrazone. 

 

い࡚ࡘ溶媒࡞最適環化異性化応ࡧࡼ࠾ࠊHeck応ࠊ開環ࡢンࣃࣟࣉࣟࢡࢩ࡛ࡇࡑ
種々検討ࡓࡋ (Table 8ࠊentries 1-4)ࡣࡓࡲࣝࣜࢺࢽࢺࢭࠋ DMFࢆ溶媒用いࡓ場合ࣆࠊ
࣮ࣝࢰࣛ 18aaࡣ全く得ࣞࢩ࢟ࠊࡀࡓࡗ࡞ࢀࡽンࢆ溶媒࡚ࡋ用い࣮ࣝࢰࣛࣆࠊࡿ 18aa
ࡀ ࣮ࣝࢰࣛࣆ㝿ࡓ用い溶媒ࢆࣝࣜࢺࢽࢰン࣋続い࡚ࠋࡓࢀࡽ率࡛得ࡢ35% 18aaࡢ
率ࡀ ศࡀࡇࡿ溶媒࡛あࡿࡏࡉく進行ࡼ効率ࢆᮏ応ࡀࣝࣜࢺࢽࢰン࣋ࠊࡋ向ୖ56%
࡞ࡋ添ຍࢆ࣒࢘ࣜ࢝ン酸ࢤࢺンࢧ࢟ࣝࢳ࢚㝿ࡢ環化異性化応ࠊ次ࠋ(entry 4) ࡓࡗ
࣮ࣝࢰࣛࣆࠊࢁࡇࡓࡗ 18aaࡢ率ࡣ ンࢧ࢟ࣝࢳ࢚ࡾࡼࢀࡇࠋ(entry 5) ࡓࡋపୗ46%
続い࡚更ࠋࡓࡗ࡞ࡽ明ࡀࡇࡿ有用࡛あ࡚ࡋ捕捉剤࣒࢘ࢪࣛࣃࡀ࣒࢘ࣜ࢝ン酸ࢤࢺ

3P(o-Tol)ࠊ結ᯝࡢࡑࠋ(entries 6-8) ࡓࡋい࡚検討ࡘ配子࡞様々ࠊࡋ目指ࢆ向ୖࡢ率ࡿ࡞
次ࠋࡓࡗศࡀࡇࡿえࢆ良い結ᯝࡶ最ࡀ Heck応ಁࡢ進ࡀ期待࡛࣒࢘ࢪࣛࣃࡿࡁ触
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媒࡚ࡋ Herrmann触媒ࢆ 10 mol%用いࠊࢁࡇࡓ同様ࡢ率࡛࣮ࣝࢰࣛࣆ 18aaࡀ得ࢀࡽ
ࡿࡍ進ಁࢆ還元的脱㞳ࡢࢻࣜࢻࣄ࣒࢘ࢪࣛࣃࡿࡍ応系中࡛生成ࠊࡽࡉ (62ࠋ(entry 9) ࡓ
添ຍ剤ࢆ検討ࡓࡋ (entries 10-12)ࠋ塩化ࣜࢆ࣒࢘ࢳ 20 mol%添ຍࡓࡋ場合ࠊ率ࡣ向ୖ࡞ࡋ
ࡣࡓࡲn-Bu4NOAcࠊࡀࡓࡗ n-Bu4NI20 ࢆ mol%添ຍࠊࢁࡇࡓࡋいࡢࢀࡎ場合ࡶ率ࡣ
有機塩ࠋ(entries 13-15) ࡓࡗ行ࢆ検討ࡢ塩基ࠊ最後 (63ࠋ(entries 11 and 12) ࡓࡋ向ୖ61%
基࣑ࣝࢳ࢚ࣜࢺ࡚ࡋンࠊ無機塩基࡚ࡋ水酸化࣒࢘ࣜ࢝や炭酸ࡶ࣒࢘ࣜ࢝検討ࠊࡀࡓࡋ

ࢆンࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࠊ結ᯝࡢ検討ࡢ以ୖࠋࡓࡗ࡞ࢀࡽ見ࡣ向ୖࡢ率ࢀࡒࢀࡑ

中ࣝࣜࢺࢽࢰン࣋ 80 °C࡛ 2.0当㔞࣮ࣞࢻ࣮ࣚࡢン 10 mol%ࡢ Herrmann触媒ࠊ塩基
࡚ࡋ 2.0当㔞ࡢ炭酸ࠊ࣒࢘ࢩࢭ添ຍ剤࡚ࡋ 20 mol%ࡢ n-Bu4NOAcࡣࡓࡲ n-Bu4NI࡛処理
࢘ࣜ࢝ン酸ࢤࢺンࢧ࢟ࣝࢳ࢚ࡢ%mol 40ࠊ後ࡢࡑࠋࡿࡍ誘ᑟンࢪ共役࣮ࣝࣜ-5ࠊࡋ
 ࠋࡓࡗ࡞ࡽ明ࡀࡇࡿ最適࡛あࡀ条件ࡿࡍC࡛ຍ熱攪拌° 150ࠊࡋ添ຍࢆ࣒

 

Table 8. Reaction optimization for synthesis of 1-alkyl-5-arylpyrazole. 
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第 2節 応経路ࡢ考察 

 

 ᮏ応ࡢ推定応経路ࢆ Scheme 66示ࠋࡍHerrmann触媒ࡽ生ࡿࡌ 0価࣒࢘ࢪࣛࣃࡢ
種ࡘい࡚࣮ࣞࢻ࣮ࣚࠊンࡢ酸化的付ຍ酢酸ࡢ配子交換ࡀ進行࣮ࣝࣜࠊࡋ基ࡢ

結合ࢺ࣮ࢸࢭ࣒࢘ࢪࣛࣃࡓࡋ種ࡀ生成ࡢࡑࠋࡿࡍ後ࢰࣛࢻࣄン 14acࢸࢭ࣒࢘ࢪࣛࣃ
中間体ࡋ配ࡀ種ࢺ࣮ AHࠋࡿ࡞次ࡀ࣒࢘ࢪࣛࣃࠊ近傍ࣃࣟࣉࣟࢡࢩࡢン C-H結合ࢆ
ษ断ࣝࢡࢧࢲࣛࣃࠊࡋ AIࡀ生成ࠋࡿࡍ続い࡚ࣝࢡࢧࢲࣛࣃࠊ AIࣟࣉࣟࢡࢩࡿࡅ࠾
ンࢪࠊ࡚ࡋ進行ࡀ脱㞳ࢻࣜࢻࣄ-ȕࠊ後ࡢࡑࠋࡿ࡞AJࠊࡋ進行ࡀ開環応ࡢンࣃ 15ac
ࡾࡼ進行ࡢ還元的脱㞳ࡣࢻࣜࢻࣄ࣒࢘ࢪࣛࣃࠋࡿࡍ生成ࡀࢻࣜࢻࣄ࣒࢘ࢪࣛࣃ 0 価ࣛࣃ
ࡌ生ࡽ酸化的付ຍࡢン࣮ࣞࢻ࣮ࣚࡢ࣒࢘ࢪࣛࣃ0価ࠊ後ࡢࡑࠋࡿࢀࡉ変換࣒࢘ࢪ
࡛ࡇࡿࡍ挿入ンࣇࣞ࢜ࡀ種࣒࢘ࢪࣛࣃ࣮ࣝࣜࡓ AL 進ࡢ脱㞳ࢻࣜࢻࣄ-ȕࠊࡾ࡞
行ࡾࡼ ンࢪ共役࣮ࣝࣜ-5 17aa 17aaࠋࡿࡍ生成ࡀ 進ࡀ環化異性化応ࡿࡼຍ熱ࡣ
行࡚ࡋ目的࣮ࣝࢰࣛࣆࡢ 18aa変換ࡓࢀࡉ考え࡚いࢺ࣮ࢸࢭ࣒࢘ࢪࣛࣃࠊࡓࡲࠋࡿ
種ࢰࣛࢻࣄࡀン配࡚ࡋ中間体 AHࡿ࡞応࠾い࡚ࠊ第 2 章࡛ࢰࣛࢻࣄࡣンࡢ脱ࣉ
ࢸࢭ࣒࢘ࢪࣛࣃࡣᮏ応࡛ࠊࡀࡓࡋ進行ࡀ配子置換ࡢン࢜ࢽ伴う酢酸ࢆン化ࢺࣟ

࡞弱くࡀ配ࡢ࣒࢘ࢪࣛࣃࡢンࢰࣛࢻࣄࠊ࡛ࡢ高いࡀ供性࣐ࢢࢩࡢ基ࣝࣜࢺࡢ種ࢺ࣮

ࠊくくࡾࡇ起ࡀ脱㞳ࡢン࢜ࢽ酢酸ࡢୖ࣒࢘ࢪࣛࣃࠊࡵࡓࡢࡑࠋࡿࢀࡽ考えࡿい࡚ࡗ

塩基存在ୗ࡛ࢰࣛࢻࣄࡶンࡢ脱ࢺࣟࣉン化ࢆ伴う配子置換ࡣ進行ࡋくい考え࡚い

ンࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࡢScheme 66ࠊࡓࡲ (64 ࠋࡿ 14acࡽ開環応ࡀ進行ࠊࡋ共役
ンࢪ 15acࡀ生成ࡿࡍ過程࡛ࡣ ȕ-炭素脱㞳ࡀ進行ࡿࡍ経路ࡶ考え࣒࢘ࢪࣛࣃࠊࡀࡿࢀࡽ種ࡀ
異ࠊࡵࡓࡿ࡞暫定的࡞応機構ࢆ提唱࡚ࡋいࠋࡿ 
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Scheme 66. Proposed reaction mechanism. 
 

次ࠊᮏ応ࡢ詳細ࡘい࡚以ୗࡢ段階ศ࡚ࡅ詳ࡋく説明ࠋࡿࡍ 

ࡽンࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩ .1  生成経路 (14ac → 17aa)ࡢンࢪ共役࣮ࣝࣜ-5
 生成経路 (17aa → 18aa)ࡢ࣮ࣝࢰࣛࣆࡽンࢪ共役࣮ࣝࣜ-5 .2

 

ࡽンࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩ .1  生成経路ࡢンࢪ共役࣮ࣝࣜ-5

ᮏ応ࢧ࢟ࣝࢳ࢚ࢆンࢤࢺン酸ࡢ࣒࢘ࣜ࢝添ຍ前応ࢆ停Ṇ࣮ࣝࣜ-5ࠊࡿࡏࡉ共
役ࢪン 17aa ࡀ ンࢪ共役次ࠋ(Scheme 67) ࡓࢀࡽ率࡛得ࡢ71% 15ac 最適条件ୗࢆ
ンࢪ共役࣮ࣝࣜ-5ࠊࢁࡇࡓࡋ付 17aa ࠊい࡚ࡘ⏤理ࡢࡇࠋࡓࡗ࡞ࢀࡽ全く得ࡣ
Herrmann触媒ࡣ 2価࣒࢘ࢪࣛࣃࡢ触媒࡛あ࣮ࣞࢻ࣮ࣚࡵࡓࡿンࡢ酸化的付ຍࡀ進行
 ࠋࡿࢀࡽ考えࡀࡇࡓࡗ࡞ࡋ進行ࡀHeck応ࠊࡵࡓい࡞ࡋ

 

 

Scheme 67. Generation of 5-aryl conjugated azine. 
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第ࠊ࡛ࡇࡑ 2章࡛得ࡓ知見ࠊࡽHerrmann触媒ࡀ出発原料࡚ࡗࡼ 0価࣒࢘ࢪࣛࣃࡢ種
ンࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࠊࡕわ࡞ࡍࠋࡓ考えࡿࡍ進行ࡣ応ࠊࡤࢀࢀࡉ還元 14acࢆ
触媒㔞添ຍࠊ࡛ࡇࡿࡍ核錯体ᖹ衡状態あࡿ Herrmann触媒ࡢ単核錯体ࣝࣆࣟࢡࢩࡀ
ンࢰࣛࢻࣄ 14ac 中間体ࠊ࡚ࡋ配 AM ࡢンࣃࣟࣉࣟࢡࢩࠊ後ࡢࡑࠋࡿࡍ生成ࡀ C-H 活
性化開環応ࡀ進行ࠊࡋAOࠋࡿ࡞続い࡚ ȕ-ࢻࣜࢻࣄ脱㞳ࡀ進行ࢪࠊ࡚ࡋン 15ac
ࢻࣜࢻࣄ࣒࢘ࢪࣛࣃ APࡀ生成ࠋࡿࡍ次ࠊ還元的脱㞳ࡢ進行ࠊࡾࡼAPࡽ 0価ࡢ (o-
Tol)3PPd AQࡀ生成ࠊ࡛ࡇࡿࡍ応ࡀ触媒的進行ࡿࡍ期待ࡓࡋ (Scheme 68)ࠋ 

 

 

Scheme 68. Reduction of Herrmann catalyst. 
 

ンࢪ共役ࠊ࡛ࡇࡑ 15acࢆ基質࡚ࡋ用いࠊ最適条件対ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩ࡚ࡋ
ン 14ac ࢆ 22 mol%添ຍࡓࡋ条件付࣮ࣝࣜ-5ࠊࡍ共役ࢪン 17aa ࡀ 率࡛得ࡢ58%
式ࠊScheme 69) ࡓࢀࡽ ࡿࡍ応系中࡛生成ࠊࡓࡲࠋ(1 0 価ࢆ࣒࢘ࢪࣛࣃ利用ࠊ࡛ࡇࡿࡍ
共役ࢪンࡢHeck応ࡀ進行࣮ࣝࣜ-5ࠊࡋ共役ࢪンࡀ生成ࡿࡍ期待ࠊ࡛ࡇࡑࠋࡓࡋ
ンࢪ 15ac 2.0当㔞ࡢ p-࣮࢚ࣚࣝࢺࢻン࣋ࢆンࣝࣜࢺࢽࢰ中80ࠊ ℃࡛ 20 mol%ࡢ酢酸ࣃ
࣒࢘ࢪࣛ 40 mol%ࡢ (o-Tol)3Pࡧࡼ࠾ࠊ塩基࡚ࡋ 2.0当㔞ࡢ炭酸ࢆ࣒࢘ࢩࢭ用いࡓ場合ࠊ
ンࢪ共役࣮ࣝࣜ-5 17aa ࡀ 式) ࡓࡋ率࡛生成ࡢ20% ンࢪ検討࡛共役ࡢࡽࢀࡇࠋ(2
15ac ࡢ Heck 応ࡀ進行ࠊࡽࡇࡓࡋᮏ応࡛ࡶ同様ࠊ共役ࢪンࡽ 共࣮ࣝࣜ-5
役ࢪンࡀ生成ࡀࡇࡿࡍ明ࠋࡓࡗ࡞ࡽ 
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Scheme 69. Heck reaction of conjugated azine. 

 

 生成経路ࡢ࣮ࣝࢰࣛࣆࡽンࢪ共役࣮ࣝࣜ-5 2

ンࢪ共役࣮ࣝࣜ-5 17aa࣋ࢆンࣝࣜࢺࢽࢰ中150ࠊ °C࡛ຍ熱攪拌ࣛࣆࠊࡿࡍ
࣮ࣝࢰ 18aa ࡀ ࡽࡇࡢࡇࠋ(Scheme 70) ࡓࢀࡽ率࡛得ࡢ63% 共役࣮ࣝࣜ-5
触媒࣒࢘ࢪࣛࣃࠊࡣ経路࡛ࡿࡍ生成ࡀ࣮ࣝࢰࣛࣆ࡚ࡋ進行ࡀ環化異性化応ࡽンࢪ

 ࠋࡓࢀࡉ示唆ࡀࡇࡿ要࡛あࡀ

 

  

Scheme 70. Cycloisomerization of 5-aryl conjugated azine. 
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第 3節 基質適用範囲関ࡿࡍ検討 

 

次ࠊ著者ࡣ N-ࢰࣛࢻࣄࣝࢩࣝࣆࣟࣉࣟࢡࢩンࣉࣟࢡࢩࡢ
ࡢンࣃࣟ C-C結合ษ断 Heck応ࡿࡼ ࣮ࣜ-5-ࣝ࢟ࣝ-1
第ࠋࡓࡋ検討࡚ࡋ関基質適用範囲ࡢ合成࣮ࣝࢰࣛࣆࣝ 3節第
1 項࡛ࡣ原料合成ࡘい࡚説明ࠋࡿࡍ第 3 節第 2 項࡛ࢻ࣮ࣚࡣ
 ࠋࡓࡋい࡚検討ࡘ基質適用範囲ࡢンࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩンや࣮ࣞ

 

第 1項 ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩン࣮ࣞࢻ࣮ࣚンࡢ合成 

 

 ࠋࡓࡗ行ࢆ合成ࡢンࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩン࣮ࣞࢻ࣮ࣚࡿ࡞基質ࠊࡎࡲ 

ࣝࢸࢫ࢚ࢺࢣࠊ中室温࡛࣮ࣝࣀࢱ࣓ 70at, 70auࢪࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩン ンࢪࣜࣆࢆ67
存在ୗ࡛縮合ࢰࣛࢻࣄ࡛ࡇࡿࡏࡉン 14da, 14dbࢆ合成ࡓࡋ (Table 9)ࠋ 

 

Table 9. Preparation of cyclopropylhydrazones. 

 
 

ࡿ࡞原料ࡢン合成ࢰࣛࢻࣄࡢ記ୖࠊࡓࡲ α-ࣝࢸࢫ࢚ࢺࢣ 70at, 70auࡣ以ୗࡼࡢう合
成ࡓࡋ (Table 10)࡞ࡍࠋわࢺࢣࡕン 71at, 71auࢪࣜࣆࢆン還流中ࠊ酸化ࣞࢭン࡛ α-࢝ࢺࢣ
 ࠋࡓࡋ合成࡛ࡇࡿࡍ縮合࣮ࣝࣀࢱ࢚硫酸存在ୗ࡛ࠊ後ࡓࡋ酸化ン酸࣎ࣝ

 

Table 10. Preparation of α-keto ester 70at, 70au. 
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次市販࡚ࢀࡉい࡞い࣮࣮ࣚࣞࢻン 105af, 105agࡢ合成ࢆ行ࠋࡓࡗ 

࣮ࣝࣀ࢙ࣇࢻ࣮ࣚ-4 ࠊ用いࢆࣝࢸ࣮࢚ࣝࢳ࣓ࣝࢳ࣓ࣟࣟࢡ存在ୗ࡛࣒࢘ࣜࢺࢼ水素化ࢆ104
 ࠋ(Scheme 71) ࡓࡋ合成ࢆ105afࠊ࡛ࡇࡿࡍMOM保護ࢆ基ࢩ࢟ࣟࢻࣄ

 

 

Scheme 71. Preparation of iodoarene 105af. 
 

次 ンࣜࢽࢻ࣮ࣚ-4 ࣀ࣑ࠊ用いࢆࣝࣟࣂࣆン存在ୗ࡛塩化࣑ࣝࢳ࢚ࣜࢺࢆ106
基ࢆ保護ࢻ࣑ࠊ࡛ࡇࡿࡍ 105agࢆ合成ࡓࡋ (Scheme 72)ࠋ 

 

 

Scheme 72. Preparation of iodoarene 105ag. 
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第 2項 ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩン࣮ࣞࢻ࣮ࣚンࡢ基質適用範囲
 検討ࡿࡍ関

 
合成࣮ࣞࢻ࣮ࣚࡓࡋン 105af, 105ag市販࣮ࣞࢻ࣮ࣚࡢン 105ab-ae, 105ah-ak, 105at
ࡢンࣃࣟࣉࣟࢡࢩࡢンࢰࣛࢻࣄࣝࢩࣝࣆࣟࣉࣟࢡࢩ-Nࠊ用い࡚ࢆ C-C 結合ษ断 Heck
応ࡿࡼ 105ab, 105acࠋ(Scheme 73) ࡓࡋ検討ࢆ合成ࡢ࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5-ࣝ࢟ࣝ-1
࣮ࣝࢰࣛࣆࠊࡋ進行ࡀ応良好ࠊ場合ࡓ用いࢆン࣮ࣞࡿࡍ有ࢆ基ࣝ࢟ࣝうࡼࡢ 18ab 
(60%), 18ac (56%) ࡀ得ࢺࣝ࢜ࠋࡓࢀࡽࣝࢳ࣓基࣮ࣞࢻ࣮ࣚࡘࡶࢆン 105acࣛࣃࡀ
ࢻ࣮ࣚࡣᮏ応࡛ࠊࡽࡇࡿ同程ᗘ࡛あࡰ率ࡢン࣮ࣞࢻ࣮ࣚࡘࡶࢆ基ࣝࢳ࣓

ࠊࣚࡓࡲࠋࡓࢀࡉ示唆ࡀࡇい࡞ࡋ影響応ࡀ立体㞀害ࡢン࣮ࣞ ンࢮン࣋ࢻ࣮ 105at
ࡣࡽ 16at ࡀ ࢟ࢺ࣓ࢪ-2,4ࠊ基ࢩ࢟ࢺ࣓ࡢ基や電子供基ࣝࢽ࢙ࣇࠋࡓࢀࡽ率࡛得ࡢ57%
ン࣮ࣞࡿࡍ有ࢆ基ࢩ 105ad, 105aeࡶࡽ応ࡀ進行ࡽࡉࠊࡋ MOM基࡛保護ࣇࡓࢀࡉ
࣮ࣝࣀ࢙ 105afࡣࡽ ࣮ࣝࢰࣛࣆ率࡛ࡢ63% 18afࡀ得ࢆࢻ࣑ࠋࡓࢀࡽ有࣮ࣞࡿࡍン
105agやࣔࠊ ン࣮ࣞࡿࡍ有ࢆンࣜ࣍ࣝ 105ahࡣࡽ率ࡣపୗ࣮ࣝࢰࣛࣆࡢࡢࡶࡓࡋ 18ag 
(38%), 18ah (37%) ࡀ得ࢆࣝࢽ࢙ࣇࢪࠊࡓࡲࠋࡓࢀࡽ有࣮ࣞࡿࡍン 105aiࠊ電子求引基ࣇࡢ
ッ素やࢆࣝࢸࢫ࢚有࣮ࣞࡿࡍン 105aj, 105ak ࣮ࣞࡿࡍ有ࢆ基ࣟࢺࢽࠊࡀࡓࡁ適用࡛ࡶ
ン 105alࡣ࣮ࣝࢰࣛࣆࡣࡽ得ࠋࡓࡗ࡞ࢀࡽ 

続い࡚ ン࢚ࣝࢺࢻ࣮ࣚ-4 105aa࣮ࣝࣜࢆ化剤࡚ࡋ用いࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩࠊンࡢ
置換基ࠋࡓࡋい࡚検討ࡘ置換基ࡢン炭素ୖ࣑ R ࣛࢻࣄࡘࡶࢆ基ࣝࢽ࢙ࣇࢩ࢟ࢺ࣓-4
ンࢰ 14adࡣࡽ ࣮ࣝࢰࣛࣆ率࡛ࡢ49% 18baࡀ得ࠊࡀࡓࢀࡽR ࣝࢽ࣎ࣝ࢝ࢩ࢟ࢺ࢚-4
ンࢰࣛࢻࣄࡿࡍ有ࢆ基ࣝࢽ࢙ࣇ 14db ࣮ࣝࢰࣛࣆࡣࡽ 18ca Rࠊࡓࡲࠋࡓࡋపୗࡀ率ࡢ
ンࢰࣛࢻࣄࡿࡍ有ࢆ基ࣝࢳࣇࢼ 14da ࣮ࣝࢰࣛࣆࡢ目的ࠊࡋ進行ࡀ応ࡶࡽ 18da ࡀ
 ࠋࡓࢀࡽ率࡛得ࡢ33％
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Scheme 73. Scope of iodoarenes and cyclopropylhydrazones. 

 

次合成࣮ࣝࢰࣛࣆࡓࡋ 16atࡢ官能基変換ࢆ試ࡓࡳ (Scheme 74)16ࠊࡎࡲࠋatࣟࢡࢪࢆ
࣮ࣝࢰࣛࣆࡓࢀࡉ化ࣔࣟࣈࡀ4ࠊࡿࡍNBS࡛処理ࠊン還流中ࢱ࣓ࣟ ࡀ107 率ࡢ57%
࡛得ࠋࡓࢀࡽ次 16atࢆ DMSO中ࠊ塩化ࣜࢆ࣒࢘ࢳ用い࡚ 150 ℃࡛処理ࠊࡿࡍKrapcho
脱炭酸ࡀ進行࣮ࣝࢰࣛࣆࠊࡋ ࡀ108 ࣮ࣝࢰࣛࣆࠊࡓࡲࠋࡓࢀࡽ率࡛得ࡢ58% 16atࢆ THF
中ࠊ室温࡛ LiAlH4ࡢࣝࢸࢫ࢚࡚ࡗࡼ還元応ࡀ進行࣮ࣝࢰࣛࣆࠊࡋ ࡀ109 率࡛ࡢ61%
得ࠋࡓࢀࡽ 
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Scheme 74. Transformations of 16at. 

 

以ୖࡼࡢう著者ࡣ N-ࢰࣛࢻࣄࣝࣆࣟࣉࣟࢡࢩンࣃࣟࣉࣟࢡࢩࡢンࡢ C-C 結合ษ断ࠊ
Heck応ࠊ環化異性化応ࡢ連続応ࡢ開発成ຌ࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5-ࣝ࢟ࣝ-1ࠊࡋ
ࡣᮏ応ࠋࡓࡋ成ຌ合成ࡢ 1 ࡀ触媒ࡢࡘ 2 ࢹンࢱࢺ࣮࢜ࡿࡏࡉ回転ࢆࣝࢡࢧ応ࡢࡘ
ࡇࡣ合成ࡢ࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5-ࣝ࢟ࣝ-1ࠊࡓࡲࠋࡿ特徴࡛あࡀࡇࡿ応࡛あࡢ型࣒
置㑅択性や化ࡣ合成法࡛ࡢࡽࢀࡑࠊࡎࡽわࡶࡿい࡚ࢀࡉ報告ࡀ手法࡞様々࡛ࡲࢀ

学㑅択性課題ࡀあࠋࡓࡗ一方ࠊᮏ研究࡛ࡣ 生ࡢ単一ࢆ࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5-ࣝ࢟ࣝ-1
成物࡚ࡋ合成ࡇࡿࡍ成ຌࠊࡾ࠾࡚ࡋ置㑅択性や化学㑅択性ࡢ課題ࢆ解決ࡉࠋࡓࡋ

ࡓࡋ回合成ࠊࡽ ᮏ手ࠊࡁ࡛ࡀࡇࡿࡍ官能基変換ࢆ࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5-ࣝ࢟ࣝ-1
法ࡣ様々࣮ࣝࢰࣛࣆ࡞誘ᑟ体ࡢ合成ࡶ有用࡛あࡀࡇࡿ示ࠊࡓࡲࠋࡓࢀࡉ第 2章3ࠊ章࡛
合成࣮ࣝࢰࣛࣆࡓࡋ誘ᑟ体ࡣ α-ࣝࢽ࣮࣎ࣝ࢝ࣝࢰࣛࣆ骨格ࢆ有ࠊࡾ࠾࡚ࡋ生物活性物質
ࡍ示ࢆJAK阻害能や殺虫作用ࠊࡤ例えࠋ(Figure 1) ࡿࢀࡉ期待ࡀࡇࡿ有用࡛あ࡚ࡋ α-ࣛࣆ
骨ࣝࢽ࣮࣎ࣝ࢝ࣝࢰࣛࣆ-αࠊࡓࡲ (66 ,65ࠋࡿい࡚ࢀࡉ報告࡛ࡲࢀࡇࡀン化合物ࢺࢣ࣮ࣝࢰ
格ࣝࢽ࣎ࣝ࢝ࡣ α ࣀ࣑基ࢆ有ࡾ࠾࡚ࡋ後ࠊ斉合成ࢆ達成ࠊࡤࢀࡁ࡛ࡀࡇࡿࡍ
新規ࣀ࣑酸誘ᑟ体ࡢ開発ࡀ期待࡛ࠋࡿࡁ 

 

 

Figure 1．Examples of bioactive molecules containing α-pyrazole carbonyl unit. 
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結論 

 

ࢰࣛࢻࣄࠊ࡛ࡇࡿࡍ進行ࡀ続く連続応活性化ࡢンࣃࣟࣉࣟࢡࢩࡿࡼンࢰࣛࢻࣄ 

ンࡢ窒素原子ࡀ含窒素ࣟࢸ࣊環取ࡾ込ࡼࡿࢀࡲう࡞合成法ࡢ開発研究ࢆ行ࡓࡗ結ᯝࠊ以

ୗࡼࡢうン࣮ࣝࢻやࡢ࣮ࣝࢰࣛࣆ新規合成法ࢆ見出ࠋࡓࡋ 

 

ձ ࢪࣛࢻࣄ࣮ࣝࣜン࢘ࣚࢆ࣮ࣝࢱࢭࣝࣆࣟࣉࣟࢡࢩ化水素発生源࡚࢘ࣚࡋ化

tert-ࣝࢳࣈ応ࠊ࡛ࡇࡿࡏࡉFischerン࣮ࣝࢻ化応ࣝࣆࣟࣉࣟࢡࢩࣟࣆࢫࡾࡼ
ンࣝ࢟ࣝ-3ࠊࡋ進行ࡀ還元応ࡿࡼ化水素࢘続い࡚ࣚࠋࡿࡍ生成ࡀンࢽࣞࢻン
ࡅࡔ活性化ࡢンࣃࣟࣉࣟࢡࢩࡀンࢰࣛࢻࣄࡣᮏ応ࠋࡓࡋ見出ࢆࡇࡿࡍ生成ࡀ࣮ࣝࢻ

 ࠋࡿ特徴࡛あࡀࡇࡿ応࡛あࡿࢀࡲ込ࡾ取環࣮ࣝࢻンࠊく࡞࡛

 

 

 

ղ N-ࢰࣛࢻࣄࣝࢩࣝࣆࣟࣉࣟࢡࢩンࢆ触媒࡚ࡋ酢酸࡛࣒࢘ࢪࣛࣃ処理ࢩࠊ࡛ࡇࡿࡍ
ࠊࡋ進行ࡀ続い࡚環化異性化応ࠋࡿࡍ生成ࡀンࢪ共役ࡾࡼ開環応ࡢンࣃࣟࣉࣟࢡ

ࣉࣟࢡࢩࡣンࢰࣛࢻࣄࣝࢩࠊい࡚࠾ᮏ応ࠋࡓࡋ見出ࢆࡇࡿࡍ生成ࡀ࣮ࣝࢰࣛࣆ

関ࡶ進ಁࡢ環化異性化応ࡢ後ࡢࡑࠊく࡞࡛ࡅࡔ役割ࡢ࡚ࡋ配向基ࡢン活性化ࣃࣟ

ࠊࡋ目的࣮ࣝࢰࣛࣆࡢ取ࡾ込࡚ࢀࡲいࡽࡇࡢࡇࠋࡿᮏ応ࡣ原子効率優ࡓࢀ

応࡛あࡿいえࠋࡿ 

 

 

 

ճ N-ࢰࣛࢻࣄࣝࢩࣝࣆࣟࣉࣟࢡࢩンࢆ Herrmann触媒存在ୗ࣮ࣞࢻ࣮ࣚࠊン応ࡉ
後ࡓࡋ生成ࡀンࢪ共役ࡾࡼ開環応ࡢンࣃࣟࣉࣟࢡࢩࡿࡏ Heck応ࡀ進行ࠊࡋ
࢟ࣝ-1ࠊ࡛ࡇࡿࡍ進行ࡀ続い࡚環化異性化応ࠋࡿࡍ生成ࡀンࢪ共役࣮ࣝࣜ-5
ࡣᮏ応ࠋࡓࡋ見出ࢆࡇࡿࡍ生成ࡀ࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5-ࣝ 1 ࡀ触媒ࡢࡘ 2 ࡢࡘ
応ࢆࣝࢡࢧ回転ࢱࢺ࣮࢜ࡿࡏࡉン࣒ࢹ型ࡢ応࡛あࡀࡇࡿ特徴࡛あ-1ࠊࡓࡲࠋࡿ
ࡶࡿい࡚ࢀࡉ報告ࡀ手法࡞様々࡛ࡲࢀࡇࡣ合成ࡢ࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5-ࣝ࢟ࣝ
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わࡢࡽࢀࡑࠊࡎࡽ合成法࡛ࡣ置㑅択性や化学㑅択性課題ࡀあࠋࡓࡗ一方ࠊᮏ研究࡛

ࡣ ࠾࡚ࡋ成ຌࡇࡿࡍ合成࡚ࡋ生成物ࡢ単一ࢆ࣮ࣝࢰࣛࣆ࣮ࣝࣜ-5-ࣝ࢟ࣝ-1
 ࠋࡓࡋ解決ࢆ課題ࡢ置㑅択性や化学㑅択性ࠊࡾ

 

 

 

以ୖࠊࡿࡵࡲࢆ著者ࢰࣛࢻࣄࡣンࡢ互変異性化ࢆ利用ࣃࣟࣉࣟࢡࢩࠊ࡛ࡇࡿࡍン

合成ࡿࢀࡲ込ࡾ取一部ࡢ環ࣟࢸ࣊含窒素ࡀンࢰࣛࢻࣄࠊࡋ成ຌ続く連続応開環ࡢ

法ࢆ開発࢚ࠋࡓࡋンࢪࣛࢻࣄンࢆࡓࡋ応࡛ࡣ N-N結合ࡢ開裂ࢆ伴う連続応ࡀ進行ࡍ
ࡓࢀࡲ込ࡾ取ࡀ窒素原子ࡢࡘ1ࠊ࡛ࡇࡿ ࠊࡓࡲࠋࡓࡋ成ຌ合成ࡢ࣮ࣝࢻンࣝ࢟ࣝ-3
ࡣ連続応࡛ࡿࡍ利用ࢆ互変異性化ࡢンࢮࢪ 2 ࡓࢀࡲ込ࡾ取ࡀ窒素原子ࡿࡍ連続ࡢࡘ
 ࠋࡓࡋ成ຌ合成ࡢ࣮ࣝࢰࣛࣆ
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第 4章 実験ࡢ部 
 
1H NMR and 13C NMR spectra were recorded on a Varian Mercury 300 MHz, 400 MHz JNM-
ECZ400S, a Varian VNS AS 500 MHz or a Bruker AVANCE III HD 600 MHz operating at 300 
MHz/75 MHz, 400 MHz/100 MHz, 500 MHz/125 MHz, or 600 MHz/150 MHz for 1H and 13C 
acquisitions, respectively. Chemical shifts are reported in ppm with the solvent resonance or TMS as 

the internal standard. 19F NMR spectra were recorded on a 376 MHz JNM-ECZ400S. Chemical shifts 
are reported in ppm with CFCl3 as the standard in machine setting. Multiplicities are indicated by (s 
= singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sext = sextet, sept = septet, dd = doublet 
of doublets, dt = doublet of triplets, dq = doublet of quartets, td = triplet of doublets, qd = quartet of 
doublets, qt = quartet of triplets, qq = quartet of quartets, septd = septet of doublets, ddd = doublet of 
doublet of doublets, ddt = doublet of doublet of triplets, m = multiplet, br = broad). Infrared (IR) 
spectra were recorded on a Perkin-Elmer SpectrumOne A spectrometer. High-resolution mass spectra 

(HRMS) were obtained by ESI method on Thermo Fisher Scientific Exactive Instrument. Melting 

points (uncorrected) were determined on BÜCHI M-565 apparatus. Flash column chromatography 

were performed using Silicycle silica gel (SiliaFlash® F60, 40-63 μm) or performed on Yamazen 
Automated Liquid Chromatography System Smart Flash EPCLC-AI-580S using ULTRAPACK SI-

40B or Biotage Automated Liquid Chromatography System Isolera One using Santai Science Inc. 

SepaFlash iLOK-SL 10g or 20g flash cartridges. Preparative thin-layer chromatography (preparative 

TLC) separations were carried out on 0.25 or 0.50 mm E. Merck silica gel plates (60 F254). 
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第 1節 第 1章第 1節ࡢ実験 

 
(Ethoxycarbonylmethyl)dimethylsulfonium bromide (27) [Scheme 13]. To a solution of methyl 
2-bromoacetate (6.6 mL, 59.9 mmol) in acetone (10 mL) was added dimethyl sulfide (5.3 mL, 71.8 
mmol). The mixture was stirred at room temperature overnight. Then the mixture was filtered with 
Kiriyama funnel and dried under vaccum. (Ethoxycarbonylmethyl)dimethylsulfonium bromide (9.77 
g) was obtained as a white solid without purification. The spectral data were identical with those 
reported in the literature. 67) 

 

Dimethylsulfonium ethoxycarbonylmethylide (28) [Scheme 13]. To a solution of 
(Ethoxycarbonylmethyl)dimethylsulfonium bromide 27 (9.77 g, 42.7 mmol) in CHCl3 (42.6 mL) 
were added saturated K2CO3 aq. (21 mL) and 12.5 M NaOH aq. (4.4 mL). The mixture was stirred 
for 15 min, then stirred at room temperature for 1 h. The top of organic layer was decanted, dried over 
K2CO3, filtered and evaporated to afford dimethylsulfonium ethoxycarbonylmethylide (5.51 g) 28 as 
yellow oil without purification. The spectral data were identical with those reported in the 
literature.  68) 

 

2-Formylcyclopropane carboxylic acid ethyl ester (29) [Scheme 13]. To a solution of allyl alcohol 
(1.62 g, 27.8 mmol) in dichloromethane (100 mL) were added powdered 4 Å molecular sieves (28 g), 
(ethoxycarbonylmethylene) dimethylsulfarane (6.19 g, 41.8 mmol) and manganese dioxide (24.2 g, 
278 mmol). The mixture was heated at reflux for overnight, and then cooled to room temperature. 
The crude mixture was then filtered through Celite® and the residue was washed with 
dichloromethane to give a pale yellow solution. After removal of the solvent in vacuo, the residue 
was purified by flash column chromatography (hexane/EtOAc = 5 : 1) to give cyclopropyl aldehyde 
29 (307 mg, 8%, trans/cis = 6 : 1) as a colorless oil. The spectral data were identical with those 
reported in the literature. 23) 

 

One pot reaction of reductive indolization from cyclopropyl aldehyde and arylhydrazine.  

Ethyl 3-(5-methoxy-1H-indol-3-yl)propanoate (13aa) [Scheme 15]. To a solution of cyclopropyl 
aldehyde 29 (25.4 mg, 0.178 mmol) in MeCN (5 mL) were added 4-methoxyphenylhydrazine 
hydrochloride 9a (31.2 mg, 0.178 mmol) and t-BuI (63.7 µL, 0.534 mmol). The mixture was stirred 
at reflux for 5 h. Then t-BuI (63.7 µL, 0.534 mmol) was added and stirred for 2 h. The resulting 
mixture was cooled to room temperature, quenched with saturated aqueous Na2S2O3 and extracted 
with CHCl3 three times. The combined organic layers were dried over MgSO4, filtered and 
concentrated. The crude product was purified by preparative TLC (toluene : EtOAc = 19 : 1) to afford 
the indole 13aa (15.2 mg, 32%) as a brown solid; 1H NMR (400 MHz, CDCl3) δ 7.84 (s, 1H), 7.25 
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(d, J = 11.2 Hz, 1H), 7.01 (d, J = 16.0 Hz, 2H), 6.86 (dd, J = 8.8, 2.8 Hz, 1H), 4.14 (q, J = 7.2 Hz, 
2H), 3.87 (s, 3H), 3.07 (t, J = 7.8 Hz, 2H), 2.70 (t, J = 7.8 Hz, 2H), 1.25 (t, J = 7.6 Hz, 3H); 13C NMR 
(100 MHz, CDCl3) δ 173.4, 154.0, 131.4, 127.6, 122.1, 114.8, 112.3, 111.8, 100.5, 60.4, 55.9, 34.8, 
20.6, 14.2; HRMS (ESI) m/z calcd for C14H18O3N [M+H]+ 248.1281, found 248.1283. 
 

Table S1. Synthesis of cyclopropyl acetals. 

 

 

Ethyl (1S,2S)-2-(dimethoxymethyl)cyclopropane-1-carboxylate (10a) [Table S1, entry 1]. To a 
solution of cyclopropyl aldehyde 29 (1.61 g, 11.3 mmol) in benzene (20 mL) were added methanol 
(1.01 g, 33.9 mmol) and p-toluenesulfonic acid (133 mg, 0.700 mmol). The mixture was heated at 
reflux with Dean-Stark trap for 2 h. Then methanol (1.01 g, 33.9 mmol) was added to the mixture, 
stirred at reflux for 8 h and then cooled to room temperature. The resulting mixture was diluted with 
ether and washed with saturated aqueous NaHCO3 and brine. The organic layer was dried over MgSO4, 
filtered and concentrated. The residue was purified by silica gel column chromatography 
(hexane/EtOAc = 7 : 3) to afford cyclopropyl acetal 10a (40.6 mg, 2%) as a yellow oil. The spectral 
data were identical with those reported in the literature. 69)  

 

Ethyl (1S,2S)-2-(1,3-dioxan-2-yl)cyclopropane-1-carboxylate (10b) [Table S1, entry 2] To a 
solution of aldehyde 29 (3.00 g, 21.0 mmol) in benzene (20 mL) were added 1,3-propanediol (2.17 
mL, 30.0 mmol) and p-toluenesulfonic acid (238 mg, 1.25 mmol). The mixture was heated at reflux 
with Dean-Stark trap for 3 h and then cooled to room temperature. The resulting mixture was diluted 
with ether and washed with saturated aqueous NaHCO3. and brine. The organic layer was dried over 
MgSO4, filtered and concentrated. The residue was purified by silica gel column chromatography 
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(hexane/EtOAc = 3 : 1) to afford cyclopropyl acetal 10b (1.71 g, 41%) as a colorless oil; 1H NMR 
(400 MHz, CDCl3) δ 4.47 (d, J = 4.0 Hz, 1H), 4.21-4.05 (m, 4H), 3.86-3.63 (m, 2H), 2.14-1.98 (m, 
1H), 1.81-1.66 (m, 2H), 1.39-1.29 (m, 1H), 1.25 (t, J = 7.6 Hz, 3H), 1.17-1.10 (m, 1H), 1.10-0.98 (m, 
1H); 13C NMR (100 MHz, CDCl3) δ 173.6, 100.3, 66.9, 60.5, 25.6, 24.8, 16.3, 14.2, 10.6; HRMS 
(ESI) m/z calcd for C10H17O4 [M+H]+ 201.1121, found 201.1123. 
 

Ethyl (1S,2S)-2-(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)cyclopropane-1-carboxylate (10c) [Table 
S1, entry 3] To a solution of aldehyde 29 (3.00 g, 21.0 mmol) in benzene (20 mL) were added pinacol 
(3.54 g, 30.0 mmol) and p-toluenesulfonic acid (238 mg, 1.25 mmol). The mixture was heated at 
reflux with Dean-Stark trap for overnight and then cooled to room temperature. The resulting mixture 
was diluted with ether and washed with saturated aqueous NaHCO3 and brine. The organic layer was 
dried over MgSO4, filtered and concentrated. The residue was purified by silica gel column 
chromatography (hexane/EtOAc = 5 : 1) to afford mixture of cyclopropyl acetals 10c (2.15 g, 42%) 
as a colorless oil; 1H NMR (400 MHz, CDCl3) δ 4.58 (d, J = 6.0 Hz, 1H), 4.18-4.05 (m, 2H), 1.73-
1.65 (m, 2H), 1.27-1.19 (m, 16H), 1.0-0.91 (m, 1H) ; 13C NMR (100 MHz, CDCl3) δ 173.4, 101.8, 
82.2, 82.1, 60.6, 25.6, 24.1, 23.9, 21.9, 17.0, 14.2, 11.1; HRMS (ESI) m/z calcd for C13H23O4 [M+H]+ 

243.1591, found 243.1592. 
 

[Table S1, entry 4] To a solution of aldehyde 29 (5.39 g, 37.9 mmol) in benzene (50 mL) were added 
ethyleneglycol (5.72 g, 92.2 mmol) and p-toluenesulfonic acid (730 mg, 3.84 mmol). The mixture 
was heated at reflux with Dean-Stark trap for 1.5 h and then cooled to room temperature. The resulting 
mixture was diluted with ether and washed with saturated aqueous NaHCO3 and brine. The organic 
layer was dried over MgSO4, filtered and concentrated. The residue was purified by silica gel column 
chromatography (hexane/acetone = 5 : 1) to afford mixture of cyclopropyl acetals 10d and 10d’ (3.35 
g, 47%). 
 

Ethyl (1S,2S)-2-(1,3-dioxolan-2-yl)cyclopropane-1-carboxylate (10d) 
Physical state: colorless oil; 1H NMR (400 MHz, CDCl3) δ 4.73 (d, J = 4.6 Hz, 1H), 4.19-4.06 (m, 
2H), 4.03-3.92 (m, 2H), 3.92-3.80 (m, 2H), 1.81-1.70 (m, 2H), 1.26 (t, J = 7.2 Hz, 3H), 1.23-1.15 (m, 
1H), 1.07-0.95 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 173.4, 103.8, 65.1, 65.1, 60.7, 23.8, 16.5, 
14.2, 10.8; HRMS (ESI) m/z calcd for C9H15O4 [M+H]+ 187.0965, found 187.0963. 
 

Ethyl (1R,2S)-2-(1,3-dioxolan-2-yl)cyclopropane-1-carboxylate (10d’) 
Physical state: colorless oil; 1H NMR (400 MHz, CDCl3) δ 4.86 (d, J = 7.8 Hz, 1H), 4.17 (dd, J = 
14.4, 5.6 Hz, 2H), 4.07-3.95 (m, 2H), 3.92-3.79 (m, 2H), 1.94-1.82 (m, 1H), 1.53-1.39 (m, 1H), 1.34-
1.24 (m, 4H), 1.21-1.13 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 172.1, 103.6, 65.1, 65.0, 60.8, 22.9, 
17.1, 14.2, 10.8; HRMS (ESI) m/z calcd for C9H15O4 [M+H]+ 187.0965, found 187.0965. 



71 

 

 

[Table 1, entry 1]. To a solution of cyclopropyl acetal 10a (27.1 mg, 0.14 mmol) in MeCN (5.0 mL) 
were added 4-methoxyphenylhydrazine hydrochloride 9a (25.2 mg, 0.14 mmol) and t-BuI (100 µL, 
0.84 mmol) at room temparature. Then, the mixture was stirred at reflux for 0.5 h. Then the mixture 
was cooled to room temperature, quenched with saturated aqueous Na2S2O3 and extracted with CHCl3 
three times. The combined organic layers were dried over MgSO4, filtered and concentrated. The 
crude product was purified by preparative TLC (toluene/EtOAc = 19 : 1) to afford the indole 13aa 
(8.1 mg, 23%). 
 

[Table 1, entry 2]. To a solution of cyclopropyl acetal 10b (31.6 mg, 0.16 mmol) in MeCN (5.0 mL) 
were added 4-methoxyphenylhydrazine hydrochloride 9a (27.6 mg, 0.16 mmol) and t-BuI (113 µL, 
0.95 mmol) at room temperature. Then the mixture was stirred at reflux for 0.5 h. Then the mixture 
was cooled to room temperature, quenched with saturated aqueous Na2S2O3 and extracted with CHCl3 
three times. The combined organic layers were dried over MgSO4, filtered and concentrated. The 
crude product was purified by preparative TLC (toluene/EtOAc = 19 : 1) to afford the indole 13aa 
(7.7 mg, 20%). 
 

[Table 1, entry 3]. To a solution of cyclopropyl acetal 10c (33.5 mg, 0.138 mmol) in MeCN (5.0 mL) 
were added 4-methoxyphenylhydrazine hydrochloride 9a (24.1 mg, 0.138 mmol) and t-BuI (98.7 µL, 
0.828 mmol) at room temperature. Then the mixture was stirred at reflux for 1 h. Then the mixture 
was cooled to room temperature, quenched with saturated aqueous Na2S2O3 and extracted with CHCl3 
three times. The combined organic layers were dried over MgSO4, filtered and concentrated. The 
crude product was purified by preparative TLC (toluene/EtOAc = 19 : 1) to afford the 4-
methoxyaniline (7.0 mg, 37%) and cyclopropyl acetal 10c (18.7 mg, 56%). 
 

[Table 1, entry 4]. To a solution of cyclopropyl acetal 10d (30.3 mg, 0.16 mmol) in MeCN (5.0 mL) 
were added 4-methoxyphenylhydrazine hydrochloride 9a (28.4 mg, 0.16 mmol) and t-BuI (114 µL, 
0.96 mmol) at room temperature. Then the mixture was stirred at reflux for 30 min. Then the mixture 
was cooled to room temperature, quenched with saturated aqueous Na2S2O3 and extracted with CHCl3 
three times. The combined organic layers were dried over MgSO4, filtered and concentrated. The 
crude product was purified by preparative TLC (toluene/EtOAc = 19 : 1) to afford the indole 13aa 
(21.4 mg, 54%). 
 

[Table 1, entry 6]. To a solution of cyclopropyl acetal 10d (37.0 mg, 0.20 mmol) in MeCN (12 mL) 
were added 4-methoxyphenylhydrazine hydrochloride 9a (34.9 mg, 0.20 mmol), NaI (180 mg, 1.20 
mmol) and TMSCl (151 µL, 1.20 mmol) at room temperature. Then the mixture was stirred at reflux 
for 1.5 h. Then the mixture was cooled to room temperature, quenched with saturated aqueous 
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Na2S2O3 and extracted with CHCl3 three times. The combined organic layers were dried over MgSO4, 
filtered and concentrated. The crude product was purified by preparative TLC (hexane/EtOAc = 7 : 
3) to afford the indole 13aa (10.0 mg, 20%). 
 

[Table 1, entry 7]. To a solution of cyclopropyl acetal 10d (27.7 mg, 0.15 mmol) in EtOH (5.0 mL) 
were added 4-methoxyphenylhydrazine hydrochloride 9a (25.8 mg, 0.15 mmol) and t-BuI (106 µL, 
0.89 mmol) at room temperature. Then the mixture was stirred at reflux for 1 h. Then t-BuI (53 µL, 
0.45 mmol) was added to the mixture and stirred for 2 h. Then the mixture was cooled to room 
temperature, quenched with saturated aqueous Na2S2O3 and extracted with CHCl3 three times. The 
combined organic layers were dried over MgSO4, filtered and concentrated at room temperature. The 
crude product was purified by preparative TLC (toluene/EtOAc = 19 : 1) to afford the indole 13aa 
(5.6 mg, 15%). 
 

[Table 1, entry 11]. To a solution of cyclopropyl acetal 10d (36.9 mg, 0.20 mmol) in MeCN (12 mL) 
were added 4-methoxyphenylhydrazine hydrochloride 9a (69.1 mg, 0.40 mmol) and t-BuI (142 µL, 
1.19 mmol) at room temperature. After being stirred for 15 min, t-BuI (61 µL, 0.59 mmol) was added 
to the reaction mixture. The mixture was stirred at reflux for additional 45 min. Then the mixture was 
cooled to room temperature, quenched with saturated aqueous Na2S2O3 and extracted with CHCl3 
three times. The combined organic layers were dried over MgSO4, filtered and concentrated at room 
temperature. The crude product was purified by flash column chromatography (hexane/EtOAc = 7 : 
3) to afford the indole 13aa (43.3 mg, 89%). 
 

[Table 1, entry 12]. To a solution of 4-methoxyphenylhydrazine hydrochloride 9a (114 mg, 0.65 
mmol) and t-BuI (233 µL, 1.96 mmol) in MeCN (14 mL) was added cyclopropyl acetal 10d’ (60.7 
mg, 0.33 mmol) in MeCN (2.0 mL) at reflux. After being stirred for 15 min, t-BuI (117 µL, 0.98 
mmol) was added to the reaction mixture. The mixture was stirred at reflux for additional 50 min. 
Then the mixture was cooled to room temperature, quenched with saturated aqueous Na2S2O3 and 
extracted with CHCl3 three times. The combined organic layers were dried over MgSO4, filtered and 
concentrated at room temperature. The crude product was purified by flash column chromatography 
(hexane/EtOAc = 7 : 3) to afford the indole 13aa (66.7 mg, 83%). 

  



73 

 

第 2節 第 1章第 2節ࡢ実験 

 
Ethyl 3-iodo-2-(5-methoxy-1H-indol-3-yl)propanoate (31a) and Ethyl α-iodo-5-methoxy-1H-
indole-3-propanoate (12a) [Scheme 18, eq 1] To a solution of cyclopropylacetal 10d (142 mg, 0.76 
mmol) in MeCN (20 mL) were added 4-methoxyphenylhydrazine hydrochloride (133 mg, 0.76 mmol) 
and t-BuI (420 mg, 2.28 mmol). The mixture was stirred at reflux for 5 min followed by cooled to 
room temperature and quenched with saturated aqueous Na2S2O3 and saturated aqueous NaHCO3. 
The mixture was extracted with CHCl3 three times. The organic layers were dried over MgSO4, 
filtered and concentrated. The residue was purified by preparative thin-layer chromatography 
(toluene/EtOAc = 19 : 1) to afford the mixture of iodinated indoles 31a and 12a (151 mg, 53%, 31a : 
12a = 5 : 1) as a yellow oil. 
 

Ethyl 3-iodo-2-(5-methoxy-1H-indol-3-yl)propanoate (31a) 
1H NMR (600 MHz, CDCl3) δ 8.06 (s, br, 1H), 7.26 (d, J = 8.8 Hz, 1H), 7.16 (d, J = 2.6 Hz, 1H), 
7.10 (d, J = 2.2 Hz, 1H), 6.87 (dd, J = 8.8, 2.6 Hz, 1H), 4.28-4.22 (m, 2H), 4.20-4.13 (m, 1H), 3.87 
(s, 3H), 3.77 (t, J = 10.1 Hz, 1H), 3.45-3.43 (m, 1H), 1.26 (t, J = 7.2 Hz, 3H); 13C NMR (150 MHz, 
CDCl3) δ 172.3, 154.6, 131.3, 126.2, 123.0, 113.3, 113.2, 112.3, 100.7, 61.5, 56.1, 47.0, 14.5, 5.0; 
HRMS (ESI) m/z calcd for C14H17O3NI [M+H]+ 374.0250, found 374.0248. 
 

Ethyl 2-iodo-3-(5-methoxy-1H-indol-3-yl)propanoate (12a) 
1H NMR (600 MHz, CDCl3) δ 7.91-8.01 (s, br, 1H), 7.24 (d, J = 8.8 Hz, 1H), 7.05 (d, J = 2.6 Hz, 1H), 
7.01 (d, J = 2.2 Hz, 1H), 6.86 (dd, J = 8.6, 2.0 Hz, 1H), 4.57 (dd, J = 9.9, 5.9 Hz, 1H), 4.22-4.09 (m, 
2H), 3.88 (s, 3H), 3.62 (dd, J = 15.0, 9.9 Hz, 1H), 3.40 (dd, J = 15.0, 5.9 Hz, 1H), 1.20 (t, J = 7.2 Hz, 
3H); 13C NMR (150 MHz, CDCl3) δ 171.5, 154.3, 131.1, 127.2, 123.8, 113.3, 112.5, 112.0, 100.4, 
61.8, 56.0, 32.6, 20.6, 13.7; HRMS (ESI) m/z calcd for C14H17O3NI [M+H]+ 374.0250, found 
374.0248. 
 

Ethyl 3-(5-methoxy-1H-indol-3-yl)propanoate (13aa) [Scheme 18, eq 2] To a solution of mixture 
of iodinated indoles 31a and 12a (4.7 mg, 0.0130 mmol) in MeCN (5.0 mL) was added t-BuI (46.8 
mg, 0.0570 mmol). The mixture was stirred at reflux for 30 min followed by cooled to room 
temperature and quenched with saturated aqueous Na2S2O3 and saturated aqueous NaHCO3. The 
mixture was extracted with CHCl3 three times. The organic layers were dried over MgSO4, filtered 
and concentrated. The residue was purified by preparative thin-layer chromatography (toluene/EtOAc 
= 19 : 1) to afford indole 13aa (1.1 mg, 35%) 
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Ethyl (1R,2R)-5'-methoxyspiro[cyclopropane-1,3'-indole]-2-carboxylate (11a’) and Ethyl 
(1R,2S)-5'-methoxyspiro[cyclopropane-1,3'-indole]-2-carboxylate (11a’’) [Scheme 20, eq 2]. To 
a solution of mixture of iodinated indoles 31a and 12a (59.6 mg, 0.160 mmol) in MeCN (5.0 mL) 
was added Ag2CO3 (46.8 mg, 0.170 mmol). The mixture was stirred in the absence of light at room 
temperature for 3 h. Then the resulting mixture was concentrated in vacuo and diluted with toluene. 
The mixture was filtered through Celite® followed by washed with toluene. After removal of the 
solvent in vacuo, the residue was purified by flash column chromatography (hexane/EtOAc = 7 : 3) 
to afford spiroindolenines 11a’ (7.4 mg, 19%) and 11a’’ (18.8 mg, 48%). 
 

Ethyl (1R,2R)-5'-methoxyspiro[cyclopropane-1,3'-indole]-2-carboxylate (11a’). Physical state: 
brown solid; m.p.: 79 °C (decomposed); 1H NMR (400 MHz, CDCl3) δ 7.61-7.58 (m, 2H), 7.06 (d, J 
= 2.8 Hz, 1H), 6.91 (dd, J = 8.0, 2.0 Hz, 1H), 4.27-4.01 (m, 2H), 3.82 (s, 3H), 3.01 (t, J = 8.0 Hz, 1H), 
2.34-2.31 (m, 1H), 2.25-2.21 (m, 1H), 1.19 (t, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 169.9, 
168.3, 158.2, 150.4, 136.2, 121.7, 113.5, 107.7, 61.5, 55.7, 42.4, 28.0, 17.5, 14.1; HRMS (ESI) m/z 
calcd for C14H16O3N [M+H]+ 246.1125, found 246.1125. 
 

Ethyl (1R,2S)-5'-methoxyspiro[cyclopropane-1,3'-indole]-2-carboxylate (11a’’). Physical state: 
colorless oil; 1H NMR (400 MHz, CDCl3) δ 8.17 (s, 1H), 7.63 (d, J = 8.2 Hz, 1H), 6.91 (dd, J = 8.4, 
2.0 Hz, 1H), 6.54 (d, J = 2.8 Hz, 1H), 4.31-4.16 (m, 2H), 3.82 (s, 3H), 2.82-2.78 (m, 1H), 2.64-2.61 
(m, 1H), 2.00-1.97 (m, 1H), 1.28 (t, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 170.3, 168.2, 
158.5, 149.4, 139.2, 122.0, 112.8, 104.2, 61.6, 55.8, 42.5, 30.6, 20.2, 14.1; HRMS (ESI) m/z calcd for 
C14H16O3N [M+H]+ 246.1125, found 246.1124 

 

Ethyl 3-(5-methoxy-1H-indol-3-yl)propanoate (13aa) [Scheme 20, eq 3]. To a solution of mixture 
of indolenines 11a’ and 11a’’ (13.1 mg, 0.053 mmol) in MeCN (2.0 mL) was added t-BuI (29.5 mg, 
0.16 mmol). The mixture was stirred at reflux. The reaction mixture was stirred at reflux for 30 min 
followed by cooled to room temperature and quenched with saturated aqueous Na2S2O3 and saturated 
aqueous NaHCO3. The mixture was extracted with CHCl3 three times. The organic layers were dried 
over MgSO4, filtered and concentrated. The residue was purified by preparative thin-layer 
chromatography (toluene/EtOAc = 19 : 1) to afford indole 13aa (4.7 mg, 36%). 
 

Methyl 2-iodo-3-phenylpropanoate (33) [Scheme 21, eq 1]. To a stirred solution of cinnamaldehyde 
32 (131 mg, 0.990 mmol) in THF (5.0 mL) at 0 °C were added trimethylsilyl cyanide (188 µL, 1.49 
mmol) and DBU (30.0 µL, 0.198 mmol). After stirring for 20 min at 0 °C, was added iodide (380 mg, 
2.97 mmol) to the reaction mixture. After stirring for 10 min, was added methanol (410 µL, 9.90 
mmol) to the reaction mixture and stirred for 20 min at 0 °C. Then the reaction mixture was quenched 
with saturated aqueous NaHCO3 and diluted with EtOAc. The organic phase was collected and the 
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aqueous phase was extracted with EtOAc two times. The combined organic extract was washed with 
brine and dried over Na2SO4, filtered and concentrated. Iodoester 33 (211 mg, 74%) was obtained 
after purification with flash column chromatography (hexane/EtOAc = 7 : 3). The spectral data were 
identical with those reported in the literature. 70) 

 

Methyl 3-phenylpropanoate (34) [Scheme 21, eq 2]. To a solution of iodoester 33 (63.6 mg, 0.22 
mmol) in MeCN (10 mL) was added t-BuI (121 mg, 0.66 mmol). The mixture was stirred at reflux 
for 10 min. Then t-BuI (121 mg, 0.66 mmol) was added to the solution. The reaction mixture was 
stirred at reflux for additional 30 min followed by cooled to room temperature and quenched with 
saturated aqueous Na2S2O3 and saturated aqueous NaHCO3. The mixture was extracted with CHCl3 
three times. The organic layers were dried over MgSO4, filtered and concentrated. The residue was 
purified by flash column chromatography (hexane/EtOAc = 7 : 3) to afford methyl 3-
phenylpropanoate 34 (22.4 mg, 62%). The spectral data were identical with those reported in the 
literature. 71) 
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第 3節 第 1章第 3節ࡢ実験 

 
4-Phenoxyphenylhydrazine hydrochloride (9c) [Table 2. Entry 1]. To a solution of 4-
phenoxyaniline 35c (741 mg, 4.00 mmol) in EtOH (14 mL) was added NaNO2 (290 mg, 42.0 mmol) 
solution in H2O (3.0 mL) at 0 °C. Then conc. HCl (14 mL) was dropwised for 10 min and stirred at 
0 °C for 1 h. The resulting mixture was added SnCl2·H2O in conc. HCl (4 mL) and stirred for 
additional 30 min. Then precipitates were filtered, and washed with H2O. Then 1M NaOH aq. was 
added to precipitates. The mixture was extracted with EtOAc three times. The organic layers were 
dried over Na2SO4, filtered and concentrated. Then the oil was dissolved in HCl in dioxane and the 
precipitates were filtered, washed with Et2O. 4-Phenoxyphenylhydrazine hydrochloride 9c (439 mg, 
46%) was obtained as a brown solid after and dried in desiccator in vacuo. The spectral data were 
identical with those reported in the literature. 72) 

 

3,4-Methylenedioxyphenylhydrazine hydrochloride (9u) [Table 2. Entry 2]. To a solution of 3,4-
methylenedioxyaniline 35u (686 mg, 5.00 mmol) in H2O (3.0 mL) were added NaNO2 (414 mg, 6.00 
mmol) solution in H2O (2.0 mL) and conc. HCl (5.2 mL) at 0 °C. Then the mixture was stirred at 0 °C 
for 1 h. The resulting mixture was added SnCl2·H2O in conc. HCl (6.4 mL) and stirred for additional 
30 min. Then precipitates were filtered and washed with H2O. 3,4-Methylenedioxyphenylhydrazine 
hydrochloride 9u (118 mg, 13%) was obtained as a brown solid after and dried in desiccator in vacuo. 
The spectral data were identical with those reported in the literature. 73) 

 

3-Fluoro-4-methoxyphenylhydrazine hydrochloride (9q) [Table 2. Entry 3]. To a solution of 3-
fluoro-4-methoxyaniline 35q (565 mg, 4.00 mmol) in EtOH (14 mL) was added NaNO2 (290 mg, 
42.0 mmol) solution in H2O (3.0 mL) at 0 °C. Then conc. HCl (14 mL) was dropwised for 10 min 
and stirred at 0 °C for 1 h. The resulting mixture was added SnCl2·H2O in conc. HCl (4.0 mL) and 
stirred for additional 30 min. Then precipitates were filtered and washed with H2O. Then 1 M NaOH 
aq. was added to precipitates. The mixture was extracted with EtOAc three times. The organic layers 
were dried over Na2SO4, filtered and concentrated. Then the oil was dissolved in HCl in dioxane and 
the precipitates were filtered, washed with Et2O. 3-Fluoro-4-methoxyphenylhydrazine hydrochloride 
9q (493 mg, 64%) was obtained as a purple solid after drying in desiccator in vacuo. The spectral data 
were identical with those reported in the literature. 74) 

 

1,2,3,4-Tetrahydro-1-nitrosoquinoline (37) [Scheme 23]. To a solution of 1,2,3,4-
tetrahydroquinoline 36 (628 µL, 5.00 mmol) in H2O (3.0 mL) were added NaNO2 (414 mg, 6.0 mmol) 
solution in H2O (2.0 mL) and conc. HCl (5.2 mL) at 0 °C. The mixture was stirred at 0 °C for 1 h. 
Then the resulting mixture was diluted with water and extracted with toluene three times. The 
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combined organic layer was washed with water, dried over Na2SO4 and concentrated. 1,2,3,4- 
Tetrahydro-1-nitrosoquinoline 37 was obtained as a crude mixture. The spectral data were identical 
with those reported in the literature. 75) 

 

3,4-Dihydroquinonyl (2H)-amine hydrochloride (9t) [Scheme 23]. To a solution of 1,2,3,4- 
tetrahydro-1-nitrosoquinoline (810 mg, 5.00 mmol) in THF (5.00 mL) was added LiAlH4 (380 mg, 
10.0 mmol) at 0 °C. The mixture was stirred at rt for 30 min. Then the resulting mixture was quenched 
with water at 0 °C and filtered through Celite® and the residue was washed with water, dried over 
Na2SO4 and concentrated to afford 3,4-dihydroquinonyl (2H)-amine. To a solution of 3,4-
dihydroquinonyl (2H)-amine (433 mg, 2.90 mmol) in CH2Cl2 was added HCl (4M in dioxane, 3.60 
mL) and stirred at rt for 1 h. The precipitates were filtered and washed with Et2O. The residue was 
dried in desiccator in vacuo to obtain 3,4-dihydroquinonyl (2H)-amine hydrochloride 9t (491 mg, 
53%, 3 steps from 36) as a white solid; Mp: 179 °C (decomp.); 1H-NMR (400 MHz, DMSO-d6) δ 
10.57 (s, 2H), 7.19-7.07 (m, 3H), 6.91 (t, J = 6.8 Hz, 1H), 2.73 (t, J = 6.4 Hz, 2H), 2.01-1.98 (m, 2H); 
13C-NMR (100 MHz, DMSO-d6) δ 144.1, 129.5, 126.7, 125.7, 122.1, 115.1, 50.6, 25.8, 21.0; HRMS 
(ESI) m/z calcd for C9H13N2 [M+H]+149.1073, found 149.1074. 
 

4-Methoxy-N-nitroso-N-methylaniline (39) [Scheme 24]. To a solution of 4-methoxy-N-
methylaniline 38 (1.95 g, 14.2 mmol) in MeCN/H2O = 1 : 2 solution (42.6 mL) were added NaNO2 
(1.96 g, 68.3 mmol) solution in H2O (14.2 mL) and conc. HCl (5.70 mL) at 0 °C. The mixture was 
stirred at 0 °C for 15 min. Then the resulting mixture was diluted with EtOAc and extracted with 
EtOAc three times. The combined organic layer was dried over MgSO4, filtered and concentrated. 4-
methoxy-N-nitroso-N-methylaniline 39 (1.83 g, 79%) was obtained after purification with flash 
column chromatography (hexane/EtOAc = 7 : 3). The spectral data were identical with those reported 
in the literature. 75) 

 

1-(4-Methoxyphenyl)-1-methylhydrazine hydrochloride (9v) [Scheme 24]. To a solution of 4-
methoxy-N-nitroso-N-methylaniline 39 (1.83 g, 11.0 mmol) in MeOH/H2O = 1 : 1 solution (50 mL) 
were added NH4Cl (707 mg, 13.2 mmol) and Zn (1.44 g, 22.0 mmol). The mixture was stirred at 
45 °C for 5 h. Then the resulting mixture was diluted with CHCl3 and extracted with CHCl3 three 
times. The combined organic layer was dried over MgSO4 and concentrated. 1-(4-methoxypheny)-1-
methylhydrazine was obtained after purification with flash column chromatography (hexane/EtOAc 
= 3 : 1). Then 1-(4-methoxypheny)-1-methylhydrazine was dissolved in HCl (4 M in dioxane) and 
the precipitates were filtered and washed with Et2O. 1-(4-Methoxypheny)-1-methylhydrazine 
hydrochloride 9v (603 mg, 29%) was obtained as a white solid after drying in desiccator in vacuo; 
1H-NMR (400 MHz, DMSO-d6) δ 10.29 (s, 2H), 7.23 (d, J = 8.4 Hz, 2H), 6.95 (d, J = 8.8 Hz, 2H), 
3.72 (s, 3H), 3.03 (s, 3H); 13C-NMR (100 MHz, DMSO-d6) δ 156.4, 141.7, 120.4, 114.4, 55.4, 43.9; 
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HRMS (ESI) m/z calcd for C8H13ON2 [M+H]+153.1022, found 153.1023. 
 

1,1-Dimethylethyl 1-[4-(acetylamino)phenyl]hydrazinecarboxylate (41) [Scheme 25] To a 
solution of N-(4-iodophenyl)acetamide 40 (1.50 g, 5.75 mmol) in DMSO (6 mL) were added tert-
butyl carbazate (900 mg, 6.90 mmol), CuI (55.0 mg, 0.290 mmol) and Cs2CO3 (2.80 g, 8.65 mmol). 
After being stirred at 50 °C for 22 h, the reaction mixture was diluted with H2O and extracted with 
EtOAc three times. The combined organic layer was dried over MgSO4, filtered and concentrated. 
Hydrazine 41 (740 mg, 49%) was obtained after purification with flash column chromatography 
(hexane/EtOAc = 7 : 3). The spectral data were identical with those reported in the literature. 22) 

 

N-(4-Hydrazinylphenyl)acetamide hydrochloride (9e) [Scheme 25] To a solution of 1,1-
dimethylethyl 1-[4-(acetylamino)phenyl]hydrazinecarboxylate 41 (740 mg, 2.74 mmol) in CH2Cl2 
(14 mL) was added HCl (4 M in dioxane, 12 mL) at 0 °C. After being stirred at room temperature for 
15 h, the resulting pale brown solid was filtered and washed with Et2O to give N-(4-
hydrazinylphenyl)acetamide hydrochloride 9e (690 mg, quant.). The spectral data were identical with 
those reported in the literature. 22) 

 

((1S,2S)-2-(1,3-Dioxolan-2-yl)cyclopropyl)methanol (42) [Scheme 26] To a solution of 
cyclopropyl acetal 10d (214 mg, 1.15 mmol) in THF (6.2 mL) was added LiAlH4 (87.0 mg, 2.30 
mmol) slowly and stirred at room temperature for 1 h. Then the mixture was cooled to 0 °C and 
quenched with 1 M HCl aq. and extracted with EtOAc three times. The combined organic layers were 
washed with brine, dried over Na2SO4, filtered and concentrated to afford crude 
cyclopropanemethanol 42; 1H-NMR (400 MHz, CDCl3) δ 4.51 (d, J = 6.4 Hz, 1H), 4.04-3.95 (m, 2H), 
3.90-3.81 (m, 2H), 3.56 (dd, J = 11.2, 6.8 Hz, 1H), 3.45 (dd, J = 11.2, 7.6 Hz, 1H), 1.28-1.18 (m, 1H), 
1.05-1.01 (m, 1H), 0.72-0.70 (m, 1H), 0.58-0.55 (m, 1H); 13C-NMR (100 MHz, CDCl3) δ 106.1, 65.8, 
64.9, 19.2, 17.5, 6.3; HRMS (ESI) m/z calcd for C7H12O3Na [M+Na]+ 167.0679, found 167.0680. 
 

(1S,2S)-2-(1,3-Dioxolan-2-yl)cyclopropane-1-carbaldehyde (43) [Scheme 26] To a solution of 
Dess-Martin periodinane (537 mg, 1.27 mmol) in CH2Cl2 (6.0 mL) was added crude cyclopropyl 
methanol 42. The mixture was stirred at room temperature for 30 min. Then saturated aqueous 
NaHCO3 and saturated aqueous Na2S2O3 were added to the mixture and extracted with CH2Cl2 three 
times. The combined organic layers were washed with saturated aqueous NaHCO3, dried over MgSO4, 
filtered and concentrated to afford cyclopropanecarboxaldehyde 43 as a colorless oil without 
purification. The spectral data were identical with those reported in the literature. 76) 

 

Ethyl (E)-3-((1R,2S)-2-(1,3-dioxolan-2-yl)cyclopropyl)acrylate (10e) [Scheme 26] To a solution 
of ethyl(triphenylphosphoranylidene)acetate (998 mg, 2.87 mmol) in toluene (11 mL) was added 
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crude cyclopropanecarboxaldehyde 43 (81.5 mg, 0.573 mmmol). The mixture was stirred at 100 °C 
overnight. Then the mixture was cooled to room temperature and washed with water and brine. The 
combined organic layers were dried over Na2SO4, filtered and concentrated. The crude product was 
purified by flash column chromatography (hexane/EtOAc = 7 : 3) to afford cyclopropyl α,ȕ-saturated 
ester 10e (59.6 mg, 23%, 3 steps from 10d) as a colorless oil; 1H NMR (400 MHz, CDCl3) δ 6.46 (dd, 
J = 15.2, 9.6 Hz, 1H), 5.90 (d, J = 15.2 Hz, 1H), 4.68 (d, J = 4.8 Hz, 1H), 4.17 (q, J = 7.2 Hz, 2H), 
4.05-3.93 (m, 2H), 3.92-3.82 (m, 2H), 1.75-1.65 (m, 1H), 1.43-1.35 (m, 1H), 1.27 (t, J = 7.2 Hz, 3H), 
1.12-1.04 (m, 1H), 0.94-0.85 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 166.5, 151.0, 119.4, 104.7, 
65.1, 60.1, 24.3, 17.9, 14.3, 11.2; HRMS (ESI) m/z calcd for C11H17O4 [M+H]+ 213.1121, found 
213.1120 

 

Ethyl 2-formyl-3-methylcyclopropane-1-carboxylate (45) [Scheme 27] To a solution of (E)-but-
2-en-1-ol (472 mg, 6.55 mmol) in CH2Cl2 (65 mL) were added powdered 4Å molecular sieves (5.00 
g), (ethoxycarbonylmethylene)dimethylsulfarane 44 (1.33 g, 13.1 mmol) and manganese dioxide 
(5.67 g, 65.5 mmol). The mixture was heated at reflux for 4 h, and then cooled to room temperature. 
The crude mixture was then filtered through Celite® and the residue was washed with CH2Cl2. After 
removal of the solvent in vacuo, the residue was purified by flash column chromatography 
(hexane/EtOAc = 7 : 3) to afford crude cyclopropyl aldehyde 45. The spectral data were identical 
with those reported in the literature. 77) 

 

Ethyl 2-(1,3-dioxolan-2-yl)-3-methylcyclopropane-1-carboxylate (10f) [Scheme 27] To a solution 
of cyclopropyl aldehyde 45 in benzene (5.0 mL) were added ethylene glycol (52.5 mg, 0.845 mmol) 
and p-toluenesulfonic acid (6.60 mg, 0.0347 mmol). The mixture was heated at reflux with Dean-
Stark trap overnight and then cooled to room temperature. The resulting mixture was diluted with 
ether, washed with saturated aqueous NaHCO3 and brine. The organic layer was dried over MgSO4, 
filtered and concentrated. The residue was purified by flash column chromatography (hexane/EtOAc 
= 7 : 3) to afford cyclopropyl acetal 10f (52.7 mg, 4%, from 44) as a diastereomeric mixture (dr = ca. 
50 : 35 : 15, 52.7 mg). The cyclopropyl acetal 10f was colorless oil; 1H NMR (400 MHz, CDCl3) δ 
4.89 (d, J = 8.0 Hz, 0.15H), 4.71 (d, J = 4.8 Hz, 0.50H), 4.68 (d, J = 7.2 Hz, 0.35H), 4.22-4.07 (m, 
2H), 4.06-3.93 (m, 2H), 3.92-3.78 (m, 2H), 1.80 (dd, J = 9.2, 4.8 Hz, 0.50H), 1.75-1.53 (m, 1.5H), 
1.49-1.38 (m, 0.5H), 1.35-1.20 (m, 6H), 1.17 (d, J = 6.0 Hz, 0.5H); 13C NMR (100 MHz, CDCl3) δ 
173.1, 172.0, 171.5, 104.0, 103.4, 103.3, 65.0, 64.9, 64.9, 60.7, 60.6, 60.4, 31.2, 29.7, 28.7, 25.1, 25.0, 
22.0, 19.8, 19.8, 18.6, 17.1, 14.2, 14.2, 12.4, 11.3; One carbon peak of diastereomers could not be 
detected probably due to overlapping; HRMS (ESI) m/z calcd for C10H17O4 [M+H]+ 201.1121, found 
201.1123. 
 

2-(1,3-Dioxolan-2-yl)cyclopropane-1-carboxylic acid (46) [Scheme 28] To a solution of 
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cyclopropyl acetal 10d (303 mg, 1.63 mmol) in H2O-THF (1:3, 6.07 mL) was added LiOH (54.6 mg, 
2.28 mmol).The mixture was stirred at room temperature overnight and then cooled to 0 °C, diluted 
with CHCl3, and quenched with 1 M HCl. The mixture was extracted with CHCl3 three times. The 
organic layers were dried over MgSO4, filtered, and concentrated to afford cyclopropane carboxylic 
acid 46 without purification.; 1H-NMR (400 MHz, CDCl3) δ 4.78 (d, J = 4.4 Hz, 1H), 4.01-3.93 (m, 
2H), 3.91-3.83 (m, 2H), 1.85-1.80 (m, 1H), 1.76-1.72 (m, 1H), 1.28-1.23 (m, 1H), 1.13-1.08 (m, 1H); 
13C-NMR (100 MHz, CDCl3) δ 179.3, 103.3, 65.1, 65.1, 24.7, 16.2, 11.5; HRMS (ESI) m/z calcd for 
C7H11O4 [M+H]+ 159.0652, found 159.0654. 
 

(1S,2S)-2-(1,3-Dioxolan-2-yl)-N,N-diethylcyclopropane-1-carboxamide (10g) [Scheme 28] To a 
solution of crude cyclopropane carboxylic acid 46 (80.5 mg, 0.509 mmol) and EDC·HCl (117 mg, 
0.611 mmol) in CH2Cl2 (2.0 mL) were added diethylamine (64 µL, 0.611 mmol) and DMAP (12.4 
mg, 0.102 mmol). The mixture was stirred at room temperature for 3 h. Then the mixture was 
quenched with 10% citric acid and extracted with CHCl3 three times. The organic layers were washed 
with brine, dried over Na2SO4, filtered and concentrated. The residue was purified by flash column 
chromatography (hexane/EtOAc = 1 : 2) to afford cyclopropyl amide 10g (63.5 mg, 18%, 2 steps 
from 10d) as a colorless oil; 1H NMR (400 MHz, CDCl3) δ 4.75 (d, J = 5.0 Hz, 1H), 4.04-3.92 (m, 
2H), 3.92-3.81 (m, 2H), 3.58-3.32 (m, 4H), 1.87-1.78 (m, 1H), 1.75-1.66 (m, 1H), 1.25 (t, J = 7.6 Hz, 
3H), 1.27-1.22 (m, 1H), 1.11 (t, J = 7.6 Hz, 3H), 0.97-0.87 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 
170.9, 104.5, 65.0, 65.0, 42.1, 40.9, 23.1, 15.1, 14.7, 13.2, 9.9; HRMS (ESI) m/z calcd for C11H20O3N 
[M+H]+ 214.1437, found 214.1438. 
 

(2-(1,3-Dioxolan-2-yl)cyclopropyl)-(piperidine-1-yl)methanone (10h) [Scheme 28] To a solution 
of crude cyclopropane carboxylic acid 46 (73.8 mg, 0.467 mmol) and EDC·HCl (108 mg, 0.564 
mmol) in CH2Cl2 (2.0 mL) were added piperidine (56 µL, 0.564 mmol) and DMAP (11.4 mg, 0.0930 
mmol). The mixture was stirred at room temperature overnight. Then the mixture was quenched with 
10% citric acid and extracted with CHCl3 three times. The organic layers were washed with brine, 
dried over Na2SO4, filtered and concentrated. The residue was purified by flash column 
chromatography (hexane/EtOAc = 7 : 3) to afford cyclopropyl amide 10h (37.7 mg, 6%, 2 steps from 
10d) as a colorless oil; 1H NMR (400 MHz, CDCl3) δ 4.77 (d, J = 4.4 Hz, 0.1H), 4.75 (d, J = 4.4 Hz, 
0.9H), 4.06-3.92 (m, 2H), 3.92-3.79 (m, 2H), 3.71-3.47 (m, 4H), 1.93-1.84 (m, 1H), 1.84-1.47 (m, 
7H), 1.33-1.19 (m, 1H), 1.12-1.04 (m, 0.1H), 0.96-0.86 (m, 0.9H); 13C NMR (100 MHz, CDCl3, trans 
isomer) δ 170.1, 104.6, 65.2, 65.1, 46.8, 43.4, 26.6, 25.6, 24.8, 22.8, 15.2, 9.6; HRMS (ESI) m/z calcd 
for C12H20O3N [M+H]+ 226.1438, found 226.1438. 
 

S-Benzyl (1S,2S)-2-(1,3-dioxolan-2-yl)cyclopropane-1-carbothioate (10i) [Scheme 28] To a 
solution of cyclopropane carboxylic acid 46 (71.0 mg, 0.448 mmol) in THF (2.0 mL) was added 1,1’-
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carbonylimidazole (87.3 mg, 0.539 mmol). The mixture was stirred at reflux for 1 h. After cooling to 
room temperature, was added benzyl mercaptan (55.6 mg, 0.448 mmol). The mixture was stirred at 
reflux for 15 h. Then the mixture was diluted with water and extracted with CH2Cl2 three times. The 
mixture was stirred at room temperature overnight. Then the mixture was quenched with 10% citric 
acid and extracted with CHCl3 three times. The organic layers were washed with brine, dried over 
Na2SO4, filtered and concentrated. The residue was purified by flash column chromatography 
(hexane/EtOAc = 7 : 3) to afford cyclopropyl thioester 10i (71.2 mg, 10%, 2 steps from 10d) as a pale 
orange oil; 1H NMR (400 MHz, CDCl3) δ 7.35-7.20 (m, 5H), 4.79 (d, J = 4.0 Hz, 1H), 4.13 (dd, J = 
20.8, 14.0 Hz, 2H), 4.00-3.90 (m, 2H), 3.89-3.80 (m, 2H), 2.17-2.09 (m, 1H), 1.99-1.88 (m, 1H), 
1.41-1.32 (m, 1H), 1.17-1.08 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 197.1, 137.4, 128.8, 128.6, 
127.2, 103.1, 65.1, 33.3, 26.0, 25.5, 12.9; HRMS (ESI) m/z calcd for C14H17O3S [M+H]+ 265.0893, 
found 265.0893. 
 

(2-(Methoxy(methyl)amino)-2-oxoethyl)dimethylsulfonium chloride (48) [Scheme 29] To 2-
chloro-N-methoxy-N-methylethanamide 47 (2.56 g, 18.8mmol) was added dimethyl sulfide (6.90 mL, 
94 mmol). The mixture was heated at 50 °C overnight. The excess dimethyl sulfide was decanted and 
the remaining clear gel was rinsed with EtOAc to afford sulfonium chloride 48 as a colorless oil 
without purification. The spectral data were identical with those reported in the literature. 78) 

 

(2-(Methoxy(methyl)amino)-2-oxoethyl)dimethylsulfonium inner salt (49) [Scheme 29] To a 
crude mixture of Weinreb amide sulfur ylide chloride salt 48 was added CHCl3 (6.0 mL). After the 
starting materials had dissolved, the solution was cooled in ice-bath. To the solution were added 
saturated aqueous K2CO3 (3.0 mL) and aqueous NaOH (12.5 M, 0.4 mL). The ice bath was removed, 
and the mixture was stirred 20 min. The solution was filtered through Celite® and eluted with CH2Cl2. 
The filtrate was dried with K2CO3, filtered and concentrated under vacuum to yield ylide 49 as a crude 
mixture. 
 

2-Formyl-N-methoxy-N-methylcyclopropanecarboxamide (50) [Scheme 29] To a crude mixture 
of ylide 49 (1.56 g) were added toluene (10 mL) and acrolein (747 µL, 11.2 mmol). The solution was 
heated at 60 °C for 90 min and concentrated in vacuo to afford crude cyclopropyl aldehyde 50. This 
crude was used next reaction without purification. The spectral data of cyclopropyl aldehyde 50 were 
identical with those reported in the literature. 78)  

 

rel-(1R,2R)-2-(1,3-Dioxolan-2-yl)-N-methoxy-N-methylcyclopropanecarboxamide (10j) 
[Scheme 29] To the crude mixture of cyclopropyl aldehyde 50 were added benzene (10 mL), ethylene 
glycol (474 µL, 8.40 mmol) and p-toluenesulfonic acid (68.4 mg, 0.360 mmol). The mixture was 
heated at reflux with Dean-Stark trap overnight. The resulting mixture was cooled to room 
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temperature, diluted with ether and washed with saturated aqueous NaHCO3 and brine. The organic 
layer was dried over MgSO4, filtered and concentrated. The residue was purified by flash column 
chromatography (hexane/EtOAc = 1 : 1) to afford cyclopropyl acetal 10j (201 mg, 5%, 4 steps from 
2-chloro-N-methoxy-N-methylethanamide) as a colorless oil; 1H NMR (400 MHz, CDCl3) δ 4.75 (d, 
J = 4.6 Hz, 1H), 4.04-3.93 (m, 2H), 3.93-3.82 (m, 2H), 3.77 (s, 3H), 3.21 (s, 3H), 2.28 (s, br, 1H), 
1.78-1.69 (m, 1H), 1.30-1.21 (m, 1H), 1.04-0.96 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 172.9, 104.4, 
65.1, 65.0, 61.6, 32.5, 23.6, 13.6, 10.2; HRMS (ESI) m/z calcd for C9H16O4N [M+H]+ 202.1074, found 
202.1075. 
 

Ethyl 3-(5-benzyloxy-1H-indol-3-yl)propanoate (13ba) [Scheme 30] To a solution of 4-
benzyloxyphenylhydrazine hydrochloride 9b (162 mg, 0.646 mmol) and t-BuI (231 µL, 1.94 mmol) 
in MeCN (14 mL) was added cyclopropyl acetal 10d (60.1 mg, 0.323 mmol) in MeCN (2.0 mL) at 
reflux. After being stirred at reflux for 25 min, t-BuI (116 µL, 0.97 mmol) was added to the reaction 
mixture. The mixture was stirred at reflux for additional 15 min. Then the mixture was cooled to room 
temperature, quenched with saturated aqueous Na2S2O3 and extracted with CHCl3 three times. The 
combined organic layers were dried over MgSO4, filtered and concentrated. The crude product was 
purified by flash column chromatography (hexane/EtOAc = 7 : 3) to afford indole 13ba (55.9 mg, 
54%) as a black oil; 1H NMR (400 MHz, CDCl3) δ 7.92 (s, br, 1H), 7.48 (d, J = 6.9 Hz, 2H), 7.42-
7.35 (m, 2H), 7.35-7.28 (m, 1H), 7.22 (d, J = 8.7 Hz, 1H), 7.13 (d, J = 2.3 Hz, 1H), 6.95 (d, J = 1.8 
Hz, 1H), 6.92 (dd, J = 8.7, 2.3 Hz, 1H), 5.10 (s, 2H), 4.13 (q, J = 7.2 Hz, 2H), 3.05 (t, J = 7.8 Hz, 2H), 
2.68 (t, J = 7.6 Hz, 2H), 1.24 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.5, 153.1, 137.6, 
131.6, 128.5, 127.8, 127.6, 127.5, 122.2, 114.7, 112.8, 111.8, 102.2, 71.0, 60.3, 34.8, 20.6, 14.2; 
HRMS (ESI) m/z calcd for C20H22O3N [M+H]+ 324.1594, found 324.1597. 
 

Ethyl 3-(5-phenoxy-1H-indol-3-yl)propanoate (13ca) [Scheme 30] To a solution of cyclopropyl 
acetal 10d (34.9 mg, 0.188 mmol) in MeCN (10 mL) were added 4-phenoxyphenylhydrazine 
hydrochloride 9c (88.8 mg, 0.375 mmol) and t-BuI (134 µL, 1.13 mmol) at room temperature. The 
mixture was stirred at reflux. After being stirred at reflux for 17 min, t-BuI (67 µL, 0.565 mmol) was 
added to the reaction mixture. The mixture was stirred at reflux for additional 30 min. Then the 
mixture was cooled to room temperature, quenched with saturated aqueous Na2S2O3 and extracted 
with CHCl3 three times. The combined organic layers were dried over MgSO4, filtered and 
concentrated. The crude product was purified by flash column chromatography (hexane/EtOAc = 7 : 
3) to afford indole 13ca (34.4 mg, 59%) as a colorless oil; 1H NMR (400 MHz, CDCl3) δ 8.01 (s, br, 
1H), 7.33-7.24 (m, 4H), 7.06-6.92 (m, 5H), 4.12 (q, J = 6.8 Hz, 2H), 3.03 (t, J = 7.6 Hz, 2H), 2.67 (t, 
J = 7.6 Hz, 2H), 1.22 (t, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.3, 159.4, 149.5, 133.2, 
129.5, 127.9, 122.7, 121.8, 117.1, 115.9, 115.2, 112.0, 109.6, 60.4, 34.8, 20.5, 14.2; HRMS (ESI) m/z 
calcd for C19H20O3N [M+H]+ 310.1438, found 310.1436. 
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Ethyl 3-(5-methylthio-1H-indol-3-yl)propanoate (13da) [Scheme 30] To a solution of cyclopropyl 
acetal 10d (33.3 mg, 0.179 mmol) in MeCN (10 mL) were added 4-(methylthio)phenylhydrazine 
hydrochloride 9d (68.1 mg, 0.357 mmol) and t-BuI (128 µL, 1.07 mmol) at room temperature. The 
mixture was stirred at reflux. After being stirred at reflux for 15 min, t-BuI (64 µL, 0.537 mmol) was 
added to the reaction mixture. The mixture was stirred at reflux for additional 35 min. Then the 
mixture was cooled to room temperature, quenched with saturated aqueous Na2S2O3 and extracted 
with CHCl3 three times. The combined organic layers were dried over MgSO4, filtered and 
concentrated. The crude product was purified by flash column chromatography (hexane/EtOAc = 7 : 
3) to afford indole 13da (32.3 mg, 69%) as a colorless oil; 1H NMR (400 MHz, CDCl3) δ 8.00 (s, br, 
1H), 7.61 (s, 1H), 7.29 (d, J = 8.2 Hz, 1H), 7.23 (dd, J = 8.8, 2.0 Hz, 1H), 7.01 (d, J = 2.0 Hz, 1H), 
4.14 (q, J = 7.2 Hz, 2H), 3.08 (t, J = 7.2 Hz, 2H), 2.70 (t, J = 7.2 Hz, 2H), 2.53 (s, 3H), 1.24 (t, J = 
7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.3, 135.0, 128.0, 127.4, 124.2, 122.2, 119.8, 114.8, 
111.7, 60.4, 34.9, 20.5, 19.0, 14.2; HRMS (ESI) m/z calcd for C14H18O2NS [M+H]+ 264.1053, found 
264.1052. 
 

Ethyl 3-(5-acetylamino-1H-indol-3-yl)propanoate (13ea) [Scheme 30] To a solution of N-(4-
hydrazinylphenyl)acetamide hydrochloride 9e (114 mg, 0.568 mmol) and t-BuI (203 µL, 1.70 mmol) 
in MeCN (14 mL) was added cyclopropyl acetal 10d (52.9 mg, 0.284 mmol) in MeCN (1.7 mL) at 
reflux. After being stirred for 15 min, t-BuI (102 µL, 0.852 mmol) was added to the reaction mixture. 
The mixture was stirred at reflux for additional 45 min. Then the mixture was cooled to room 
temperature, quenched with saturated aqueous Na2S2O3 and extracted with CHCl3 three times. The 
combined organic layers were dried over MgSO4, filtered and concentrated. The crude product was 
purified by flash column chromatography (CHCl3/CH3CN = 3 : 1) to afford indole 13ea (48.0 mg, 
62%) as a gray oil; 1H NMR (400 MHz, CDCl3) δ 8.32 (s, br, 1H), 7.69 (s, 1H), 7.63 (s, br, 1H), 7.17 
(s, 2H), 6.93 (s, 1H), 4.11 (q, J = 7.6 Hz, 2H), 3.02 (t, J = 8.0 Hz, 2H), 2.65 (t, J = 8.0 Hz, 2H), 2.15 
(s, 3H), 1.22 (t, J = 7.6 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.5, 168.8, 133.8, 129.8, 127.2, 
122.5, 116.8, 114.8, 111.3, 111.2, 60.4, 34.8, 24.2, 20.5, 14.2; HRMS (ESI) m/z calcd for C15H19O3N2 
[M+H]+ 275.1390, found 275.1392. 
 

Ethyl 3-(5-(tert-butyl)-1H-indol-3-yl)propanoate (13fa) [Scheme 30] To a solution of cyclopropyl 
acetal 10d (40.2 mg, 0.216 mmol) in MeCN (14 mL) were added 4-(tert-butyl)phenylhydrazine 
hydrochloride 9f (86.6 mg, 0.431 mmol) and t-BuI (155 µL, 1.30 mmol) at room temperature. The 
mixture was stirred at reflux. After being stirred at reflux for 12 min, t-BuI (78.0 µL, 0.648 mmol) 
was added to the reaction mixture. The mixture was stirred at reflux for additional 48 min. Then the 
mixture was cooled to room temperature, quenched with saturated aqueous Na2S2O3 and extracted 
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with CHCl3 three times. The combined organic layers were dried over MgSO4, filtered and 
concentrated. The crude product was purified by flash column chromatography (hexane/EtOAc = 7 : 
3) to afford indole 13fa (29.4 mg, 50%) as a white solid; Mp: 67 °C (decomposed); 1H NMR (400 
MHz, CDCl3) δ 7.88 (s, 1H), 7.57 (s, 1H), 7.28 (d, J = 1.4 Hz, 2H), 6.96 (d, J = 2.0 Hz, 1H), 4.15 (q, 
J = 7.2 Hz, 2H), 3.10 (t, J = 7.8 Hz, 2H), 2.72 (t, J = 7.8 Hz, 2H), 1.40 (s, 9H), 1.25 (t, J = 7.2 Hz 
3H); 13C NMR (100 MHz, CDCl3) δ 173.5, 142.2, 134.4, 126.9, 121.4, 120.4, 115.1, 114.3, 110.6, 
60.3, 34.9, 34.6, 32.0, 20.5, 14.2; HRMS (ESI) m/z calcd for C17H24O2N [M+H]+ 274.1802, found 
274.1780. 
 

Ethyl 3-(5-(isopropyl)-1H-indol-3-yl)propanoate (13ga) [Scheme 30] To a solution of cyclopropyl 
acetal 10d (43.8 mg, 0.235 mmol) in MeCN (16 mL) were added 4-(iso-propyl)phenylhydrazine 
hydrochloride 9g (87.7 mg, 0.470 mmol) and t-BuI (168 µL, 1.41 mmol) at room temperature. The 
mixture was stirred at reflux. After being stirred at reflux for 20 min, t-BuI (84.0 µL, 0.705 mmol) 
was added to the reaction mixture. The mixture was stirred at reflux for additional 45 min. Then the 
mixture was cooled to room temperature, quenched with saturated aqueous Na2S2O3 and extracted 
with CHCl3 three times. The combined organic layers were dried over MgSO4, filtered and 
concentrated. The crude product was purified by flash column chromatography (hexane/EtOAc = 7:3) 
to afford indole 13ga (28.2 mg, 46%) as a yellow oil; 1H NMR (400 MHz, CDCl3) δ 7.87 (s, 1H), 
7.42 (s, 1H), 7.29-7.24 (m, 1H), 7.09 (dd, J = 8.6, 1.6 Hz, 1H), 6.97 (d, J = 2.4 Hz, 1H), 4.14 (q, J = 
7.2 Hz, 2H), 3.09 (t, J = 6.8 Hz, 2H), 3.06-2.97 (m, 1H), 2.71 (t, J = 7.6 Hz, 2H), 1.31 (d, J = 7.2 Hz, 
6H), 1.25 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.5, 140.1, 134.8, 127.2, 121.5, 121.2, 
115.6, 114.8, 110.9, 60.3, 35.0, 34.3, 24.7, 20.6, 14.2; HRMS (ESI) m/z calcd for C16H22O2N [M+H]+ 

260.1645, found 260.1644. 
 

Ethyl 3-(5-ethyl-1H-indol-3-yl)propanoate (13ha) [Scheme 30] To a solution of cyclopropyl acetal 
10d (55.2 mg, 0.296 mmol) in MeCN (16 mL) were added 4-ethylphenylhydrazine hydrochloride 9h 
(102 mg, 0.592 mmol) and t-BuI (212 µL, 1.78 mmol) at room temperature. The mixture was stirred 
at reflux. After being stirred at reflux for 15 min, t-BuI (106 µL, 0.890 mmol) was added to the 
reaction mixture. The mixture was stirred at reflux for additional 45 min. Then the mixture was cooled 
to room temperature, quenched with saturated aqueous Na2S2O3 and extracted with CHCl3 three times. 
The combined organic layers were dried over MgSO4, filtered and concentrated. The crude product 
was purified by flash column chromatography (hexane/EtOAc = 7 : 3) to afford indole 13ha (40.8 
mg, 56%) as a colorless oil; 1H NMR (400 MHz, CDCl3) δ 7.86 (s, 1H), 7.40 (s, 1H), 7.27 (d, J = 9.6 
Hz, 2H), 7.05 (dd, J = 8.8, 1.6 Hz, 1H), 6.98 (s, 1H), 4.14 (q, J = 7.2 Hz, 2H), 3.09 (t, J = 7.8 Hz, 2H), 
2.81-2.67 (m, 4H), 1.33-1.22 (m, 6H); 13C NMR (100 MHz, CDCl3) δ 173.5, 135.3, 134.7, 127.4, 
122.6, 121.5, 117.2, 114.7, 110.9, 60.3, 35.0, 29.1, 20.6, 16.6, 14.2; HRMS (ESI) m/z calcd for 
C15H20O2N [M+H]+ 246.1489, found 246.1490. 
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Ethyl 3-(5-methyl-1H-indol-3-yl)propanoate (13ia) [Scheme 30] To a solution of p-tolylhydrazine 
hydrochloride 9i (92.9 mg, 0.585 mmol) and t-BuI (210 µL, 1.76 mmol) in MeCN (14 mL) was added 
cyclopropyl acetal 10d (54.5 mg, 0.293 mmol) in MeCN (1.6 mL) at reflux. After being stirred at 
reflux for 32 min, t-BuI (105 µL, 0.879 mmol) was added to the reaction mixture. The mixture was 
stirred at reflux for additional 28 min. Then the mixture was cooled to room temperature, quenched 
with saturated aqueous Na2S2O3 and extracted with CHCl3 three times. The combined organic layers 
were dried over MgSO4, filtered and concentrated. The crude product was purified by flash column 
chromatography (hexane/EtOAc = 7 : 3) to afford indole 13ia (28.3 mg, 42%) as a black oil; 1H NMR 
(400 MHz, CDCl3) δ 7.87 (s, br, 1H), 7.38 (s, 1H), 7.23 (d, J = 8.2 Hz, 2H), 7.01 (dd, J = 8.2, 1.8 Hz, 
1H), 6.96 (d, J = 2.4 Hz, 1H), 4.14 (q, J = 7.2 Hz, 2H), 3.07 (t, J = 8.0 Hz, 2H), 2.70 (t, J = 7.8 Hz, 
2H), 2.46 (s, 3H), 1.24 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz CDCl3) δ 173.5, 134.6, 128.5, 127.4, 
123.6, 121.5, 118.4, 114.5, 110.7, 60.3, 35.0, 21.5, 20.6, 14.2; HRMS (ESI) m/z calcd for C14H18O2N 
[M+H]+ 232.1332, found 232.1332. 
 

Ethyl 3-(1H-indol-3-yl)propanoate (13ja) [Scheme 30] To a solution of cyclopropyl acetal 10d 
(30.0 mg, 0.161 mmol) in MeCN (10 mL) were added phenylhydrazine 9j (31.7 µL, 0.322 mmol) 
and t-BuI (115 µL, 0.966 mmol) at room temperature. After being stirred at reflux for 7 min, t-BuI 
(57.5 µL, 0.483 mmol) was added to the reaction mixture. The mixture was stirred at reflux for 
additional 53 min. Then the mixture was cooled to room temperature, quenched with saturated 
aqueous Na2S2O3 and extracted with CHCl3 three times. The combined organic layers were dried over 
MgSO4, filtered and concentrated. The crude product was purified by flash column chromatography 
(hexane/EtOAc = 7 : 3) to afford indole 13ja (11.4 mg, 33%) as a colorless oil; 1H NMR (400 MHz, 
CDCl3) δ 7.97 (s, 1H), 7.61 (d, J = 8.0 Hz, 1H), 7.36 (d, J = 7.6 Hz, 1H), 7.23-7.09 (m, 2H), 7.02 (d, 
J = 2.0 Hz, 1H), 4.14 (q, J = 7.2 Hz, 2H), 3.11 (t, J = 7.8 Hz, 2H), 2.71 (t, J = 7.8 Hz, 2H), 1.24 (t, J 
= 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.4, 136.2, 127.2, 122.0, 121.4, 119.3, 118.7, 115.1, 
111.1, 60.3, 35.0, 20.6, 14.2; HRMS (ESI) m/z calcd for C13H16O2N [M+H]+ 218.1176, found 
218.1175. 
 

Ethyl 3-(5-fluoro-1H-indol-3-yl)propanoate (13ka) [Scheme 30] To a solution of 4-
fluorophenylhydrazine hydrochloride 9k (101 mg, 0.622 mmol) and t-BuI (222 µL, 1.87 mmol) in 
MeCN (14 mL) was added cyclopropyl acetal 10d (57.9 mg, 0.311 mmol) in MeCN (2.0 mL) at reflux. 
After being stirred at reflux for 32 min, t-BuI (111 µL, 0.933 mmol) was added to the reaction mixture. 
The mixture was stirred at reflux for additional 28 min. Then the mixture was cooled to room 
temperature, quenched with saturated aqueous Na2S2O3 and extracted with CHCl3 three times. The 
combined organic layers were dried over MgSO4, filtered and concentrated. The crude product was 
purified by flash column chromatography (hexane/EtOAc = 7 : 3) to afford indole 13ka (30.8 mg, 
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42%) as a brown solid; Mp: 41-46 °C; 1H NMR (400 MHz, CDCl3) δ 8.03 (s, br, 1H), 7.28-7.20 (m, 
2H), 7.03 (d, J = 2.0 Hz, 1H), 6.95-6.90 (m, 1H), 4.13 (q, J = 7.2 Hz, 2H), 3.04 (t, J = 7.6 Hz, 2H), 
2.68 (t, J = 7.6 Hz, 2H), 1.23 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.3, 157.7 (d, JC-

F = 234.1 Hz), 132.7, 127.5 (d, JC-C-C-F = 9.6 Hz), 123.2, 115.1 (d, JC-C-C-C-F = 4.8 Hz), 111.7 (d, JC-C-

C-F = 9.6 Hz), 110.3 (d, JC-C-F = 27.0 Hz), 103.6 (d, JC-C-F = 23.1 Hz), 60.4, 34.8, 20.5, 14.2; 19F NMR 
(376 MHz, CDCl3) δ -124.7; HRMS (ESI) m/z calcd for C13H15O2NF [M+H]+ 236.1081, found 
236.1081. 
 

Ethyl 3-(5-chloro-1H-indol-3-yl)propanoate (13la) [Scheme 30] To a solution of 4-
chlorophenylhydrazine hydrochloride 9l (117 mg, 0.654 mmol) and t-BuI (234 µL, 1.96 mmol) in 
MeCN (14 mL) was added cyclopropyl acetal 10d (60.9 mg, 0.327 mmol) in MeCN (2.0 mL) at reflux. 
After being stirred at reflux for 12 min, t-BuI (117 µL, 0.981 mmol) was added to the reaction mixture. 
The mixture was stirred at reflux for additional 45 min. Then the mixture was cooled to room 
temperature, quenched with saturated aqueous Na2S2O3 and extracted with CHCl3 three times. The 
combined organic layers were dried over MgSO4, filtered and concentrated. The crude product was 
purified by flash column chromatography (hexane/EtOAc = 7 : 3) to afford indole 13la (24.7 mg, 
30%) as a brown solid; Mp: 63-68 °C; 1H NMR (400 MHz, CDCl3) δ 8.00 (s, 1H), 7.55 (d, J = 2.0 
Hz, 1H), 7.25 (d, J = 4.4 Hz, 1H), 7.13 (dd, J = 8.4, 2.0 Hz, 1H), 7.03 (s, 1H), 4.12 (q, J = 6.8 Hz, 
2H), 3.04 (t, J = 7.2 Hz, 2H), 2.67 (t, J = 7.2 Hz, 2H), 1.23 (t, J = 6.8 Hz, 3H); 13C NMR (100 MHz, 
CDCl3) δ 173.2, 134.6, 128.3, 125.1, 122.8, 122.3, 118.3, 114.9, 112.1, 60.4, 34.9, 20.4, 14.2; HRMS 
(ESI) m/z calcd for C13H15O2N35Cl [M+H]+ 252.0786, found 252.0787, C13H15O2N37Cl [M+H]+ 

254.0756, found 254.0757. 
 

Ethyl 3-(6-chloro-1H-indol-3-yl)propanoate (13na) and Ethyl 3-(4-chloro-1H-indol-3-
yl)propanoate (13na’), [Scheme 30] To a solution of cyclopropyl acetal 10d+10d’ (37.0 mg, 0.199 
mmol) in MeCN (12 mL) were added 3-chlorophenylhydrazine hydrochloride 9n (71.2 mg, 0.398 
mmol) and t-BuI (142 µL, 1.19 mmol) at room temperature. The mixture was stirred at reflux. After 
being stirred at reflux for 10 min, t-BuI (71.0 µL, 0.595 mmol) was added to the reaction mixture. 
The mixture was stirred at reflux for additional 50 min. Then the mixture was cooled to room 
temperature, quenched with saturated aqueous Na2S2O3 and extracted with CHCl3 three times. The 
combined organic layers were dried over MgSO4, filtered and concentrated. The crude product was 
purified by flash column chromatography (hexane/EtOAc = 7 : 3) to afford indole 13na (7.7 mg, 
15%) and indole 13na’ (5.4 mg, 11%) 
 

Ethyl 3-(6-chloro-1H-indol-3-yl)propanoate (13na). Physical state: white solid; Mp: 82-85 °C; 1H 
NMR (400 MHz, CDCl3) δ 7.95 (s, br, 1H), 7.49 (d, J = 8.2 Hz, 1H), 7.33 (d, J = 1.8 Hz, 1H), 7.08 
(dd, J = 8.8, 1.8 Hz, 1H), 6.99 (d, J = 2.0 Hz, 1H), 4.12 (q, J = 7.2 Hz, 2H), 3.06 (t, J = 7.2 Hz, 2H), 
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2.68 (t, J = 7.2 Hz, 2H), 1.22 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.2, 136.5, 128.0, 
125.8, 122.0, 120.1, 119.6, 115.3, 111.0, 60.4, 34.9, 20.5, 14.2; HRMS (ESI) m/z calcd for 
C13H15O2N35Cl [M+H]+ 252.0786, found 252.0785, C13H15O2N37Cl [M+H]+ 254.0756, found 
254.0755. 
 

Ethyl 3-(4-chloro-1H-indol-3-yl)propanoate (13na’). Physical state: white solid; Mp: 78-83 °C; 1H 
NMR (400 MHz, CDCl3) δ 8.06 (s, br, 1H), 7.24 (dd, J =4.8, 3.6 Hz, 1H), 7.07-7.04 (m, 3H), 4.13 (q, 
J = 7.2 Hz, 2H), 3.32 (t, J = 8.0 Hz, 2H), 2.75 (t, J = 8.0 Hz, 2H), 1.24 (t, J = 7.6 Hz, 3H); 13C NMR 
(100 MHz, CDCl3) δ 173.4, 137.8, 126.3, 124.1, 123.2, 122.5, 120.4, 115.5, 109.8, 60.2, 36.3, 21.8, 
14.2; HRMS (ESI) m/z calcd for C13H15O2N35Cl [M+H]+ 252.0786, found 252.0786, C13H15O2N37Cl 
[M+H]+ 254.0756, found 254.0755. 
 

Ethyl 3-(7-methoxy-1H-indol-3-yl)propanoate (13oa) and Ethyl 3-(1H-indol-3-yl)propanoate 
(13ja) [Scheme 30] To a solution of 2-methoxyphenylhydrazine hydrochloride 9o (104 mg, 0.597 
mmol) and t-BuI (213 µL, 1.79 mmol) in MeCN (14 mL) was added cyclopropyl acetal 10d (55.6 
mg, 0.298 mmol) in MeCN (2.0 mL) at reflux. After being stirred at reflux for 20 min, t-BuI (107 µL, 
0.894 mmol) was added to the reaction mixture. After being stirred at reflux for 28 min, t-BuI (107 
µL, 0.894 mmol) was added to the reaction mixture. The mixture was stirred at reflux for additional 
10 min. Then the mixture was cooled to room temperature, quenched with saturated aqueous Na2S2O3 
and extracted with CHCl3 three times. The combined organic layers were dried over MgSO4, filtered 
and concentrated. The crude product was purified by flash column chromatography (hexane/EtOAc 
= 7 : 3) to afford indole 13oa (18.8 mg, 26%) and indole 13ja (10.6 mg, 16%). 
 

Ethyl 3-(7-methoxy-1H-indol-3-yl)propanoate (13oa). Physical state: Pale orange oil; 1H NMR 
(400 MHz, CDCl3) δ 8.18 (s, br, 1H), 7.21 (d, J = 8.2 Hz, 1H), 7.03 (t, J = 8.0 Hz, 1H), 6.98 (d, J = 
2.0 Hz, 1H), 6.64 (d, J = 8.0 Hz, 1H), 4.13 (q, J = 6.8 Hz, 2H), 3.94 (s, 3H), 3.08 (t, J = 7.6 Hz, 2H), 
2.70 (t, J = 7.6 Hz, 2H), 1.24 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.4, 146.2, 128.5, 
126.7, 121.0, 119.7, 115.4, 111.5, 101.9, 60.3, 55.3, 35.1, 20.8, 14.2; HRMS (ESI) m/z calcd for 
C14H18O3N [M+H]+ 248.1281, found 248.1280. 
 

Ethyl 3-(7-methyl-1H-indol-3-yl)propanoate (13pa) [Scheme 30] To a solution of cyclopropyl 
acetal 10d (41.1 mg, 0.221 mmol) in MeCN (16 mL) were added 2-methylphenylhydrazine 
hydrochloride 9p (70.1 mg, 0.442 mmol) and t-BuI (158 µL, 1.33 mmol) at room temperature. The 
mixture was stirred at reflux. After being stirred at reflux for 12 min, t-BuI (79.0 µL, 0.663 mmol) 
was added to the reaction mixture. The mixture was stirred at reflux for additional 50 min. Then the 
mixture was cooled to room temperature, quenched with saturated aqueous Na2S2O3 and extracted 
with CHCl3 three times. The combined organic layers were dried over MgSO4, filtered and 
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concentrated. The crude product was purified by flash column chromatography (hexane/EtOAc = 7 : 
3) to afford indole 13pa (17.6 mg, 34%) as a white solid; Mp: 45 °C (decomposed); 1H NMR (400 
MHz, CDCl3) δ 7.90 (s, 1H), 7.46 (d, J = 7.8 Hz, 1H), 7.12-6.91 (m, 3H), 4.14 (q, J = 6.8 Hz, 2H), 
3.10 (t, J = 7.6 Hz, 2H), 2.71 (t, J = 7.8 Hz, 2H), 2.48 (s, 3H), 1.24 (t, J = 6.8 Hz, 3H); 13C NMR (100 
MHz, CDCl3) δ 174.0, 136.4, 127.2, 123.1, 121.6, 120.8, 120.1, 117.0, 116.1, 60.9, 35.5, 21.3, 17.1, 
14.8; HRMS (ESI) m/z calcd for C14H18O2N [M+H]+ 232.1332, found 232.1322. 
 

Ethyl 3-(6-fluoro-5-methoxy-1H-indol-3-yl)propanoate (13qa) [Scheme 30] To a solution of 
cyclopropyl acetal 10d+10d’ (31.5 mg, 0.169 mmol) in MeCN (10 mL) were added 3-fluoro-4-
methoxyphenylhydrazine hydrochloride 9q (65.1 mg, 0.338 mmol) and t-BuI (121 µL, 1.01 mmol) 
at room temperature. The mixture was stirred at reflux. After being stirred at reflux for 12 min, t-BuI 
(61 µL, 0.505 mmol) was added to the reaction mixture. The mixture was stirred at reflux for 
additional 50 min. Then the mixture was cooled to room temperature, quenched with saturated 
aqueous Na2S2O3 and extracted with CHCl3 three times. The combined organic layers were dried over 
MgSO4, filtered and concentrated. The crude product was purified by flash column chromatography 
(hexane/EtOAc = 7 : 3) to afford indole 13qa (30.2 mg, 67%) as a white solid; Mp: 98-103 °C; 1H-
NMR (400 MHz, CDCl3) δ 7.91 (s, 1H), 7.09 (d, J = 4.0 Hz, 1H), 7.07 (s, 1H), 6.96 (d, J = 1.8 Hz, 
1H), 4.14 (q, J = 6.8 Hz, 2H), 3.94 (s, 3H), 3.05 (t, J = 7.8 Hz, 2H), 2.70 (t, J = 7.8 Hz, 2H), 1.24 (t, 
J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.4, 150.8 (d, JC-F = 239.9 Hz), 142.9, (d, JC-C-C-F 
= 12.5 Hz), 129.5 (d, JC-C-C-F = 11.6 Hz), 122.7, 121.6 (d, JC-C-C-C-F = 3.9 Hz), 114.9, 102.0, 98.6 (d, 
JC-C-F = 23.1 Hz), 60.4, 56.9, 34.8, 20.5, 14.2; 19F NMR (376 MHz, CDCl3) δ -140.1; HRMS (ESI) 
m/z calcd for C14H17O3NF [M+H]+ 266.1187, found 266.1186. 
 

Ethyl 3-(1H-benzo[g]indol-3-yl)propanoate (13ra) [Scheme 30] To a solution of 1-
naphthylhydrazine hydrochloride 9r (123 mg, 0.630 mmol) and t-BuI (225 µL, 1.89 mmol) in MeCN 
(14 mL) was added cyclopropyl acetal 10d (58.6 mg, 0.315 mmol) in MeCN (2.0 mL) at reflux. After 
being stirred at reflux for 15 min, t-BuI (113 µL, 0.945 mmol) was added to the reaction mixture. The 
mixture was stirred at reflux for additional 40 min. Then the mixture was cooled to room temperature, 
quenched with saturated aqueous Na2S2O3 and extracted with CHCl3 three times. The combined 
organic layers were dried over MgSO4, filtered and concentrated. The crude product was purified by 
flash column chromatography (hexane/acetone= 25 : 1) to afford indole 13ra (47.2 mg, 56%) as a 
white solid; Mp: 152-155 °C; 1H NMR (400 MHz, CDCl3) δ 8.74 (s, br, 1H), 7.97-7.91 (m, 2H), 7.69 
(d, J = 8.4 Hz, 1H), 7.57-7.46 (m, 2H), 7.46-7.37 (m, 1H), 7.05 (d, J = 2.4 Hz, 1H), 4.14 (q, J = 7.6 
Hz, 2H), 3.17 (t, J = 8.0 Hz, 2H), 2.74 (t, J = 8.0 Hz, 2H), 1.23 (t, J = 7.6 Hz, 3H); 13C NMR (100 
MHz, CDCl3) δ 173.4, 130.8, 130.4, 128.8, 125.4, 123.9, 122.9, 121.8, 120.2, 119.6, 119.4, 118.8, 
116.8, 60.4, 35.3, 20.7, 14.2; HRMS (ESI) m/z calcd for C17H18O2N [M+H]+ 268.1332, found 
268.1333. 
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Ethyl 3-(3H-benz[e]indole-3-yl)propanoate (13sa) [Scheme 30] To a solution of cyclopropyl acetal 
10d (37.4 mg, 0.200 mmol) in MeCN (10 mL) were added 2-naphthylhydrazine hydrochloride 9s 
(78.1 mg, 0.401 mmol) and t-BuI (143 µL, 1.20 mmol) at room temperature. The mixture was stirred 
at reflux. After being stirred at reflux for 15 min, t-BuI (72 µL, 0.600 mmol) was added to the reaction 
mixture. The mixture was stirred at reflux for additional 45 min. Then the mixture was cooled to room 
temperature, quenched with saturated aqueous Na2S2O3 and extracted with CHCl3 three times. The 
combined organic layers were dried over MgSO4, filtered and concentrated. The crude product was 
purified by flash column chromatography (hexane/EtOAc = 7 : 3) to afford indole 13sa (19.0 mg, 
36%) as a white solid; Mp: 91-96 °C; 1H NMR (400 MHz, CDCl3) δ 8.39 (d, J = 8.2 Hz, 1H), 8.33 
(s, 1H), 7.92 (d, J = 7.6 Hz, 1H), 7.60-7.55 (m, 2H), 7.49 (d, J = 8.8 Hz, 1H), 7.44-7.40 (m, 1H), 7.07 
(d, J = 2.0 Hz, 1H), 4.18 (q, J = 7.2 Hz, 2H), 3.49 (t, J = 7.2 Hz, 2H), 2.85 (t, J = 7.2 Hz, 2H), 1.27 
(t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.4, 133.3, 129.7, 129.1, 128.9, 125.9, 123.5, 
123.1, 122.9, 119.9, 117.8, 112.9, 60.4, 34.6, 23.5, 14.2; One carbon peak could not be detected 
probably due to overlapping; HRMS (ESI) m/z calcd for C17H18O2N [M+H]+ 268.1332, found 
268.1332. 
 

Ethyl 3-(5,6-dihydro-4H-pyrrolo[3,2,1-ij]quinolin-1-yl)propanoate (13ta) [Scheme 30] To a 
solution of cyclopropyl acetal 10d (44.3 mg, 0.238 mmol) in MeCN (14 mL) were added 3,4-
dihydroquinonyl (2H)-amine hydrochloride 9u (87.9 mg, 0.476 mmol) and t-BuI (170 µL, 1.43 
mmol) at room temperature. The mixture was stirred at reflux. After being stirred at reflux for 15 min, 
t-BuI (85 µL, 0.715 mmol) was added to the reaction mixture. The mixture was stirred at reflux for 
additional 45 min. Then the mixture was cooled to room temperature, quenched with saturated 
aqueous Na2S2O3 and extracted with CHCl3 three times. The combined organic layers were dried over 
MgSO4, filtered and concentrated. The crude product was purified by flash column chromatography 
(hexane/EtOAc = 7 : 3) to afford indole 13ta (22.5 mg, 37%) as a yellow solid; Mp: 45-50 °C; 1H 
NMR (400 MHz, CDCl3) δ 7.39 (d, J = 8.8 Hz, 1H), 7.00 (t, J = 7.2 Hz, 1H), 6.89 (d, J = 7.6 Hz, 1H), 
6.88 (s, 1H), 4.19-4.06 (m, 4H), 3.08 (t, J = 7.8 Hz, 2H), 2.97 (t, J = 6.2 Hz, 2H), 2.69 (t, J = 7.8 Hz, 
2H), 2.27-2.15 (m, 2H), 1.24 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.5, 125.0, 123.6, 
121.7, 119.1, 118.4, 116.4, 113.5, 60.3, 43.8, 35.4, 24.7, 22.9, 21.0, 14.2; HRMS (ESI) m/z calcd for 
C16H20O2N [M+H]+ 258.1489, found 258.1488. 
 

Ethyl 3-(5H-[1,3]dioxolo[4,5-f]indol-7-yl)propanoate (13ua) [Scheme 30] To a solution of 
cyclopropyl acetal 10d (42.7 mg, 0.229 mmol) in MeCN (14 mL) were added 1,3-benzodioxol-5-yl 
hydrazine hydrochloride 9u (86.4 mg, 0.458 mmol) and t-BuI (164 µL, 1.37 mmol) at room 
temperature. The mixture was stirred at reflux. After being stirred at reflux for 15 min, t-BuI (82 µL, 
0.685 mmol) was added to the reaction mixture. The mixture was stirred at reflux for additional 45 
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min. Then the mixture was cooled to room temperature, quenched with saturated aqueous Na2S2O3 
and extracted with CHCl3 three times. The combined organic layers were dried over MgSO4, filtered 
and concentrated. The crude product was purified by flash column chromatography (hexane/EtOAc 
= 7 : 3) to afford indole 13ua (31.7 mg, 53%) as a brown oil; 1H NMR (400 MHz, CDCl3) δ 7.80 (s, 
1H), 6.97 (s, 1H), 6.88 (d, J = 2.8 Hz, 1H), 6.81 (s, 1H), 5.93 (s, 2H), 4.14 (q, J = 6.8 Hz, 2H), 3.01 
(t, J = 7.5 Hz, 2H), 2.67 (t, J = 7.5 Hz, 2H), 1.24 (t, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 
173.4, 145.0, 142.8, 131.0, 121.1, 120.0, 115.3, 100.6, 97.4, 92.0, 60.4, 34.9, 20.7, 14.2; HRMS (ESI) 
m/z calcd for C14H16O4N [M+H]+ 262.1074, found 262.1073. 
 

Ethyl 3-(5-methoxy-1-methyl-1H-indol-3-yl)propanoate (13va) [Scheme 30] To a solution of N-
(4-methoxyphenyl)methylhydrazine hydrochloride 9v (119 mg, 0.631 mmol) and t-BuI (225 µL, 1.89 
mmol) in MeCN (14 mL) was added cyclopropyl acetal 10d’ (58.7 mg, 0.315 mmol) in MeCN (2.0 
mL) at reflux. After being stirred at reflux for 37 min, t-BuI (117 µL, 0.945 mmol) was added to the 
reaction mixture. The mixture was stirred at reflux for additional 1 h. Then the mixture was cooled to 
room temperature, quenched with saturated aqueous Na2S2O3 and extracted with CHCl3 three times. 
The combined organic layers were dried over MgSO4, filtered and concentrated. The crude product 
was purified by flash column chromatography (hexane/EtOAc = 7 : 3) to afford indole 13va (56.6 
mg, 69%) as a brown solid; 1H NMR (400 MHz, CDCl3) δ 7.16 (d, J = 8.8 Hz, 1H), 7.02 (d, J = 2.4 
Hz, 1H), 6.88 (dd, J = 8.8, 2.0 Hz, 1H), 6.83 (s, 1H), 4.14 (q, J = 7.6 Hz, 3H), 3.86 (s, 3H), 3.69 (s, 
3H), 3.04 (t, J = 7.2 Hz, 2H), 2.68 (t, J = 7.2 Hz, 2H), 1.24 (t, J = 7.6 Hz, 3H); 13C NMR (100 MHz, 
CDCl3) δ 173.4, 153.6, 132.3, 127.8, 126.8, 112.9, 111.7, 109.9, 100.6, 60.3, 55.9, 35.0, 32.7, 20.5, 
14.2; HRMS (ESI) m/z calcd for C15H20O3N [M+H]+ 262.1438, found 262.1438. 
 

Ethyl 3-(1-methyl-1H-indol-3-yl)propanoate (13wa) [Scheme 30] To a solution of 1-methyl-1-
phenylhydrazine 9w (70 µL, 0.593 mmol) and t-BuI (212 µL, 1.78 mmol) in MeCN (14 mL) was 
added cyclopropyl acetal 10d’ (55.2 mg, 0.297 mmol) in MeCN (2.0 mL) at reflux. After being stirred 
at reflux for 17 min, t-BuI (106 µL, 0.891 mmol) was added to the reaction mixture. The mixture was 
stirred at reflux for additional 50 min. Then the mixture was cooled to room temperature, quenched 
with saturated aqueous Na2S2O3 and extracted with CHCl3 three times. The combined organic layers 
were dried over MgSO4, filtered and concentrated. The crude product was purified by flash column 
chromatography (hexane/EtOAc = 7 : 3) to afford indole 13wa (19.9 mg, 29%) as a colorless oil; 1H 
NMR (400 MHz, CDCl3) δ 7.59 (d, J = 8.4 Hz, 1H), 7.33-7.18 (m, 2H), 7.10 (t, J = 7.8 Hz, 1H), 6.87 
(s, 1H), 4.14 (q, J = 7.2 Hz, 2H), 3.74 (s, 3H), 3.09 (t, J = 7.2 Hz, 2H), 2.69 (t, J = 7.2 Hz, 2H), 1.24 
(t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.4, 136.9, 127.5, 126.3, 121.5, 118.8, 118.7, 
113.5, 109.2, 60.3, 35.2, 32.6, 20.5, 14.2; HRMS (ESI) m/z calcd for C14H18O2N [M+H]+ 232.1332, 
found 232.1333. 
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Ethyl 5-(5-methoxy-1H-indol-3-yl)-3-pentenoate (13ab) [Scheme 31] To a solution of cyclopropyl 
α,ȕ-saturated ester 10e (35.9 mg, 0.169 mmol) in MeCN (10 mL) were added 4-
methoxyphenylhydrazine hydrochloride 9a (59.0 mg, 0.338 mmol) and t-BuI (121 µL, 1.01 mmol) at 
room temperature. The mixture was stirred at reflux. After being stirred at reflux for 15 min, t-BuI 
(61 µL, 0.505 mmol) was added to the reaction mixture. The mixture was stirred at reflux for 
additional 45 min. Then the mixture was cooled to room temperature, quenched with saturated 
aqueous Na2S2O3 and extracted with CHCl3 three times. The combined organic layers were dried over 
MgSO4, filtered and concentrated. The crude product was purified by flash column chromatography 
(hexane/EtOAc = 7 : 3) to afford indole 13ab (dr = 1.7 : 1, 20.3 mg, 44%) as a yellow oil; 1H NMR 
(400 MHz, CDCl3) δ 7.89 (s, 1H), 7.33-7.16 (m, 1H), 7.05-6.99 (m, 1H), 6.98-6.92 (m, 1H), 6.92-
6.74 (m, 1H), 5.98-5.64 (m, 2H), 4.30-4.07 (m, 2H), 3.86 (s, 1.1H), 3.85 (s, 1.9H), 3.50-3.45 (m, 2H), 
3.25 (dd, J = 7.2, 0.8 Hz, 0.7H), 3.07 (dd, J = 6.4, 0.9 Hz, 1.3H), 1.26 (t, J = 7.2 Hz, 1.1H), 1.24 (t, J 
= 7.2 Hz, 1.9H); 13C NMR (100 MHz, CDCl3) δ 172.2, 172.1, 154.0, 154.0, 133.1, 131.7, 131.5, 
127.8, 127.7, 122.7, 122.6, 122.4, 121.7, 114.3, 114.3, 112.3, 112.2, 111.9, 111.9, 101.0, 100.8, 60.8, 
60.7, 56.0, 38.1, 33.1, 28.7, 23.6, 14.3; Three carbon peaks of diastereomers could not be detected 
probably due to overlapping; HRMS (ESI) (E/Z mixture) m/z calcd for C16H20O3N [M+H]+ 274.1438, 
found 274.1436. 
 

Ethyl 3-(5-methoxy-1H-indol-3-yl)butanoate (13ac) [Scheme 31] To a solution of 4-
methoxyphenylhydrazine hydrochloride 9a (42.6 mg, 0.243 mmol) and t-BuI (87.0 µL, 0.732 mmol) 
in MeCN (8.0 mL) was added cyclopropyl acetal 10f (24.4 mg, 0.122 mmol) in MeCN (1.0 mL) at 
reflux. After being stirred at reflux for 17 min, t-BuI (44 µL, 0.366 mmol) was added to the reaction 
mixture. After being stirred at reflux for 35 min, t-BuI (44 µL, 0.366 mmol) was added to the reaction 
mixture. The mixture was stirred at reflux for additional 20 min. Then the mixture was cooled to room 
temperature, quenched with saturated aqueous Na2S2O3 and extracted with CHCl3 three times. The 
combined organic layers were dried over MgSO4, filtered and concentrated. The crude product was 
purified by flash column chromatography (hexane/EtOAc = 7 : 3) to afford indole 13ac (23.8 mg, 
75%) as an orange oil; 1H NMR (400 MHz, CDCl3) δ 7.89 (s, br, 1H), 7.23 (d, J = 8.4 Hz, 1H), 7.09 
(d, J = 2.4 Hz, 1H), 6.97 (d, J = 2.4 Hz, 1H), 6.85 (dd, J = 8.8, 2.4 Hz, 1H), 4.11 (q, J = 7.2 Hz, 2H), 
3.87 (s, 3H), 3.63-3.51 (m, 1H), 2.80 (dd, J = 15.2, 8.8 Hz, 1H), 2.55 (dd, J = 15.2, 8.8 Hz, 1H), 1.40 
(d, J = 6.8 Hz, 3H), 1.21 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 172.9, 153.8, 131.6, 
126.7, 120.8, 120.6, 112.1, 111.8, 101.1, 60.3, 56.0, 42.3, 27.9, 21.0, 14.2; HRMS (ESI) m/z calcd for 
C15H20O3N [M+H]+ 262.1438, found 262.1439. 
 

N,N-Diethyl-3-(5-methoxy-1H-indol-3-yl)propanamide (13ad) [Scheme 31]. To a solution of 
cyclopropyl amide 10g (42.2 mg, 0.198 mmol) in MeCN (12 mL) were added 4-
methoxyphenylhydrazine hydrochloride 9a (69.1 mg, 0.396 mmol) and t-BuI (142 µL, 1.19 mmol) at 
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room temperature. The mixture was stirred at reflux. After being stirred at reflux for 15 min, t-BuI 
(71 µL, 0.595 mmol) was added to the reaction mixture. The mixture was stirred at reflux for 
additional 45 min. Then the mixture was cooled to room temperature, quenched with saturated 
aqueous Na2S2O3 and extracted with CHCl3 three times. The combined organic layers were dried over 
MgSO4, filtered and concentrated. The crude product was purified by flash column chromatography 
(hexane/EtOAc = 1 : 2) to afford indole 13ad (33.1 mg, 61%) as a white solid; Mp: 101-105°C; 1H 
NMR (400 MHz, CDCl3) δ 8.15 (br, 1H), 7.25 (d, J = 4.0 Hz, 1H), 7.05 (d, J = 2.0 Hz, 1H), 6.99 (d, 
J = 1.6 Hz, 1H), 6.84 (dd, J = 8.8, 2.4 Hz, 1H), 3.85 (s, 3H), 3.40 (q, J = 7.2 Hz, 2H), 3.23 (q, J = 7.2 
Hz, 2H), 3.10 (dd, J = 9.6, 7.2 Hz, 2H), 2.70-2.60 (m, 2H), 1.14-1.07 (m, 6H); 13C NMR (100 MHz, 
CDCl3) δ 171.9, 153.8, 131.4, 127.6, 122.4, 115.2, 112.1, 111.9, 100.5, 55.9, 41.9, 40.1, 33.8, 21.1, 
14.2, 13.1; HRMS (ESI) m/z calcd for C16H23O2N2 [M+H]+ 275.1754, found 275.1754. 
 

3-(5-Methoxy-1H-indol-3-yl)-1-(1-piperidinyl)-1-propanone (13ae) [Scheme 31]. To a solution of 
cyclopropyl amide 10h (30.7 mg, 0.136 mmol) in MeCN (10 mL) were added 4-
methoxyphenylhydrazine hydrochloride 9a (47.6 mg, 0.272 mmol) and t-BuI (97 µL, 0.816 mmol) at 
room temperature. The mixture was stirred at reflux. After being stirred at reflux for 12 min, t-BuI 
(49 µL, 0.408 mmol) was added to the reaction mixture. The mixture was stirred at reflux for 
additional 33 min. Then the mixture was cooled to room temperature, quenched with saturated 
aqueous Na2S2O3 and extracted with CHCl3 three times. The combined organic layers were dried over 
MgSO4, filtered and concentrated. The crude product was purified by flash column chromatography 
(hexane/EtOAc = 1 : 2) to afford indole 13ae (19.6 mg, 50%) as a pale orange oil; 1H NMR (400 
MHz, CDCl3) δ 8.05 (s, 1H), 7.23 (d, J = 9.2 Hz, 1H), 7.04 (d, J = 2.8 Hz, 1H), 6.99 (d, J = 2.4 Hz, 
1H), 6.84 (dd, J = 9.2, 2.8 Hz), 3.85 (s, 3H), 3.57-3.55 (m, 2H), 3.31 (t, J = 5.6 Hz, 2H), 3.10-3.06 
(m, 2H), 2.75-2.65 (m, 2H), 1.64-1.54 (m, 2H), 1.54-1.46 (m, 2H), 1.45-1.37 (m, 2H); 13C NMR (100 
MHz, CDCl3) δ 171.0, 153.9, 131.4, 127.6, 122.3, 115.3, 112.1, 111.8, 100.5, 55.9, 46.6, 42.7, 33.9, 
26.3, 25.5, 24.5, 21.1; HRMS (ESI) m/z calcd for C17H23O2N2 [M+H]+ 287.1754, found 287.1755. 
 

N-Methoxy-3-(5-methoxy-1H-indol-3-yl)-N-methylpropanamide (13af) [Scheme 31] To a 
solution of cyclopropyl amide 10j (206 mg, 1.02 mmol) in MeCN (50 mL) were added 4-
methoxyphenylhydrazine hydrochloride 9a (358 mg, 2.05 mmol) and t-BuI (730 µL, 6.12 mmol) at 
room temperature. The mixture was stirred at reflux. After being stirred at reflux for 15 min, t-BuI 
(365 µL, 3.06 mmol) was added to the reaction mixture. The mixture was stirred at reflux for 
additional 35 min. Then the mixture was cooled to room temperature, quenched with saturated 
aqueous Na2S2O3 and extracted with CHCl3 three times. The combined organic layers were dried over 
MgSO4, filtered and concentrated. The crude product was purified by flash column chromatography 
(hexane/EtOAc = 1 : 3) to afford indole 13af (139 mg, 52%) as a pale orange oil; 1H NMR (400 MHz, 
CDCl3) δ 8.17 (s, 1H), 7.21 (d, J = 8.8 Hz, 1H), 7.05 (d, J = 2.4 Hz, 1H), 6.98 (d, J = 2.4 Hz, 1H), 
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6.83 (dd, J = 8.8, 2.4 Hz, 1H), 3.85 (s, 3H), 3.57 (s, 3H), 3.18 (s, 3H), 3.07 (t, J = 7.2 Hz, 2H), 2.82 
(t, J = 7.2 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 174.2, 153.7, 131.4, 127.5, 122.4, 115.0, 112.0, 
111.9, 100.4, 61.1, 55.9, 32.5, 32.1, 20.2; HRMS (ESI) m/z calcd for C14H19O3N2 [M+H]+ 263.1391, 
found 263.1390. 
 

S-Benzyl 3-(5-methoxy-1H-indol-3-yl)propanethioate (13ag) [Scheme 31] To a solution of 
cyclopropyl thioester 10i (38.1 mg, 0.144 mmol) in MeCN (10 mL) were added 4-
methoxyphenylhydrazine hydrochloride 9a (50.3 mg, 0.288 mmol) and t-BuI (103 µL, 0.864 mmol) 
at room temperature. The mixture was stirred at reflux. After being stirred at reflux for 18 min, t-BuI 
(365 µL, 3.06 mmol) was added to the reaction mixture. The mixture was stirred at reflux for 
additional 42 min. Then the mixture was cooled to room temperature, quenched with saturated 
aqueous Na2S2O3 and extracted with CHCl3 three times. The combined organic layers were dried over 
MgSO4, filtered and concentrated. The crude product was purified by flash column chromatography 
(hexane/EtOAc = 7 : 3) to afford the indole 13ag (34.4 mg, 74%) as a yellow oil; 1H NMR (400 MHz, 
CDCl3) δ 7.83 (s, 1H), 7.52-7.16 (m, 6H), 7.01 (s, 1H), 6.93 (s, 1H), 6.86 (d, J = 8.5 Hz, 1H), 4.13 (s, 
2H), 3.86 (s, 3H), 3.11 (t, J = 7.6 Hz, 2H), 2.96 (dd, J = 8.2, 6.4 Hz, 2H); 13C NMR (100 MHz, CDCl3) 
δ 198.5, 154.0, 137.6, 131.3, 128.8, 128.6, 127.4, 127.2, 122.3, 114.1, 112.3, 111.9, 100.4, 55.9, 44.2, 
33.2, 21.1; One carbon peak could not be detected probably due to overlapping; HRMS (ESI) m/z 
calcd for C19H19O2NNa [M+Na]+ 348.1029, found 348.1026. 
 

5-(5-Methoxy-1H-indol-3-yl)-1-(4-methoxyphenyl)pent-1-yn-3-one (51) [Scheme 32]. To a 
solution of 4-ethynylanisole (116 mg, 0.874 mmol) in THF (1 mL) was added n-BuLi (46.8 mg, 0.73 
mmol) at —78 °C. After stirred at —78 °C for 30 min, the mixture was transferred through cannula to 
cooled (—78 °C) solution of indole 13af (76.5 mg, 0.29 mmol) in THF (1 mL) and stirred for 5 min at 
—78 °C. Then the mixture was stirred for further 1 h at —10 °C followed by cooled to —78 °C, 
quenched with saturated aqueous NH4Cl and warm to room temperature. The resulting mixture was 
diluted with water, extracted with ethyl acetate three times, dried over MgSO4, filtered and 
concentrated. The residue was purified by silica gel column chromatography (hexane/EtOAc = 7 : 3) 
to afford ynone 51 (57.8 mg, 59%) as a brown solid; Mp: 76-80 °C; 1H NMR (400 MHz, CDCl3) δ 
7.92 (s, br, 1H), 7.48 (d, J = 8.8 Hz, 2H), 7.25 (s, 1H), 7.05 (d, J = 2.4 Hz, 1H), 7.00 (d, J = 2.4 Hz, 
1H), 6.92-6.83 (m, 3H), 3.86 (s, 3H), 3.82 (s, 3H), 3.19-3.15 (m, 2H), 3.08-3.04 (m, 2H); 13C NMR 
(100 MHz, CDCl3) δ 187.7, 161.6, 154.0, 135.1, 131.4, 127.5, 122.3, 114.4, 114.3, 112.2, 111.9, 111.7, 
100.5, 92.3, 87.8, 55.9, 55.4, 45.7, 19.8; HRMS (ESI) m/z calcd for C21H20O3N [M+H]+ 334.1438, 
found 334.1440. 
 

2-Methoxy-6-(4-methoxyphenyl)-9,10-dihydrocyclohepta[b]indol-8(5H)-one (52) [Scheme 32]. 
To a solution of ynone 51 (21.8 mg, 0.065 mmol) in MeCN (2 mL) was added NaAuCl4·2H2O (1.30 
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mg, 0.003 mmol). The mixture was stirred at room temperature for 12 h and then, diluted with EtOAc. 
The mixture was washed with water, dried over MgSO4 and concentrated. The residue was purified 
by silica gel column chromatography (hexane/EtOAc = 7 : 3) to afford 52 (22.1 mg, quant.) as a 
yellow solid; Mp: 188-191 °C; 1H NMR (400 MHz, CDCl3) δ 7.77 (s, br, 1H), 7.39 (d, J = 8.8 Hz, 
2H), 7.17 (d, J = 8.8 Hz, 1H), 7.08-6.96 (m, 3H), 6.91 (dd, J = 8.8, 2.4 Hz, 1H), 6.18 (s, 1H), 3.883 
(s, 3H), 3.876 (s, 3H), 3.21-3.08 (m, 2H), 2.97-2.84 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 200.8, 
160.6, 154.5, 145.1, 132.2, 131.8, 131.0, 130.2, 127.4, 127.2, 120.7, 115.8, 114.3, 112.3, 99.9, 55.8, 
55.4, 42.7, 18.2; HRMS (ESI) m/z calcd for C21H20O3N [M+H]+ 334.1438, found 334.1434. 
 

1-(4-Methoxyphenyl)spiro[(4-methoxyphenyl)-cyclohex[6]ene-2,3'-indol]-5-one (53) 
[Scheme 32]. To a solution of ynone 51 (20.9 mg, 0.063 mmol) in CH2Cl2 (1 mL) was added AgOTf 
(1.67 mg, 0.0065 mmol). After stirred at room temperature for 3 h, the mixture was concentrated. The 
residue was purified by silica gel column chromatography (hexane/EtOAc = 7 : 3) to afford 53 (18 
mg, 86%) as a brown oil; 1H NMR (400 MHz, CDCl3) δ 8.05 (s, 1H), 7.68 (d, J = 8.8 Hz, 1H), 6.97 
(dd, J = 8.8, 2.8 Hz, 1H), 6.87 (d, J = 2.8 Hz, 1H), 6.77-6.72 (m, 2H), 6.70-6.64 (m, 2H), 6.47 (s, 1H), 
3.80 (s, 3H), 3.73 (s, 3H), 2.95-2.80 (m, 1H), 2.76-2.62 (m, 1H), 2.61-2.48 (m, 1H), 1.86-1.74 (m, 
1H), 0.96-0.82 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 197.9, 174.0, 161.0, 159.1, 157.4, 148.3, 
142.6, 129.7, 128.2, 127.4, 122.9, 114.0, 113.8, 109.3, 61.5, 60.4, 55.8, 55.2, 34.1, 32.2, 14.2; HRMS 
(ESI) m/z calcd for C21H20O3N [M+H]+ 334.1438, found 334.1438. 
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第 4節 第 2章第 1節ࡢ実験 

 

Di-tert-butyl 1-cyclopropylhydrazine-1,2-dicarboxylate (66) [Scheme 39]. To a solution of 
cyclopropylboronic acid 65 (8.59 g, 100 mmol) in DMF (60 mL) were added di-tert-butyl 
azodicarboxylate (7.41 g, 32.0 mmol) and Cu(OAc)2 (908 mg, 5.00 mmol). The mixture was stirred 
at 80 °C for 8 h, and then cooled to room temperature. After the mixture was cooled to 0 °C, H2O 
(100 mL) and Et2O (200 mL) were added. The organic layer was washed with H2O and brine, and 
dried over MgSO4. Then, the mixture was filtered and concentrated. The residue was purified with 
silica gel column chromatography (hexane/EtOAc = 9 : 1) to afford protected N-cyclopropylhydrazine 
66 (5.75 g, 21% yield) as a yellow oil. The spectral data were identical with those reported in the 
literature. 41) 

 

Cyclopropylhydrazine ditosylate (67) [Scheme 39]. To a solution of protected N-cyclopropyl 
hydrazine 66 (5.75g, 21.0 mmol) in MeCN (105 mL) was added p-toluenesulfonic acid monohydrate 
(16.0 g, 84.0 mmol). The mixture was stirred at 60 °C for 1 h, and then cooled to room temperature, 
filtered with KIRIYAMA funnel to afford N-cyclopropylhydrazine tosylate 67 (6.26 g, 71% yield) as 
a white solid. The spectral data were identical with those reported in the literature. 41) 

 

Methyl 2-(naphthalen-2-yl)-2-oxoacetate (70aa) [Scheme 40]. To a suspension of magnesium (703 
mg, 28.9 mmol) in THF (7.30 mL), was added I2 slowly. To the resulted mixture was added the 
solution of 2-bromonaphthalene 68 (5.00 g, 24.1 mmol) in THF (12 mL). After cooled to —78 °C, 
dimethyloxalate (1.90 g, 15.9 mmol) solution in THF was added to the reaction mixture and stirred 
at —78 °C for 1 h. Then, the mixture was quenched with 1 M HCl and the aqueous phase was extracted 
with ethyl acetate and the combined organic extracts were dried over MgSO4, filtered and evaporated. 
2-(Naphthalen-2-yl)-2-oxoacetate 70aa (571 mg, 11%) was obtained after purification by flash 
column chlomatography (hexane/EtOAc); The spectral data were identical with those reported in the 
literature.79) 

 

Methyl (Z)-2-(2-cyclopropylhydrazineylidene)-2-(naphthalen-2-yl)acetate (14aa) [Scheme 40]. 
To a solution of methyl 2-(naphthalene-2-yl)-2-oxoacetate 70aa (571 mg, 2.66 mmol) in MeOH (120 
mL) were added cyclopropylhydrazine ditosylate 67 (1.11 g, 2.66 mmol) and pyridine (430 µL, 5.33 
mmol). The mixture was stirred at room temperature for 18 h, and then evaporated. 14aa (320 mg, 
45%) was obtained as a white solid after purification by Biotage Isolera® (hexane/EtOAc); Mp: 72-
77 °C; 1H-NMR (400 MHz, CDCl3) δ 10.69 (s, 1H), 7.96 (s, 1H), 7.84-7.78 (m, 3H), 7.66 (dd, J = 
6.8, 2.0 Hz, 1H), 7.47-7.41 (m, 2H), 3.81 (s, 3H), 3.12-3.07 (m, 1H), 0.85-0.79 (m, 4H); 13C-NMR 
(100 MHz, CDCl3) δ 164.1, 134.4, 133.2, 132.5, 128.2, 127.5, 127.2, 127.1, 126.6, 126.0, 125.8, 
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125.7, 51.4, 31.9, 6.3; HRMS (ESI) m/z calcd for C16H17O2N2 [M+H]+ 269.1285, found 269.1284. 
 

[Table 3, entry 1] N-Cyclopropylhydrazone 14aa (42.4 mg, 0.158 mmol), [Cp*RhCl2]2 (9.8 mg, 
0.0158 mmol), Cu(OAc)2 (28.7 mg, 0.158 mmol), K2CO3 (21.8 mg, 0.158 mmol) and MS4A (100 
mg) were dissolved in xylene (1.60 mL). The mixture was stirred at reflux for 16 h. Then, the mixture 
was cooled to room temperature, filtered through Celite® and evaporated. The residue was analyzed 
by 1H NMR (CDCl3). Pyrazole 16aa was calculated as 13% NMR yield. 

 

Methyl 2-(naphthalen-2-yl)-2-(1H-pyrazol-1-yl)acetate (16aa). Physical state: yellow solid; Mp: 
97-99 °C; 1H-NMR (400 MHz, CDCl3) δ 7.89-7.84 (m, 4H), 7.61 (d, J = 2.0 Hz, 1H), 7.54-7.47 (m, 
3H), 7.42 (d, J = 2.0 Hz, 1H), 6.40 (s, 1H), 6.27 (t, J = 2.0 Hz, 1H), 3.83 (s, 3H); 13C-NMR (100 
MHz, CDCl3) δ 169.5, 140.0, 133.4, 133.1, 131.0, 129.3, 129.1, 128.2, 128.0, 127.7, 127.0, 126.7, 
125.5, 106.1, 67.9, 52.9; HRMS (ESI) m/z calcd for C16H15O2N2 [M+H]+ 267.1128, found 267.1127. 

 

[Table 3, entry 3] N-Cyclopropylhydrazone 14aa (30.7 mg, 0.110 mmol), Pd(OAc)2 (2.4 mg, 0.011 
mmol) and MS4A (100 mg) were dissolved in xylene (1.00 mL). The mixture was stirred at reflux for 
14 h. Then, the mixture was cooled to room temperature, filtered through Celite® and evaporated. The 
residue was analyzed by 1H NMR (CDCl3). Pyrazole 16aa was calculated as 49% NMR yield. 
 

[Table 3, entry 4] N-Cyclopropylhydrazone 14aa (46.8 mg, 0.175 mmol), Pd(TFA)2 (5.8 mg, 0.017 
mmol) and MS4A (100 mg) were dissolved in xylene (1.70 mL). The mixture was stirred at reflux for 
16 h. Then, the mixture was cooled to room temperature, filtered through Celite® and evaporated. The 
residue was analyzed by 1H NMR (CDCl3). Pyrazole 16aa was calculated as 42% NMR yield. 
 

[Table 3, entry 5] N-Cyclopropylhydrazone 14aa (35.1 mg, 0.130 mmol), Pd(OAc)2 (2.9 mg, 0.013 
mmol), AgOAc (43.4 mg, 0.260 mmol) and MS4A (100 mg) were dissolved in xylene (1.30 mL). The 
mixture was stirred at reflux for 16 h. Then, the mixture was cooled to room temperature, filtered 
through Celite® and evaporated. The residue was analyzed by 1H NMR (CDCl3). Pyrazole 16aa was 
calculated as 39% NMR yield. 

 

[Table 3, entry 6] N-Cyclopropylhydrazone 14aa (38.6 mg, 0.144 mmol), Pd(OAc)2 (3.2 mg, 0.014 
mmol), HFIP (48.4 mg, 0.288 mmol) and MS4A (100 mg) were dissolved in xylene (1.40 mL). The 
mixture was stirred at reflux for 15 h. Then, the mixture was cooled to room temperature, filtered 
through Celite® and evaporated. The residue was purified by PTLC (hexane/EtOAc = 7 : 3) to afford 
pyrazole 16aa (26.4 mg, 69%). 
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[Table 3, entry 8] N-Cyclopropylhydrazone 14aa (32.1 mg, 0.120 mmol), Pd(OAc)2 (2.7 mg, 0.012 
mmol) and MS4A (100 mg) were dissolved in t-AmylOH (1.20 mL). The mixture was stirred at reflux 
for 4 h. Then, the mixture was cooled to room temperature, filtered through Celite® and evaporated. 
The residue was purified by PTLC (hexane/EtOAc = 7 : 3) to afford pyrazole 16aa (25.6 mg, 80%). 
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第 5節 第 2章第 2節ࡢ実験 

 

General procedure for preparation of cyclopropylhydrazones [Table 4]. To a solution of α-keto 
esters in MeOH were added cyclopropylhydrazine 67 (1.0 eq.) and pyridine (2.0 eq.). The mixture 
was stirred at room temperature for several hours, and then evaporated. The crude product was 
purified by column chromatography to afford cyclopropylhydrazones 14ab-as. 
 

Methyl (Z)-2-(2-cyclopropylhydrazineylidene)-2-phenylacetate (14ab) [Table 4, entry 1]. 
Following to the general procedure using commercially available methyl benzoylformate 70ab (1.20 
g, 7.20 mmol), cyclopropylhydrazine 67 (3.00 g, 7.20 mmol) and pyridine (1.20 mL, 14 mmol), 14ab 
(775 mg, 49%) was obtained as a yellow oil after purification by flash column chromatography 
(hexane/EtOAc = 10 : 1); 1H-NMR (600 MHz, CDCl3) δ 10.62 (s, 1H), 7.50-7.48 (m, 2H), 7.34-7.31 
(m, 2H), 7.27-7.24 (m, 1H), 3.77 (s, 3H), 3.07-3.03 (m, 1H), 0.82-0.75 (m, 4H); 13C-NMR (151 MHz, 
CDCl3) δ 163.9, 137.0, 128.4, 127.8, 127.0, 126.1, 51.3, 31.8, 6.2; HRMS (ESI) m/z calcd for 
C12H15O2N2 [M+H]+ 219.1128, found 219.1128. 
 

Ethyl 2-(2-cyclopropylhydrazineylidene)-2-phenylacetate (14ac) [Table 4, entry 2]. Following to 
the general procedure using commercially available ethyl benzoylformate 70ac (534 mg, 3.00 mmol), 
cyclopropylhydrazine 67 (1.25 mg, 3.00 mmol) and pyridine (484 µL, 6.00 mmol), 14ac (45.6 mg, 
7%) and 14ac’ (E-isomer of 14ac, 21.0 mg, 3%) were obtained after purification by flash column 
chromatography (hexane/EtOAc = 4 : 1); 
 

Ethyl (Z)-2-(2-cyclopropylhydrazineylidene)-2-phenylacetate (14ac). Physical state: yellow oil; 
1H-NMR (400 MHz, CDCl3) δ 10.62 (s, 1H), 7.53-7.50 (m, 2H), 7.34-7.30 (m, 2H), 7.27-7.23 (m, 
1H), 4.26 (q, J = 7.2 Hz, 2H), 3.07-3.02 (m, 1H), 1.31 (t, J = 7.6 Hz, 3H), 0.81-0.76 (m, 4H); 13C-
NMR (100 MHz, CDCl3) δ 163.6, 137.1, 128.3, 127.8, 126.9, 126.3, 60.4, 31.8, 14.2, 6.2; HRMS 
(ESI) m/z calcd for C13H17O2N2 [M+H]+ 233.1285, found 233.1286. 
 

Ethyl (E)-2-(2-cyclopropylhydrazineylidene)-2-phenylacetate (14ac’). Physical state: yellow oil; 
1H-NMR (400 MHz, CDCl3) δ 7.48-7.37 (m, 3H), 7.27-7.22 (m, 2H), 6.41 (s, 1H), 4.32-4.26 (m, 2H), 
2.90-2.87 (m, 1H), 1.33-1.29 (m, 3H), 0.73-0.63 (m, 4H); 13C-NMR (100 MHz, CDCl3) δ 164.4, 133.6, 
130.5, 129.2, 129.0, 129.0, 61.1, 31.1, 14.3, 6.7; HRMS (ESI) m/z calcd for C13H17O2N2 [M+H]+ 
233.1285, found 233.1284. 
 

Ethyl (Z)-2-(2-cyclopropylhydrazineylidene)-2-(4-methoxyphenyl)acetate (14ad) [Table 4, entry 
3]. Following to the general procedure, commercially available ethyl 4-methoxybenzoylformate 70ad 
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(208 mg, 1.00 mmol), cyclopropylhydrazine 67 (417 mg, 1.00 mmol) and pyridine (161 µL, 2.00 
mmol) were used and the reaction time was 4 h. 14ad (128 mg, 12%) was obtained as a yellow oil 
after purification by Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 7.47-7.43 (m, 
2H), 6.88-6.85 (m, 2H), 4.26 (q, J = 6.8 Hz, 2H), 3.81 (s, 3H), 3.05-2.99 (m, 1H), 1.31 (t, J = 7.2 Hz, 
3H), 0.79-0.74 (m, 4H); 13C-NMR (100 MHz, CDCl3) δ 163.6, 158.7, 129.8, 129.5, 126.3, 113.2, 60.4, 
55.3, 31.7, 14.2, 6.2; HRMS (ESI) m/z calcd for C14H19O3N2 [M+H]+ 263.1390, found 263.1388. 
 

Ethyl (Z)-2-(2-cyclopropylhydrazineylidene)-2-(p-tolyl)acetate (14ae) [Table 4, entry 4]. 
Following to the general procedure, commercially available ethyl 4-methylbenzoylformate 70ae (326 
mg, 1.70 mmol), cyclopropylhydrazine 67 (700 mg, 1.68 mmol) and pyridine (270 µL, 3.40 mmol) 
were used and the reaction time was 2 h. 14ae (207 mg, 49%) was obtained as a colorless oil after 
purification by Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 10.54 (s, 1H), 7.41 
(d, J = 7.2 Hz, 2H), 7.13 (d, J = 7.6 Hz, 2H), 4.28-4.23 (m, 2H), 3.05-3.00 (m, 1H), 2.34 (s, 3H), 1.32-
1.29 (m, 3H), 0.79-0.75 (m, 4H); 13C-NMR (100 MHz, CDCl3) δ 163.6, 136.7, 134.3, 128.5, 128.2, 
126.5, 60.3, 31.8, 21.2, 14.2, 6.2; HRMS (ESI) m/z calcd for C14H19O2N2 [M+H]+ 247.1441, found 
247.1441. 
 

Ethyl (Z)-2-(2-cyclopropylhydrazineylidene)-2-(4-fluorophenyl)acetate (14af) [Table 4, entry 5]. 
Following to the general procedure, commercially available ethyl-(4-fluorobenzoyl)formate 70af 
(334 mg, 1.70 mmol), cyclopropylhydrazine 67 (700 mg, 1.68 mmol) and pyridine (270 µL, 3.40 
mmol) were used and the reaction time was 2 h. 14af (212 mg, 50%) was obtained as a yellow solid 
after purification by Biotage Isolera® (hexane/EtOAc); Mp: 35-40 °C; 1H-NMR (400 MHz, CDCl3) 
δ 10.63 (s, 1H), 7.50-7.46 (m, 2H), 7.00 (t, J = 8.8 Hz, 2H), 4.26 (q, J = 7.2 Hz, 2H), 3.06-3.01 (m, 
1H), 1.31 (t, J = 7.2 Hz, 3H), 0.78 (d, J = 6.8 Hz, 4H); 13C-NMR (100 MHz, CDCl3) δ 163.3 (d, JC-F 
= 245.6 Hz), 160.8, 133.2 (d, JC-C-C-C-F = 2.89 Hz), 130.0 (d, JC-C-C-F = 7.71 Hz), 125.3, 114.6 (d, JC-C-

F = 21.2 Hz), 60.5, 31.8, 14.2, 6.2; 19F NMR (376 MHz, CDCl3) δ -115.7; HRMS (ESI) m/z calcd for 
C13H16O2N2F [M+H]+ 251.1190, found 251.1192. 
 

Ethyl (Z)-2-(2-cyclopropylhydrazineylidene)-2-(4-chlorophenyl)acetate (14ag) [Table 4, entry 6]. 
Following to the general procedure, commercially available ethyl-(4-chlorobenzoyl)formate 70ag 
(360 mg, 1.70 mmol), cyclopropylhydrazine 67 (700 mg, 1.68 mmol) and pyridine (270 µL, 3.40 
mmol) were used and the reaction time was 5 h. 14ag (207 mg, 46%) was obtained as a colorless oil 
after purification by Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 10.69 (s, 1H), 
7.48-7.45 (m, 2H), 7.30-7.26 (m, 2H), 4.26 (q, J = 6.8 Hz, 2H), 3.07-3.01 (m, 1H), 1.31 (t, J = 6.8 
Hz, 3H), 0.80-0.77 (m, 4H); 13C-NMR (100 MHz, CDCl3) δ 163.3, 135.6, 132.6, 129.5, 127.9, 125.0, 
60.5, 31.9, 14.2, 6.2; HRMS (ESI) m/z calcd for C13H16O2N2

35Cl [M+H]+ 267.0895, found 267.0895, 
C13H16O2N2

37Cl [M+H]+ 269.0865, found 269.0866. 
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Ethyl (Z)-2-(4-bromophenyl)-2-(2-cyclopropylhydrazineylidene)acetate (14ah) [Table 4, entry 
7]. Following to the general procedure, commercially available ethyl-(4-bromobenzoyl)formate 70ah 
(617 mg, 2.40 mmol), cyclopropylhydrazine 67 (1.00 g, 2.40 mmol) and pyridine (400 µL, 4.80 
mmol) were used and the reaction time was 5 h. 14ah (403 mg, 54%) was obtained as a colorless oil 
after purification by Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 10.71 (s, 1H), 
7.45-7.38 (m, 4H), 4.26 (q, J = 7.6 Hz, 2H), 3.07-3.01 (m, 1H), 1.31 (t, J = 7.6 Hz, 3H), 0.80-0.77 
(m, 4H); 13C-NMR (100 MHz, CDCl3) δ 163.3, 136.0, 130.8, 129.9, 124.9, 120.9, 60.5, 31.9, 14.2, 
6.2; HRMS (ESI) m/z calcd for C13H16O2N2

79Br [M+H]+ 311.0390, found 311.0391, C13H16O2N2
81Br 

[M+H]+ 313.0369, found 313.0371. 
 

Methyl (Z)-4-(1-(2-cyclopropylhydrazineylidene)-2-methoxy-2-oxoethyl)benzoate (14ai) [Table 
4, entry 8]. Following to the general procedure, methyl-(4-methoxycarbonyl)benzoylformate 70ai 
(165 mg, 0.743 mmol), cyclopropylhydrazine 67 (291 mg, 0.700 mmol) and pyridine (113 µL, 1.40 
mmol) were used and the reaction time was 3 h. 14ai (79.7 mg, 41%) was obtained as a white solid 
after purification by Biotage Isolera® (hexane/EtOAc); Mp: 75 °C; 1H-NMR (400 MHz, CDCl3) δ 
10.83 (s, 1H), 8.00-7.97 (m, 2H), 7.62-7.59 (m, 2H), 3.91 (s, 3H), 3.80 (s, 3H), 3.11-3.06 (m, 1H), 
0.84-0.80 (m, 4H); 13C-NMR (100 MHz, CDCl3) δ 167.1, 163.8, 141.5, 129.1, 128.2, 127.9, 124.6, 
52.0, 51.4, 32.1, 6.3; HRMS (ESI) m/z calcd for C14H17O4N2 [M+H]+ 277.1183, found 277.1182. 
 

Ethyl (Z)-2-(4-cyanophenyl)-2-(2-cyclopropylhydrazineylidene)acetate (14aj) [Table 4, entry 9]. 
Following to the general procedure, commercially available ethyl 4-cyanobenzoylformate 70aj (203 
mg, 1.00 mmol), cyclopropylhydrazine 67 (416 mg, 1.00 mmol) and pyridine (161 µL, 2.00 mmol) 
were used and the reaction time was 5 h. 14aj (133 mg, 51%) was obtained as a white solid after 
purification by Biotage Isolera® (hexane/EtOAc); Mp: 66-70 °C; 1H-NMR (400 MHz, CDCl3) δ 10.96 
(s, 1H), 7.68 (dd, J = 6.8, 1.6 Hz, 2H), 7.59 (dd, J = 6.8, 1.6 Hz, 2H), 4.29 (q, J = 7.2 Hz, 2H), 3.12-
3.06 (m, 1H), 1.33 (t, J = 7.2 Hz, 3H), 0.84-0.81 (m, 4H); 13C-NMR (100 MHz, CDCl3) δ 163.1, 
141.6, 131.6, 128.4, 123.8, 119.3, 109.7, 60.7, 32.2, 14.2, 6.3; HRMS (ESI) m/z calcd for C14H16O2N3 
[M+H]+ 258.1237, found 258.1239. 
 

Methyl (Z)-2-(2-cyclopropylhydrazineylidene)-2-(o-tolyl)acetate (14ak) [Table 4, entry 10]. 
Following to the general procedure, methyl 2-methylbenzoylformate 70ak (115 mg, 0.645 mmol), 
cyclopropylhydrazine 67 (268 mg, 0.643 mmol) and pyridine (103 µL, 1.28 mmol) were used. The 
mixture was stirred at room temperature for 18 h. Then the mixture was heated up to 50 °C and stirred 
for 8 h. After the same work-up as the general procedure, 14ak (20.2 mg, 14%) was obtained as a 
white solid after purification by Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 
10.63 (s, 1H), 7.24-7.17 (m, 4H), 3.69 (s, 3H), 3.04-2.99 (m, 1H), 2.22 (s, 3H), 0.77-0.75 (m, 4H); 
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13C-NMR (100 MHz, CDCl3) δ 164.0, 137.2, 136.4, 130.2, 130.0, 127.8, 126.1, 125.6, 51.3, 31.6, 
19.8, 6.3; HRMS (ESI) m/z calcd for C13H17O2N2 [M+H]+ 233.1285, found 233.1286. 
 

Methyl (Z)-2-(2-cyclopropylhydrazineylidene)-2-(2-methoxyphenyl)acetate (14al) [Table 4, 
entry 11]. Following to the general procedure, 2-methoxybenzoylformate 70al (159 mg, 0.819 mmol), 
cyclopropylhydrazine 67 (342 mg, 0.821 mmol) and pyridine (132 µL, 1.64 mmol) were used and the 
reaction time was 17 h. 14al (16.7 mg, 8%) was obtained as a yellow oil after purification by Biotage 
Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 10.25 (s, 1H), 7.31-7.26 (m, 2H), 6.99-6.95 
(m, 1H), 6.88-6.86 (m, 1H), 3.78 (s, 3H), 3.68 (s, 3H), 3.02-2.97 (m, 1H), 0.77-0.72 (m, 4H); 13C-
NMR (100 MHz, CDCl3) δ 164.0, 157.8, 130.5, 129.2, 126.8, 125.3, 120.7, 110.8, 55.6, 51.2, 31.4, 
6.3; HRMS (ESI) m/z calcd for C13H17O3N2 [M+H]+ 249.1234, found 249.1231. 
 

Methyl (Z)-2-(2-cyclopropylhydrazineylidene)-2-(m-tolyl)acetate (14am) [Table 4, entry 12]. 
Following to the general procedure, 3-methylbenzoylformate 70am (132 mg, 0.741 mmol), 
cyclopropylhydrazine 67 (309 mg, 0.742 mmol) and pyridine (119 µL, 1.48 mmol) were used and the 
reaction time was 22 h. 14am (112 mg, 65%) was obtained as a colorless oil after purification by 
Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 10.58 (s, 1H), 7.29-7.26 (m, 2H), 
7.23-7.20 (m, 1H), 7.08 (d, J = 8.0 Hz, 1H), 3.77 (s, 3H), 3.06-3.03 (m, 1H), 2.36 (s, 3H), 0.80-0.76 
(m, 4H); 13C-NMR (100 MHz, CDCl3) δ 164.0, 137.4, 136.9, 129.0, 128.0, 127.7, 126.3, 125.6, 51.3, 
31.8, 21.5, 6.3; HRMS (ESI) m/z calcd for C13H17O2N2 [M+H]+ 233.1285, found 233.1284. 
 

Methyl (Z)-2-(2-cyclopropylhydrazineylidene)-2-(3-methoxyphenyl)acetate (14an) [Table 4, 
entry 13]. Following to the general procedure, 3-methoxybenzoylformate 70an (84.2 mg, 0.433 
mmol), cyclopropylhydrazine 67 (181 mg, 0.434 mmol) and pyridine (69.0 µL, 0.86 mmol) were used 
and the reaction time was 21 h. 14an (26.5 mg, 25%) was obtained as a colorless oil after purification 
by Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 10.63 (s, 1H), 7.26-7.22 (m, 1H), 
7.11-7.06 (m, 2H), 6.84-6.81 (m, 1H), 3.82 (s, 3H), 3.78 (s, 3H), 3.07-3.02 (m, 1H), 0.81-0.76 (m, 
4H); 13C-NMR (100 MHz, CDCl3) δ 163.9, 159.1, 138.3, 128.7, 125.7, 121.0, 114.2, 112.5, 55.2, 51.3, 
31.9, 6.2; HRMS (ESI) m/z calcd for C13H17O3N2 [M+H]+ 249.1233, found 249.1234. 
 

Methyl (Z)-2-(3-cyanophenyl)-2-(2-cyclopropylhydrazineylidene)acetate (14ao) [Table 4, entry 
14]. Following to the general procedure, 3-cyanobenzoylformate 70ao (189 mg, 1.00 mmol), 
cyclopropylhydrazine 67 (416 mg, 1.00 mmol) and pyridine (161 µL, 2.00 mmol) were used and the 
reaction time was 24 h. 14ao (110 mg, 45%) was obtained as a colorless oil after purification by 
Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 10.88 (s, 1H), 7.84 (d, J = 0.8 Hz, 
1H), 7.77 (dd, J = 8.0, 1.2 Hz, 1H), 7.52 (dd, J = 7.2, 0.8 Hz, 1H), 7.41 (t, J = 7.2 Hz, 1H), 3.81 (s, 
3H), 3.11-3.05 (m, 1H), 0.83 (d, J = 5.6 Hz, 4H); 13C-NMR (100 MHz, CDCl3) δ 163.4, 138.2, 132.4, 
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131.8, 130.1, 128.6, 123.2, 119.2, 111.9, 51.5, 32.2, 6.3; HRMS (ESI) m/z calcd for C13H14O2N3 
[M+H]+ 244.1081, found 244.1079. 
 

(Methyl (Z)-2-(benzo[d][1,3]dioxol-5-yl)-2-(2-cyclopropylhydrazineylidene)acetate (14ap) 
[Table 4, entry 15]. Following to the general procedure, 3,4-methylenedioxybenzoylformate 70ap 
(400 mg, 1.67 mmol), cyclopropylhydrazine 67 (696 mg, 1.67 mmol) and pyridine (270 µL, 3.34 
mmol) were used and the reaction time was 17 h. 14ap (117 mg, 27%) was obtained as a colorless oil 
after purification by Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 10.51 (s, 1H), 
7.00-6.96 (m, 2H), 6.78 (d, J = 7.6 Hz, 1H), 5.94 (s, 2H), 3.77 (s, 3H), 3.05-3.00 (m, 1H), 0.79-0.75 
(m, 4H); 13C-NMR (100 MHz, CDCl3) δ 163.8, 147.1, 146.7, 131.1, 125.7, 122.1, 109.1, 107.8, 100.9, 
51.3, 31.8, 6.2; HRMS (ESI) m/z calcd for C13H15O4N2 [M+H]+ 263.1026, found 263.1027. 
 

Methyl (Z)-2-(2-cyclopropylhydrazineylidene)-2-(thiophen-2-yl)acetate (14aq) [Table 4, entry 
16]. Following to the general procedure, methyl 2-oxo-2-(thiophen-2-yl)acetate 70aq (181 mg, 1.06 
mmol), cyclopropylhydrazine 67 (443 mg, 1.06 mmol) and pyridine (171 µL, 2.12 mmol) were used 
and the reaction time was 22 h. 14aq (52.8 mg, 22%) was obtained as a yellow oil after purification 
by Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 10.67 (s, 1H), 7.31 (dd, J = 3.6, 
1.6 Hz, 1H), 7.13 (dd, J = 5.2, 1.2 Hz, 1H), 6.96 (dd, J = 5.2, 3.6 Hz, 1H), 3.86 (s, 3H), 3.08-3.04 (m, 
1H), 0.86-0.76 (m, 4H); 13C-NMR (100 MHz, CDCl3) δ 163.1, 141.1, 127.0, 124.0, 123.8, 121.3, 51.4, 
32.1, 6.2; HRMS (ESI) m/z calcd for C10H13O2N2S [M+H]+ 225.0692, found 225.0691. 
 

Methyl (Z)-2-(benzofuran-3-yl)-2-(2-cyclopropylhydrazineylidene)acetate (14ar) [Table 4, 
entry 17]. Following to the general procedure, ethyl 2-(benzofuran-3-yl)-2-oxoacetate 70ar (207 mg, 
0.948 mmol), cyclopropylhydrazine 67 (396 mg, 0.948 mmol) and pyridine (153 µL, 1.90 mmol) 
were used and the reaction time was 3 h. 14ar (79.0 mg, 31%) was obtained as a yellow oil after 
purification by Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 10.79 (s, 1H), 8.25-
8.23 (m, 1H), 7.98 (s, 1H), 7.47-7.45 (m, 1H), 7.33-7.25 (m, 2H), 4.35 (q, J = 7.2 Hz, 2H), 3.15-3.09 
(m, 1H), 1.41 (t, J = 7.2 Hz, 3H), 0.88-0.83 (m, 4H); 13C-NMR (100 MHz, CDCl3) δ 163.2, 154.9, 
143.0, 126.2, 124.3, 123.3, 122.7, 120.1, 117.1, 111.0, 60.7, 31.9, 14.2, 6.2; HRMS (ESI) m/z calcd 
for C15H17O3N2 [M+H]+ 273.1234, found 273.1234. 
 

Methyl (Z)-2-(2-cyclopropylhydrazineylidene)-2-(naphthalen-1-yl)acetate (14as) [Table 4, entry 
18]. Following to the general procedure, ethyl 2-(naphthalen-1-yl)-2-oxoacetate 70as (175 mg, 0.815 
mmol), cyclopropylhydrazine 67 (339 mg, 0.815 mmol) and pyridine (132 µL, 1.63 mmol) were used 
and the reaction time was 22 h. 14as (60.3 mg, 28%) was obtained as a brown solid after purification 
by Biotage Isolera® (hexane/EtOAc); Mp: 87-90 °C; 1H-NMR (400 MHz, CDCl3) δ 10.84 (s, 1H), 
7.85-7.81 (m, 2H), 7.76 (t, J = 4.4 Hz, 1H), 7.49-7.41 (m, 4H), 3.60 (d, J = 1.6 Hz, 3H), 3.09-3.03 
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(m, 1H), 0.83-0.74 (m, 4H); 13C-NMR (100 MHz, CDCl3) δ 164.5, 134.4, 133.7, 132.8, 128.3, 128.3, 
127.8, 125.8, 125.5, 125.3, 125.3, 125.1, 51.3, 31.7, 6.4; HRMS (ESI) m/z calcd for C16H17O2N2 
[M+H]+ 269.1285, found 269.1287. 
 

General procedure for preparation of α-keto esters 70ak-70ap, 70as [Table 5]. To a solution of 
ketone (1.0 eq.) in pyridine (c = 2.0 M) was added SeO2 (1.5 eq.) and stirred at 100 °C under argon 
overnight. The mixture was cooled in an ice bath and then MS4A and MeOH were added (1.8 eq.). 
After the mixture was stirred for 10 min, SOCl2 (5.0 eq.) was added slowly and stirred at room 
temperature overnight. Then, 60% HClO4 aq. (2.70 mL) and MeCN (27.3 mL) were poured into the 
flask and stirred for 30 min. Excess acid was neutralized by saturated aqueous Na2CO3 and filtered 
through Celite®. Then, the aqueous phase was extracted with ethyl acetate three times. The combined 
organic extracts were washed with brine, dried over MgSO4, filtered and evaporated. The residue was 
purified by flash column chlomatography (hexane/EtOAc) to afford α-keto esters. 
 

Methyl 4-(2-methoxy-2-oxoacetyl)benzoate (70ai) [Table 5, entry 1]. Following to the general 
procedure using 4-methoxycarbonylacetophenone 71ai (1.78 g, 10.0 mmol), SeO2 (1.66 g, 15.0 
mmol), pyridine (5.00 mL), MS4A (60 mg), MeOH (7.50 mL), SOCl2 (3.75 mL), 60% HClO4 aq. 
(2.70 mL) and MeCN (27.3 mL), methyl 4-(2-methoxy-2-oxoacetyl)benzoate 70ai (242 mg, 11%) 
was obtained as a white solid after purification by flash column chromatography (hexane/EtOAc); 
Mp: 96-101 °C; 1H-NMR (400 MHz, CDCl3) δ 8.17 (d, J = 6.8 Hz, 2H), 8.11-8.09 (m, 2H), 4.00 (d, 
J = 2.0 Hz, 3H), 3.97 (d, J = 2.0 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 185.2, 165.9, 163.3, 135.6, 
135.4, 130.0, 129.9, 53.0, 52.6; HRMS (ESI) m/z calcd for C11H10O5Na [M+Na]+ 245.0420, found 
245.0423. 
 

Methyl 2-oxo-2-(o-tolyl)acetate (70ak) [Table 5, entry 2]. Following to the general procedure using 
2-methylacetophenone 71ak (1.34 g, 10.0 mmol), SeO2 (1.66 g, 15.0 mmol), pyridine (5.00 mL), 
MS4A (60 mg), MeOH (7.50 mL), SOCl2 (3.75 mL), 60% HClO4 aq. (2.70 mL) and MeCN (27.3 mL), 
methyl 2- methyl 2-oxo-2-(o-tolyl)acetate 70ak (755 mg, 56%) was obtained after purification by 
flash column chromatography (hexane/EtOAc); The spectral data were identical with those reported 
in the literature. 80) 

 

Methyl 2-(2-methoxyphenyl)-2-oxoacetate (70al) [Table 5, entry 3]. Following to the general 
procedure using 2-methoxyacetophenone 71al (751 mg, 5.00 mmol), SeO2 (832 mg, 7.50 mmol), 
pyridine (2.50 mL), MS4A (300 mg), MeOH (3.60 mL), SOCl2 (1.89 mL), 60% HClO4 aq. (1.30 mL) 
and MeCN (13.7 mL), methyl 2-(2-methoxyphenyl)-2-oxoacetate 70al (159 mg, 16%) was obtained 
as a colorless oil after purification by flash column chromatography (hexane/EtOAc); 1H-NMR (400 
MHz, CDCl3) δ 7.87 (d, J = 7.6 Hz, 1H), 7.59 (t, J = 7.2 Hz, 1H), 7.08 (t, J = 7.2 Hz, 1H), 6.99 (d, J 
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= 8.4 Hz, 1H), 3.91 (d, J = 2.4 Hz, 3H), 3.87 (d, J = 3.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 
186.3, 165.6, 160.3, 136.4, 130.6, 122.7, 121.3, 112.0, 56.2, 52.4; HRMS (ESI) m/z calcd for C10H11O4 
[M+H]+ 195.0652, found 195.0654. 
 

Methyl 2-oxo-2-(m-tolyl)acetate (70am) [Table 5, entry 4]. Following to the general procedure 
using 3-methylacetophenone 71am (537 mg, 4.00 mmol), SeO2 (666 mg, 6.00 mmol), pyridine (2.00 
mL), MS4A (50 mg), MeOH (3.00 mL), SOCl2 (1.5 mL), 60% HClO4 aq. (1.20 mL) and MeCN (12.1 
mL), 3- methyl 2-oxo-2-(m-tolyl)acetate 70am (544 mg, 76%) was obtained after purification by flash 
column chromatography (hexane/EtOAc); The spectral data were identical with those reported in the 
literature. 80) 

 

Methyl 2-(3-methoxyphenyl)-2-oxoacetate (70an) [Table 5, entry 5]. Following to the general 
procedure using 3-methoxyacetophenone 71an (751 mg, 5.00 mmol), SeO2 (832 mg, 7.50 mmol), 
pyridine (2.50 mL), MS4A (300 mg), MeOH (3.60 mL), SOCl2 (1.89 mL), 60% HClO4 aq. (1.30 mL) 
and MeCN (13.7 mL), methyl 2-(3-methoxyphenyl)-2-oxoacetate 70an (84.2 mg, 9%) was obtained 
after purification by flash column chromatography (hexane/EtOAc); The spectral data were identical 
with those reported in the literature. 81) 

 

Methyl 2-(3-cyanophenyl)-2-oxoacetate (70ao) [Table 5, entry 6]. Following to the general 
procedure using 3-cyanoacetophenone 70ao (728 mg, 5.00 mmol), SeO2 (832 mg, 7.50 mmol), 
pyridine (2.50 mL), MS4A (300 mg), MeOH (3.60 mL), SOCl2 (1.89 mL), 60% HClO4 aq. (1.30 mL) 
and MeCN (13.7 mL), methyl 2-(3-cyanophenyl)-2-oxoacetate 70ao (198 mg, 21%) was obtained as 
a colorless oil after purification by flash column chromatography (hexane/EtOAc); 1H-NMR (400 
MHz, CDCl3) δ 8.38 (s, 1H), 8.31 (d, J = 8.4 Hz, 1H), 7.94 (d, J = 7.6 Hz, 1H), 7.70-7.66 (m, 1H), 
4.02 (d, J = 1.6 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 183.3, 162.5, 137.5, 133.9, 133.8, 133.4, 
129.9, 117.4, 113.6, 53.3; HRMS (ESI) m/z calcd for C10H7O3NNa [M+Na]+ 212.0318, found 
212.0321. 
 

Methyl 2-(benzo[d][1,3]dioxol-5-yl)-2-oxoacetate (70ap) [Table 5, entry 7]. Following to the 
general procedure using 3,4-methylenedioxyacetophenone 71ap (1.64 g, 10.0 mmol), SeO2 (1.66 g, 
15.0 mmol), pyridine (5.00 mL), MS4A (60 mg), MeOH (7.50 mL), SOCl2 (3.75 mL), 60% HClO4 

aq. (2.70 mL) and MeCN (27.3 mL), methyl 2-(benzo[d][1,3]dioxol-5-yl)-2-oxoacetate 70ap (1.08 g, 
52%) was obtained after purification by flash column chromatography (hexane/EtOAc); The spectral 
data were identical with those reported in the literature. 82) 

 

Methyl 2-(naphthalen-1-yl)-2-oxoacetate (70as) [Table 5, entry 8]. Following to the general 
procedure using 1-acetonaphthone 71as (681 mg, 4.00 mmol), SeO2 (666 mg, 6.00 mmol), pyridine 
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(2.00 mL), MS4A (50 mg), MeOH (3.00 mL), SOCl2 (1.50 mL), 60% HClO4 aq. (1.20 mL) and MeCN 
(12.1 mL), methyl 2-(naphthalen-1-yl)-2-oxoacetate 70as (594 mg, 69%) was obtained after 
purification by flash column chromatography (hexane/EtOAc); The spectral data were identical with 
those reported in the literature. 79) 

 

Methyl 2-oxo-2-(thiophen-2-yl)acetate (70aq) [Scheme 41]. To a solution of thiopheneglyoxylic 
acid 72 (625 mg, 4.00 mmol) in THF (20 mL) were added DBU (657 µL, 4.40 mmol) and MeI (1.20 
mL, 20 mmol). The mixture was stirred at room temperature overnight, and then quenched with 
saturated aqueous NH4Cl. The aqueous phase was extracted with Et2O three times and the combined 
organic extracts were washed with brine, dried over MgSO4, filtered and evaporated. Methyl 2-oxo-
2-(thiophen-2-yl)acetate 70aq (664 mg, 97%) was obtained after purification by flash column 
chlomatography (hexane/EtOAc); The spectral data were identical with those reported in the 
literature. 80) 

 

Ethyl 2-(benzofuran-3-yl)acetate (74) [Scheme 42]. To a solution of coumaranone 73 (671 mg, 5.00 
mmol) in toluene (50 mL) was added ethyl triphenylphosphoranylidene acetate (2.61 g, 7.50 mmol) 
and stirred at reflux for 17 h. Then, the mixture was evaporated. Ethyl 2-(benzofuran-3-yl)acetate 74 
(888 mg, 87%) was obtained after purification by flash column chromatography (hexane/EtOAc); 
The spectral data were identical with those reported in the literature. 48) 

 

Ethyl 2-(benzofuran-3-yl)-2-oxoacetate (70ar) [Scheme 42] To a solution of ethyl 2-(benzofuran-
3-yl)acetate 74 (888 mg, 4.35 mmol) in 1,4-dioxane (6.00 mL) was added SeO2 (965 mg, 8.70 mmol) 
and stirred at reflux for 4 h. Then, the resulting mixture was filtered through Celite® and the solution 
was evaporated. Ethyl 2-(benzofuran-3-yl)-2-oxoacetate 70ar (682 mg, 72%) was obtained after 
purification by flash column chromatography (hexane/EtOAc); The spectral data were identical with 
those reported in the literature. 49) 

 

4,4,5,5-Tetramethyl-2-(2-phenylcyclopropyl)-1,3,2-dioxaborolane (76) [Scheme 43]. Et2Zn (1M 
in hexane, 8.69 mL, 8.69 mmol) was added to CH2Cl2 (6.7 mL) at 0 °C. To the solution was added a 
solution of TFA (0.67 mL) in CH2Cl2 (6.7 mL) slowly. Then, the mixture was stirred at 0 °C for 30 
min. Next, a solution of diiodomethane (700 µL, 8.69 mmol) in CH2Cl2 (6.7 mL) was added and the 
resulting reaction mixture was stirred for an additional 20 min at 0 °C. To the resulting solution was 
added trans-2-phenylvinylboronic acid pinacol ester 75 in CH2Cl2 (6.7 mL), and the mixture was 
allowed to warm to room temperature and stirred for 12 h. Then, the mixture was quenched with 
saturated aqueous NH4Cl and extracted with CHCl3 three times. The collected organic layers were 
washed with brine, dried over MgSO4, filtered and concentrated to afford crude cyclopropylboronate 
76. The spectral data were identical with those reported in the literature. 83)  
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(2-Phenylcyclopropyl)boronic acid (77) [Scheme 43]. To a solution of the crude 
cyclopropylboronate 76 in THF/H2O (4:1, 25 mL) was added NaIO4 (1.28 g, 6.00 mmol) and stirred 
at room temperature for 15 min. Then, 1.0 M HCl aq. (5.1 mL) was added to the mixture and stirred 
for 14 h. The reaction mixture was diluted with water and extracted with EtOAc three times. The 
collected organic layers were washed with brine, dried over Na2SO4 and concentrated to afford crude 
cyclopropylboronic acid 77. The spectral data were identical with those reported in the literature. 50) 
The residue was dissolved in DMF (5.0 mL).  

 

Di-tert-butyl 1-(2-phenylcyclopropyl)hydrazine-1,2-dicarboxylate (78) [Scheme 43]. To the crude 
cyclopropylboronic acid 77 (736 mg) were added di-tert-butyl azodicarboxylate (523 mg, 2.27 mmol) 
and Cu(OAc)2 (41.0 mg, 0.23 mmol). The mixture was stirred at 80 °C for 15 h, and then cooled to 
0 °C and diluted with water and Et2O. The organic layer was collected and washed with water and 
brine. The resulting solution was dried over MgSO4, filtered and concentrated. The residue was 
purified by flash column chromatography (hexane/EtOAc) to afford di-tert-butyl 1-(2-
phenylcyclopropyl)hydrazine-1,2-dicarboxylate 78 as a yellow oil (357 mg, 24% from 75); 1H-NMR 
(400 MHz, CDCl3, mixture of rotamers) δ 7.26-7.24 (m, 2H), 7.18-7.12 (m, 3H), 6.43 (s, 0.7H), 6.16 
(s, 0.2H), 3.13 (s, 0.6H), 3.05 (s, 0.08H), 2.28 (s, 1H), 1.46 (d, J = 16.0 Hz, 18H), 1.37 (s, 0.3H), 1.19 
(s, 0.9H); 13C-NMR (100 MHz, CDCl3) δ 155.7, 140.6, 128.2, 126.5, 125.9, 81.5, 81.2, 41.0, 28.2, 
28.2, 16.3; Two carbon peak could not be detected probably due to overlapping; HRMS (ESI) m/z 
calcd for C19H28O4N2Na [M+Na]+ 371.1941, found 371.1943. 
 

N-(2-Phenyl)cyclopropylhydrazine tosylate (79) [Scheme 43]. To a solution of di-tert-butyl 1-(2-
phenylcyclopropyl)hydrazine-1,2-dicarboxylate 78 (5.75 g, 21.0 mmol) in MeCN (105 mL) was 
added p-toluenesulfonic acid (16.0 g, 84.0 mmol). The mixture was stirred at 60 °C for 1 h, and then 
cooled to room temperature, filtered with KIRIYAMA funnel to afford N-(2-phenyl)cyclopropyl 
hydrazinetosylate 79 (206 mg, 64%) as a white solid; Mp: 148 °C (decomp.); 1H-NMR (400 MHz, 
DMSO-d6) δ 9.51-8.66 (m, 2H), 7.49-7.47 (m, 2H), 7.27-7.23 (m, 2H), 7.17-7.08 (m, 5H), 2.67 (s, 
1H), 2.28 (s, 3H), 2.11 (s, 1H), 1.17-1.09 (m, 2H); 13C-NMR (100 MHz, DMSO-d6) δ 145.5, 140.5, 
137.8, 128.2, 128.2, 126.1, 125.8, 125.5, 40.4, 23.5, 20.8, 15.5; HRMS (ESI) m/z calcd for C9H13N2 
[M+H]+ 149.1073, found 149.1074. 
 

Ethyl (Z)-2-phenyl-2-(2-(2-phenylcyclopropyl)hydrazineylidene)acetate (14at) [Scheme 43]. To 
a solution of ethyl benzoylformate 70ac (114 mg, 0.640 mmol) in MeOH (6.4 mL), were added 
cyclopropylhydrazine 79 (315 mg, 0.983 mmol) and pyridine (103 µL, 1.28 mmol). The mixture was 
stirred at room temperature for 13 h, and then evaporated. The crude product was purified by flash 
column chlomatography (hexane/EtOAc) to afford cyclopropylhydrazone 14at (94 mg, 48%) as a 
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colorless oil; 1H-NMR (400 MHz, CDCl3) δ 10.80 (s, 1H), 7.56-7.53 (m, 2H), 7.35-7.24 (m, 5H), 
7.20-7.16 (m, 1H), 7.12-7.09 (m, 2H), 4.29 (q, J = 6.8 Hz, 2H), 3.25-3.21 (m, 1H), 2.32-2.27 (m, 1H), 
1.60-1.55 (m, 1H), 1.32 (t, J = 6.8 Hz, 3H), 1.29-1.26 (m, 1H); 13C-NMR (100 MHz, CDCl3) δ 163.6, 
140.8, 137.0, 128.4, 128.3, 127.8, 127.0, 126.5, 126.0, 125.9, 60.5, 41.8, 24.7, 15.4, 14.2; HRMS 
(ESI) m/z calcd for C19H21O2N2 [M+H]+ 309.1598, found 309.1598. 
 

Methyl (E)-2-(2-cyclopropylhydrazineylidene)acetate (14au) [Scheme 44]. To a solution of 
commercially available methyl 2-hydroxy-2-methoxy acetate 84 (100 mg, 0.831 mmol) in MeOH 
(3.00 mL) were added cyclopropylhydrazine 67 (346 mg, 0.831 mmol) and AcONa (136 mg, 1.66 
mmol). The mixture was stirred at room temperature for 3 h. The mixture was evaporated and 
extracted with CHCl3 three times. Then, the mixture was dried over MgSO4, filtered and evaporated. 
Methyl (E)-2-(2-cyclopropylhydrazineylidene)acetate 14au (84.2 mg, 65%) was obtained as a yellow 
oil after purification by Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 7.16 (s, 1H), 
6.75 (s, 1H), 3.82 (s, 3H), 2.49-2.46 (m, 1H), 0.87-0.82 (m, 2H), 0.65-0.61 (m, 2H); 13C-NMR (100 
MHz, CDCl3) δ 165.3, 122.5, 51.8, 26.5, 6.4; HRMS (ESI) m/z calcd for C6H11O2N2 [M+H]+ 143.0815, 
found 143.0815. 
 

General procedure for preparation of cyclopropylhydrazones [Table 6]. To a solution of α-keto 
esters in MeOH were added cyclopropylhydrazine 67 (1.0 eq.) and pyridine (2.0 eq.). The mixture 
was stirred at room temperature for several hours and then evaporated. The crude product was purified 
by column chromatography to afford cyclopropylhydrazones 14av-az, 14ba-bc, 14ca. 
 

Ethyl (E)-2-(2-cyclopropylhydrazinylidene)propanoate (14av) [Table 6, entry 1]. Following to 
the general procedure, commercially available ethyl pyruvate 81av (116 mg, 1.00 mmol), 
cyclopropylhydrazine 67 (416 mg, 1.00 mmol) and pyridine (161 µL, 2.00 mmol) were used and the 
reaction time was 9 h. 14av (150 mg, 88%) was obtained as a white solid after purification by Biotage 
Isolera® (hexane/EtOAc); Mp: 54-58 °C; 1H NMR (600 MHz, CDCl3) δ 5.92 (s, 1H), 4.31 (q, J = 5.2 
Hz, 2H), 3.09-2.87 (m, 1H), 1.91 (s, 3H), 1.36 (t, J = 5.2 Hz, 3H), 0.82-0.68 (m, 4H); 13C NMR (150 
MHz, CDCl3) δ 165.1, 132.6, 61.1, 31.3, 14.5, 10.2, 6.8; HRMS (ESI) m/z calcd for C8H15O2N2 
[M+H]+ 171.1128, found 171.1127. 
 

Methyl (E)-2-(2-cyclopropylhydrazinylidene)-3-phenylpropanoate (14aw) [Table 6, entry 2]. 
Following to the general procedure, methyl-2-oxo-3-phenylpropanoate 81aw (125 mg, 0.701 mmol), 
cyclopropylhydrazine 67 (291 mg, 0.699 mmol) and pyridine (113 µL, 1.40 mmol) were used and the 
reaction time was 4 h. 14aw (65.7 mg, 40%) was obtained as a colorless oil after purification by 
Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 7.29 (t, J = 7.2 Hz, 2H), 7.24-7.20 
(m, 1H), 7.15 (d, J = 7.2 Hz, 2H), 6.20 (s, 1H), 3.85 (s, 3H), 3.84 (s, 2H), 2.89-2.83 (m, 1H), 0.69-
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0.64 (m, 2H), 0.55-0.51 (m, 2H); 13C-NMR (100 MHz, CDCl3) δ 165.7, 135.0, 133.2, 128.9, 127.8, 
126.8, 52.4, 31.3, 30.8, 6.6; HRMS (ESI) m/z calcd for C13H17O2N2 [M+H]+ 233.1285, found 
233.1285. 
 

Ethyl (Z)-2-cyclopentyl-2-(2-cyclopropylhydrazineylidene)acetate (14ax) [Table 6, entry 3]. 
Following to the general procedure, ethyl-2-cyclopentyl-2-oxo acetate 81ax (170 mg, 1.00 mmol), 
cyclopropylhydrazine 67 (416 mg, 1.00 mmol) and pyridine (161 µL, 2.00 mmol) were used and the 
reaction time was 7 h. 14ax (110 mg, 49%) was obtained as a colorless oil after purification by Biotage 
Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 10.05 (s, 1H), 4.19 (q, J = 7.2 Hz, 2H), 2.99-
2.91 (m, 1H), 2.89-2.84 (m, 1H), 1.82-1.77 (m, 2H), 1.69-1.54 (m, 6H), 1.30 (t, J = 7.2 Hz, 3H), 0.68-
0.66 (m, 4H); 13C-NMR (100 MHz, CDCl3) δ 163.7, 129.5, 59.8, 42.6, 31.3, 31.0, 25.3, 14.2, 5.9; 
HRMS (ESI) m/z calcd for C12H21O2N2 [M+H]+ 225.1598, found 225.1599. 
 

Methyl (Z)-2-(2-cyclopropylhydrazinylidene)-2-tert-butylacetate (14ay) [Table 6, entry 4]. 
Following to the general procedure, methyl 2-oxo-2-tert-butyl acetate 81ay (132 mg, 0.915 mmol), 
cyclopropylhydrazine 67 (383 mg, 0.915 mmol) and pyridine (149 µL, 1.84 mmol) were used and the 
reaction time was 4 h. 14ay (97.3 mg, 53%) was obtained as a colorless oil after purification by 
Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 9.51 (s, 1H), 3.76 (s, 3H), 2.87-2.82 
(m, 1H), 1.18 (s, 9H), 0.69-0.64 (m, 4H); 13C-NMR (100 MHz, CDCl3) δ 164.3, 133.9, 50.6, 36.3, 
31.4, 29.0, 5.7; HRMS (ESI) m/z calcd for C10H19O2N2 [M+H]+ 199.1441, found 199.1442. 
 

(E)-3-(2-Cyclopropylhydrazineylidene)-4,4-dimethyldihydrofuran-2(3H)-one (14az) [Table 6, 
entry 5]. Following to the general procedure, commercially available 2-keto pantoyl lactone 81az 
(100 mg, 0.780 mmol), cyclopropylhydrazine 67 (325 mg, 0.780 mmol) and pyridine (126 µL, 1.56 
mmol) were used and the reaction time was 2 h. Hydrazone 14az (95.0 mg, 67%) was obtained as a 
white solid after purification by Biotage Isolera® (hexane/EtOAc); Mp: 96 °C (decomp.); 1H-NMR 
(400 MHz, CDCl3) δ 6.68 (s, 1H), 4.01 (s, 2H), 3.00-2.95 (m, 1H), 1.40 (s, 6H), 0.78-0.73 (m, 4H); 
13C-NMR (100 MHz, CDCl3) δ 167.3, 133.7, 77.6, 37.2, 31.9, 22.6, 6.8; HRMS (ESI) m/z calcd for 
C9H15O2N2 [M+H]+ 183.1128, found 183.1128. 
 

2-(2-Cyclopropylhydrazineylidene)-1,2-diphenylethan-1-one (14ba) [Table 6, entry 6]. 
Following to the general procedure, commercially available benzil 81ba (147 mg, 0.699 mmol), 
cyclopropylhydrazine 67 (291 mg, 0.699 mmol) and pyridine (113 µL, 1.40 mmol) were used and the 
reaction time was 2 h. 14ba (dr = 3.2 : 1, 62.7 mg, 24%) was obtained as a yellow oil after purification 
by Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 10.98 (s, 1H), 8.01-7.97 (m, 6H), 
7.53-7.49 (m, 12H), 7.46-7.38 (m, 10H), 7.28-7.25 (m, 10H), 7.24-7.18 (m, 2H), 6.67 (s, 3H), 3.11-
3.06 (m, 1H), 2.89-2.84 (m, 3H), 0.87-0.77 (m, 4H), 0.71-0.67 (m, 12H); 13C-NMR (100 MHz, 
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CDCl3) δ 190.7, 141.3, 138.5, 131.9, 131.2, 130.6, 130.5, 129.9, 129.3, 129.2, 129.0, 128.1, 127.9, 
127.6, 127.0, 32.3, 31.5, 6.4, 6.3; Five carbon peaks of diastereomers could not be detected probably 
due to overlapping; HRMS (ESI) (E/Z mixture) m/z calcd for C17H17ON2 [M+H]+ 265.1335, found 
265.1336. 
 

(E)-2-(2-Cyclopropylhydrazineylidene)-1-phenylpropan-1-one (14bb) [Table 6, entry 7]. 
Following to the general procedure, commercially available 1-phenyl-1,2-propanedione 81bb (104 
mg, 0.700 mmol), cyclopropylhydrazine 67 (291 mg, 0.700 mmol) and pyridine (161 µL, 1.40 mmol) 
were used and the reaction time was 10 h. 14bb (97.9 mg, 69%) was obtained as a yellow solid after 
purification by Biotage Isolera® (hexane/EtOAc); Mp: 60 °C (decomp.); 1H-NMR (400 MHz, CDCl3) 
δ 7.89 (d, J = 6.8 Hz, 2H), 7.49-7.46 (m, 1H), 7.39 (t, J = 7.2 Hz, 2H), 6.21 (s, 1H), 2.95-2.90 (m, 
1H), 1.98 (s, 3H), 0.74-0.71 (m, 4H); 13C-NMR (100 MHz, CDCl3) δ 191.4, 139.9, 137.9, 131.1, 
130.6, 127.5, 31.5, 8.8, 6.5; HRMS (ESI) m/z calcd for C12H15ON2 [M+H]+ 203.1179, found 203.1180. 
 

(1R,4S)-3-(2-Cyclopropylhydrazineylidene)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-one (14bc) 
[Table 6, entry 8]. Following to the general procedure, commercially available camphorquinone 81bc 
(166 mg, 1.00 mmol), cyclopropylhydrazine 67 (416 mg, 1.00 mmol) and pyridine (161 µL, 2.00 
mmol) were used and the reaction time was 9 h. 14bc (E/Z = 100:7, 40.6 mg, 18%) was obtained as 
a white solid after purification by Biotage Isolera® (hexane/EtOAc); Mp: 87-93 °C; 1H-NMR (400 
MHz, CDCl3) δ 5.91 (s, 1H), 2.90-2.84 (m, 1H), 2.66 (d, J = 4.4 Hz, 1H), 2.48 (d, J = 4.4 Hz, 0.07H), 
1.97-1.89 (m, 1H), 1.75-1.68 (m, 1H), 1.54-1.47 (m, 1H), 1.42-1.34 (m, 1H), 0.99 (s, 3H), 0.94 (s, 
3H), 0.89-0.91 (s, 0.19H), 0.83 (s, 3H), 0.69-0.64 (m, 4H); 13C-NMR (100 MHz, CDCl3) δ 204.1, 
203.5, 146.5, 141.7, 59.3, 57.8, 50.7, 47.7, 45.7, 45.3, 31.4, 31.1, 30.9, 30.1, 26.0, 23.6, 20.4, 18.5, 
18.1, 9.1, 8.7, 6.9, 6.7, 6.3, 6.2; One carbon peak could not be detected probably due to overlapping; 
HRMS (ESI) m/z calcd for C13H21ON2 [M+H]+ 221.1648, found 221.1648. 
 

(E)-2-(2-Cyclopropylhydrazineylidene)-2-(4-nitrophenyl)-1-(piperidin-1-yl)ethan-1-one (14ca) 
[Table 6, entry 9]. To a solution of 1-(4-nitrophenyl)-2-(piperidin-1-yl)ethane-1,2-dione 81ca (127 
mg, 0.569 mmol) in EtOH (5.70 mL), cyclopropylhydrazine 67 (237 mg, 0.569 mmol) and pyridine 
(92.0 µL, 1.14 mmol) were added. The mixture was stirred at room temperature for 12 h, then heated 
70 °C and stirred overnight. The mixture was evaporated. Hydrazone 14ca (61.4 mg, 34%) was 
obtained as a yellow solid after purification by Biotage Isolera® (hexane/EtOAc); Mp: 99 °C 
(decomp.); 1H-NMR (400 MHz, CDCl3) δ 8.19 (d, J = 9.2 Hz, 2H), 7.68 (d, J = 11.2 Hz, 2H), 6.53 (s, 
1H), 3.73 (s, 2H), 3.18 (t, J = 5.6 Hz, 2H), 2.95-2.89 (m, 1H), 1.66 (s, 4H), 1.42 (s, 2H), 0.76-0.67 
(m, 4H); 13C-NMR (100 MHz, CDCl3) δ 163.1, 146.9, 140.7, 136.9, 125.1, 124.0, 47.2, 42.2, 31.5, 
26.8, 25.7, 24.3, 6.4; HRMS (ESI) m/z calcd for C16H21O3N4 [M+H]+ 317.1608, found 317.1607. 
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Methyl-2-oxo-3-phenylpropanoate (81aw) [Table 7, entry 1]. To a solution of phenylpyruvic acid 
82aw (657 mg, 4.00 mmol) in THF (20 mL) were added DBU (657 µL, 4.40 mmol) and MeI (1.20 
mL, 20 mmol). The mixture was stirred at room temperature overnight, and then quenched with 
saturated aqueous NH4Cl. The aqueous phase was extracted with Et2O three times and the combined 
organic extracts were washed with brine, dried over MgSO4, filtered and evaporated. Methyl-2-oxo-
3-phenylpropanoate 81aw (342 mg, 48%) was obtained as a yellow oil after purification by flash 
column chlomatography (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 7.76 (d, J = 8.0 Hz, 2H), 
7.37 (t, J = 6.6 Hz, 2H), 7.29-7.25 (m, 1H), 6.53 (s, 1H), 6.45 (s, 1H), 3.92 (d, J = 1.6 Hz, 3H); 13C-
NMR (100 MHz, CDCl3) δ 166.7, 139.0, 134.0, 129.9, 128.5, 128.0, 111.2, 53.3; HRMS (ESI) m/z 
calcd for C10H11O3 [M+H]+ 179.0703, found 179.0703. 
 

Methyl 2-oxo-2-tert-butylacetate (81ay) [Table 7, entry 2]. To a solution of 3,3-dimethyl-2-
oxobutanoic acid 82ay (1.30 g, 10.0 mmol) in THF (50 mL) were added DBU (1.64 mL, 11.0 mmol) 
and MeI (3.11 mL, 50.0 mmol). The mixture was stirred at room temperature overnight, and then 
quenched with saturated aqueous NH4Cl. The aqueous phase was extracted with Et2O three times and 
the combined organic extracts were washed with brine, dried over MgSO4, filtered and evaporated. 
Methyl 2-oxo-2-tert-butylacetate 81ay (1.54 g, quant.) was obtained after purification by flash 
column chlomatography (hexane/EtOAc); The spectral data were identical with those reported in the 
literature. 84) 

 

Ethyl-2-cyclopentyl-2-oxoacetate (81ax) [Scheme 45]. To a solution of diethyloxalate (466 µL, 3.00 
mmol) in THF (5.00 mL), was added cyclopropylmagnesium bromide 83 solution in THF (3.00 mL, 
3.00 mmol). The mixture was stirred at —78 °C. Then, the mixture warmed up to —10 °C and 
quenched with saturated aqueous NH4Cl. The aqueous phase was extracted with Et2O three times and 
the combined organic extracts were dried over Na2SO4, filtered and evaporated. Ethyl-2-cyclopentyl-
2-oxo acetate 81ax (245 mg, 48%) was obtained as a colorless oil after purification by flash column 
chlomatography (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 4.36-4.30 (m, 2H), 3.54-3.46 (m, 
1H), 1.90-1.81 (m, 4H), 1.65-1.64 (m, 4H), 1.39-1.35 (m, 3H); 13C-NMR (100 MHz, CDCl3) δ 196.7, 
161.9, 62.2, 47.4, 28.3, 26.0, 14.0; HRMS (ESI) m/z calcd for C9H14O3Na [M+Na]+ 193.0835, found 
193.0837. 
 

1-(4-Nitrophenyl)-2-(piperidin-1-yl)ethane-1,2-dione (81ca) [Scheme 46]. To a solution of 4-
nitroacetophenone 84 (330 mg, 2.00 mmol) in toluene (5.0 mL) were added piperidine (218 µL, 2.20 
mmol) and CuI (38.0 mg, 0.200 mmol). The mixture was stirred at 65 °C under O2

 for 5 h. After H2O 
was added into the resulting mixture, the aqueous phase was extracted with EtOAc three times and 
the combined organic extracts were washed with brine, dried over MgSO4, filtered and evaporated. 
1-(4-nitrophenyl)-2-(piperidin-1-yl)ethane-1,2-dione 81ca (286 mg, 55%) was obtained after 
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purification by flash column chromatography (hexane/EtOAc); The spectral data were identical with 
those reported in the literature. 51) 

 

General Procedure for ring opening reaction of N-cyclopropylhydrazones [Scheme 47]. N-
cyclopropylhydrazone (1.0 eq.), Pd(OAc)2 (0.10 eq.) and MS4A were dissolved in t-AmylOH (c = 
0.10 M). The mixture was stirred at reflux for 5-28 h. Then, the mixture was cooled to room 
temperature, filtered through Celite® and evaporated. The residue was purified by PTLC to afford 
pyrazole. 
 

Methyl 2-phenyl-2-(1H-pyrazole-1yl)acetate (16ab) [Scheme 47]. Following to the general 
procedure, hydrazone 14ab (32.2 mg, 0.148 mmol), Pd(OAc)2 (3.3 mg, 0.015 mmol) and MS4A (100 
mg) were used and the reaction time was 23 h. Pyrazole 16ab (20.2 mg, 64%) was obtained as a 
yellow oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR (400 MHz, CDCl3) δ 7.57 (d, 
J = 1.6 Hz, 1H), 7.42-7.37 (m, 6H), 6.26 (t, J = 2.0 Hz, 1H), 6.23 (s, 1H), 3.80 (s, 3H); 13C-NMR (100 
MHz, CDCl3) δ 169.4, 139.9, 133.8, 129.4, 129.2, 129.2, 128.4, 106.1, 67.8, 52.9; HRMS (ESI) m/z 
calcd for C12H13O2N2 [M+H]+ 217.0972, found 217.0973. 
 

Ethyl 2-phenyl-2-(1H-pyrazole-1yl)acetate (16ac) [Scheme 47]. Following to the general 
procedure, 14ac (22.8 mg, 0.0982 mmol), Pd(OAc)2 (2.2 mg, 0.0098 mmol) and MS4A (86.0 mg) 
were used and the reaction time was 7 h. Pyrazole 16ac (12.5 mg, 55%) was obtained as a yellow 
solid after purification by PTLC (hexane/EtOAc = 3 : 1); 
Following to the general procedure, 14ac’ (21.0 mg, 0.0904 mmol), Pd(OAc)2 (2.0 mg, 0.0090 mmol) 
and MS4A (79.0 mg) were used and the reaction time was 6 h. 16ac (11.1 mg, 54%) was obtained as 
a yellow solid after purification by PTLC (hexane/EtOAc = 3 : 1); Mp: 43-47 °C; 1H-NMR (400 MHz, 
CDCl3) δ 7.57 (d, J = 2.0 Hz, 1H), 7.40-7.38 (m, 6H), 6.26 (t, J = 2.4 Hz, 1H), 6.21 (s, 1H), 4.33-4.20 
(m, 2H), 1.26 (t, J = 7.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 169.0, 139.8, 134.0, 129.3, 129.2, 
129.1, 128.4, 106.0, 67.9, 62.1, 14.0; HRMS (ESI) m/z calcd for C13H15O2N2 [M+H]+ 231.1128, found 
231.1130. 
 

Ethyl 2-(4-methoxyphenyl)-2-(1H-pyrazole-1yl)acetate (16ad) [Scheme 47]. Following to the 
general procedure, hydrazone 14ad (34.2 mg, 0.130 mmol), Pd(OAc)2 (2.9 mg, 0.013 mmol) and 
MS4A (100 mg) were used and the reaction time was 5 h. Pyrazole 16ad (15.8 mg, 47%) was obtained 
as a yellow oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR (400 MHz, CDCl3) δ 
7.57 (d, J = 1.2 Hz, 1H), 7.36-7.33 (m, 3H), 6.95-6.92 (m, 2H), 6.25 (t, J = 1.6 Hz, 1H), 6.15 (s, 1H), 
4.33-4.20 (m, 2H), 3.82 (s, 3H), 1.26 (t, J = 7.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 169.2, 160.3, 
139.8, 129.9, 129.1, 125.8, 114.5, 105.9, 67.3, 62.0, 55.3, 14.0; HRMS (ESI) m/z calcd for 
C14H17O3N2 [M+H]+ 261.1234, found 261.1232. 
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Ethyl 2-(4-methylphenyl)-2-(1H-pyrazole-1yl)acetate (16ae) [Scheme 47]. Following to the 
general procedure, hydrazone 14ae (35.4 mg, 0.140 mmol), Pd(OAc)2 (3.2 mg, 0.014 mmol) and 
MS4A (100 mg) were used and the reaction time was 24 h. Pyrazole 16ae (22.4 mg, 64%) was 
obtained as a yellow oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR (400 MHz, 
CDCl3) δ 7.57 (d, J = 1.6 Hz, 1H), 7.37 (d, J = 2.0 Hz, 1H), 7.31-7.28 (m, 2H), 7.22 (d, J = 8.4 Hz, 
2H), 6.25 (t, J = 1.6 Hz, 1H), 6.18 (s, 1H), 4.34-4.20 (m, 2H), 2.37 (s, 3H), 1.26 (t, J = 7.2 Hz, 3H); 
13C-NMR (100 MHz, CDCl3) δ 169.1, 139.8, 139.3, 130.8, 129.8, 129.1, 128.4, 105.9, 67.6, 62.0, 
21.2, 14.0; HRMS (ESI) m/z calcd for C14H17O2N2 [M+H]+ 245.1285, found 245.1284. 
 

Ethyl 2-(4-fluorophenyl)-2-(1H-pyrazole-1yl)acetate (16af) [Scheme 47]. Following to the general 
procedure, hydrazone 14af (32.0 mg, 0.128 mmol), Pd(OAc)2 (2.9 mg, 0.013 mmol) and MS4A (100 
mg) were used and the reaction time was 6 h. Pyrazole 16af (18.5 mg, 58%) was obtained as a yellow 
oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR (400 MHz, CDCl3) δ 7.58 (d, J = 
2.0 Hz, 1H), 7.42-7.37 (m, 3H), 7.13-7.08 (m, 2H), 6.29 (t, J = 2.4 Hz, 1H), 6.19 (s, 1H), 4.34-4.21 
(m, 2H), 1.27 (t, J = 7.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.8, 163.1 (d, JC-F = 249.5 Hz), 
140.0, 130.3 (d, JC-C-C-F = 8.67 Hz), 129.9 (d, JC-C-C-C-F = 2.89 Hz), 129.1, 116.2 (d, JC-C-F = 22.2 Hz), 
106.2, 67.1, 62.2, 14.0; 19F NMR (376 MHz, CDCl3) δ -111.7; HRMS (ESI) m/z calcd for 
C13H14O2N2F [M+H]+ 249.1034, found 249.1035. 
 

Ethyl 2-(4-chlorophenyl)-2-(1H-pyrazole-1yl)acetate (16ag) [Scheme 47]. Following to the 
general procedure, hydrazone 14ag (37.9 mg, 0.142 mmol), Pd(OAc)2 (3.2 mg, 0.014 mmol) and 
MS4A (100 mg) were used and the reaction time was 12 h. Pyrazole 16ag (26.9 mg, 72%) was 
obtained as a yellow oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR (400 MHz, 
CDCl3) δ 7.58 (d, J = 2.0 Hz, 1H), 7.44 (d, J = 2.4 Hz, 1H), 7.40-7.38 (m, 2H), 7.34-7.32 (m, 2H), 
6.29 (t, J = 2.4 Hz, 1H), 6.17 (s, 1H), 4.34-4.21 (m, 2H), 1.27 (t, J = 7.2 Hz, 3H); 13C-NMR (100 
MHz, CDCl3) δ 168.5, 140.0, 135.4, 132.6, 129.7, 129.3, 129.2, 106.3, 67.1, 62.3, 14.0; HRMS (ESI) 
m/z calcd for C13H14O2N2

35Cl [M+H]+ 265.0738, found 265.0738, C13H14O2N2
37Cl [M+H]+ 267.0709, 

found 267.0708. 
 

Ethyl 2-(4-bromophenyl)-2-(1H-pyrazole-1yl)acetate (16ah) [Scheme 47]. Following to the 
general procedure, hydrazone 14ah (40.6 mg, 0.130 mmol), Pd(OAc)2 (2.9 mg, 0.013 mmol) and 
MS4A (100 mg) were used and the reaction time was 24 h. Pyrazole 16ah (3.5 mg, 9%) was obtained 
as a yellow oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR (400 MHz, CDCl3) δ 
7.56-7.52 (m, 3H), 7.43 (d, J = 2.8 Hz, 1H), 7.26-7.24 (m, 2H), 6.28 (t, J = 2.0 Hz, 1H), 6.14 (s, 1H), 
4.33-4.20 (m, 2H), 1.26 (t, J = 6.8 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.5, 140.0, 133.1, 132.3, 
129.9, 129.2, 123.6, 106.3, 67.2, 62.3, 14.0; HRMS (ESI) m/z calcd for C13H14O2N2

79Br [M+H]+ 
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309.0233, found 309.0232, C13H14O2N2
81Br [M+H]+ 311.0213, found 311.0211. 

 

Methyl 2-(4-methoxycarbonylphenyl)-2-(1H-pyrazole-1yl)acetate (16ai) [Scheme 47]. Following 
to the general procedure, hydrazone 14ai (26.6 mg, 0.0962 mmol), Pd(OAc)2 (2.3 mg, 0.010 mmol) 
and MS4A (82.0 mg) were used and the reaction time was 24 h. Pyrazole 16ai (15.9 mg, 60%) was 
obtained as a colorless oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR (400 MHz, 
CDCl3) δ 8.09-8.07 (m, 2H), 7.59 (s, 1H), 7.47-7.44 (m, 3H), 6.31 (d, J = 0.8 Hz, 1H), 6.29 (s, 1H), 
3.93 (s, 3H), 3.83 (t, J = 0.8 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.8, 166.3, 140.1, 138.7, 
131.0, 130.3, 129.4, 128.3, 106.5, 67.4, 53.1, 52.3; HRMS (ESI) m/z calcd for C14H15O4N2 [M+H]+ 
275.1026, found 275.1025. 
 

Ethyl 2-(4-cyanophenyl)-2-(1H-pyrazole-1yl)acetate (16aj) [Scheme 47]. Following to the general 
procedure, hydrazone 14aj (42.6 mg, 0.165 mmol), Pd(OAc)2 (3.7 mg, 0.017 mmol) and MS4A (100 
mg) were used and the reaction time was 24 h. Pyrazole 16aj (15.6 mg, 37%) was obtained as a yellow 
oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR (400 MHz, CDCl3) δ 7.70 (d, J = 
8.0 Hz, 2H), 7.60 (d, J = 2.0 Hz, 1H), 7.56 (d, J = 2.4 Hz, 1H), 7.47 (d, J = 8.0 Hz, 2H), 6.35 (t, J = 
2.4 Hz, 1H), 6.25 (s, 1H), 4.37-4.25 (m, 2H), 1.29 (t, J = 7.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3) 
δ 167.7, 140.3, 139.5, 132.7, 129.5, 128.8, 118.1, 113.1, 106.8, 67.2, 62.6, 14.0; HRMS (ESI) m/z 
calcd for C14H14O2N3 [M+H]+ 256.1081, found 256.1081. 
 

Methyl 2-(2-methylphenyl)-2-(1H-pyrazole-1yl)acetate (16ak) [Scheme 47]. Following to the 
general procedure, hydrazone 14ak (20.2 mg, 0.0873 mmol), Pd(OAc)2 (2.0 mg, 0.0089 mmol) and 
MS4A (74.0 mg) were used and the reaction time was 18 h. Pyrazole 16ak (11.7 mg, 58%) was 
obtained as a white solid after purification by PTLC (hexane/EtOAc = 7 : 3); Mp: 80-82 °C; 1H-NMR 
(400 MHz, CDCl3) δ 7.57 (t, J = 1.2 Hz, 1H), 7.34-7.23 (m, 4H), 7.17 (d, J = 2.4 Hz, 1H), 6.43 (s, 
1H), 6.23 (t, J = 2.4 Hz, 1H), 3.80 (s, 3H), 2.24 (s, 3H); 13C-NMR (100 MHz, CDCl3) δ 170.1, 139.9, 
138.0, 132.0, 131.3, 129.5, 129.1, 127.6, 126.6, 106.0, 65.0, 52.8, 19.1; HRMS (ESI) m/z calcd for 
C13H15O2N2 [M+H]+ 231.1128, found 231.1126. 
 

Methyl 2-(2-methoxyphenyl)-2-(1H-pyrazole-1yl)acetate (16al) [Scheme 47]. Following to the 
general procedure, 14al (16.7 mg, 0.0673 mmol), Pd(OAc)2 (1.5 mg, 0.0067 mmol) and MS4A (60.0 
mg) were used and the reaction time was 9 h. 16al (10.0 mg, 60%) was obtained as a yellow oil after 
purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR (400 MHz, CDCl3) δ 7.57 (d, J = 1.6 Hz, 
1H), 7.41-7.36 (m, 2H), 7.29-7.26 (m, 1H), 7.02-6.94 (m, 2H), 6.53 (s, 1H), 6.26 (t, J = 2.0 Hz, 1H), 
3.84 (s, 3H), 3.78 (s, 3H); 13C-NMR (100 MHz, CDCl3) δ 170.0, 157.0, 139.7, 130.7, 129.5, 129.2, 
122.9, 121.0, 111.2, 105.8, 62.6, 55.7, 52.8; HRMS (ESI) m/z calcd for C13H15O3N2 [M+H]+ 247.1077, 
found 247.1075. 
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Methyl 2-(3-methylphenyl)-2-(1H-pyrazole-1yl)acetate (16am) [Scheme 47]. Following to the 
general procedure, hydrazone 14am (26.8 mg, 0.115 mmol), Pd(OAc)2 (2.6 mg, 0.012 mmol) and 
MS4A (98.0 mg) were used and the reaction time was 9 h. Pyrazole 16am (10.3 mg, 39%) was 
obtained as a yellow oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR (400 MHz, 
CDCl3) δ 7.58 (d, J = 2.0 Hz, 1H), 7.39 (d, J = 2.4 Hz, 1H), 7.33-7.29 (m, 1H), 7.21 (t, J = 8.0 Hz, 
3H), 6.27 (t, J = 2.4 Hz, 1H), 6.20 (s, 1H), 3.81 (s, 3H), 2.37 (s, 3H); 13C-NMR (100 MHz, CDCl3) δ 
169.6, 139.9, 139.1, 133.5, 130.2, 129.2, 129.1, 129.1, 125.4, 106.0, 67.8, 52.9, 21.4; HRMS (ESI) 
m/z calcd for C13H15O2N2 [M+H]+ 231.1128, found 231.1128. 
 

Methyl 2-(3-methoxyphenyl)-2-(1H-pyrazole-1yl)acetate (16an) [Scheme 47]. Following to the 
general procedure, hydrazone 14an (26.3 mg, 0.110 mmol), Pd(OAc)2 (2.4 mg, 0.011 mmol) and 
MS4A (95.0 mg) were used and the reaction time was 6 h. Pyrazole 16an (16.1 mg, 62%) was 
obtained as a yellow oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR (400 MHz, 
CDCl3) δ 7.58 (d, J = 1.2 Hz, 1H), 7.43 (d, J = 2.0 Hz, 1H), 7.33 (t, J = 8.4 Hz, 1H), 6.99-6.92 (m, 
3H), 6.28 (t, J = 2.0 Hz, 1H), 6.20 (s, 1H), 3.81 (s, 1H), 3.80 (s, 1H); 13C-NMR (100 MHz, CDCl3) δ 
169.3, 160.1, 139.9, 135.1, 130.2, 129.3, 120.5, 114.8, 114.2, 106.1, 67.7, 55.3, 52.9; HRMS (ESI) 
m/z calcd for C13H15O3N2 [M+H]+ 247.1077, found 247.1076. 
 

Methyl 2-(3-cyanophenyl)-2-(1H-pyrazole-1yl)acetate (16ao) [Scheme 47]. Following to the 
general procedure, hydrazone 14ao (48.0 mg, 0.200 mmol), Pd(OAc)2 (4.5 mg, 0.020 mmol) and 
MS4A (168 mg) were used and the reaction time was 24 h. Pyrazole 16ao (32.1 mg, 68%) was 
obtained as a yellow solid after purification by PTLC (hexane/EtOAc = 7 : 3); Mp: 101-103 °C; 1H-
NMR (400 MHz, CDCl3) δ 7.70-7.51 (m, 6H), 6.35 (d, J = 2.0 Hz, 1H), 6.23 (s, 1H), 3.85 (s, 3H); 
13C-NMR (100 MHz, CDCl3) δ 168.2, 140.5, 136.1, 132.7, 132.4, 131.6, 129.9, 129.4, 118.0, 113.4, 
106.9, 66.8, 53.3; HRMS (ESI) m/z calcd for C13H12O2N3 [M+H]+ 242.0924, found 242.0922. 
 

Methyl 2-(3,4-methylenedioxyphenyl)-2-(1H-pyrazole-1yl)acetate (16ap) [Scheme 47]. N-
cyclopropylhydrazone 14ap (33.8 mg, 0.129 mmol), Pd(OAc)2 (2.9 mg, 0.013 mmol) and MS4A (110 
mg) were dissolved in t-AmylOH (1.29 mL). The mixture was stirred at reflux for 19 h. Then the 
mixture was transferred to sealed tube and stirred at 150 °C for 9 h. After the same work-up as general 
procedure, pyrazole 16ap (11.0 mg, 33%) was obtained as a yellow solid after purification by PTLC 
(hexane/EtOAc = 7 : 3); Mp: 49- 52 °C; 1H-NMR (400 MHz, CDCl3) δ 7.58 (d, J = 1.6 Hz, 1H), 7.42 
(d, J = 2.4 Hz, 1H), 6.90-6.88 (m, 2H), 6.84-6.82 (m, 1H), 6.28 (t, J = 2.4 Hz, 1H), 6.12 (s, 1H), 6.00 
(s, 2H), 3.80 (s, 3H); 13C-NMR (100 MHz, CDCl3) δ 169.5, 148.5, 148.3, 140.0, 129.1, 127.2, 122.5, 
108.8, 108.7, 106.0, 101.6, 67.4, 52.9; HRMS (ESI) m/z calcd for C13H12O4N2Na [M+Na]+ 283.0689, 
found 283.0687. 
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Methyl 2-(1H-pyrazole-1yl)-2-(thiophen-2-yl)acetate (16aq) [Scheme 47]. Following to the 
general procedure, hydrazone 14aq (25.5 mg, 0.114 mmol), Pd(OAc)2 (2.5 mg, 0.011 mmol) and 
MS4A (97.0 mg) were used and the reaction time was 18 h. Pyrazole 16aq (18.8 mg, 74%) was 
obtained as a yellow solid after purification by PTLC (hexane/EtOAc = 7 : 3); Mp: 41-45 °C; 1H-
NMR (400 MHz, CDCl3) δ 7.58 (d, J = 1.6 Hz, 1H), 7.51 (d, J = 2.4 Hz, 1H), 7.40 (dd, J = 5.2, 0.8 
Hz 1H), 7.19-7.18 (m, 1H), 7.04 (dd, J = 5.2, 3.6 Hz, 1H), 6.44 (s, 1H), 6.30 (t, J = 2.0 Hz, 1H), 3.83 
(s, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.6, 140.1, 135.1, 129.0, 128.5, 127.7, 127.1, 106.3, 62.9, 
53.2; HRMS (ESI) m/z calcd for C10H11O2N2S [M+H]+ 223.0536, found 223.0533. 
 

Ethyl 2-(benzofuran-3-yl)-2-(1H-pyrazole-1yl)acetate (16ar) [Scheme 47]. Following to the 
general procedure, hydrazone 14ar (26.1 mg, 0.0958 mmol), Pd(OAc)2 (2.2 mg, 0.010 mmol) and 
MS4A (86.0 mg) were used and the reaction time was 10 h. Pyrazole 16ar (15.5 mg, 60%) was 
obtained as a yellow solid after purification by PTLC (hexane/EtOAc = 7 : 3); Mp: 49-52 °C; 1H-
NMR (400 MHz, CDCl3) δ 7.81 (s, 1H), 7.61 (d, J = 2.0 Hz, 1H), 7.54-7.51 (m, 1H), 7.45 (d, J = 2.0 
Hz, 1H), 7.39-7.32 (m, 2H), 7.26-7.21 (m, 1H), 6.42 (d, J = 1.2 Hz, 1H), 6.27 (t, J = 2.0 Hz, 1H), 
4.36-4.24 (m, 2H), 1.28 (t, J = 7.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.2, 155.4, 144.3, 140.0, 
129.2, 125.7, 125.3, 123.4, 120.0, 114.5, 111.8, 106.3, 62.4, 59.7, 14.0; HRMS (ESI) m/z calcd for 
C15H15O3N2 [M+H]+ 271.1077, found 271.1075. 
 

Methyl 2-(naphthalen-1-yl)-2-(1H-pyrazole-1yl)acetate (16as) [Scheme 47]. Following to the 
general procedure, hydrazone 14as (24.7 mg, 0.0921 mmol), Pd(OAc)2 (2.1 mg, 0.0092 mmol) and 
MS4A (77.0 mg) were used and the reaction time was 10 h. Pyrazole 16as (15.3 mg, 62%) was 
obtained as a yellow solid after purification by PTLC (hexane/EtOAc = 7 : 3); Mp: 81-86 °C; 1H-
NMR (400 MHz, CDCl3) δ 7.94-7.87 (m, 3H), 7.61 (d, J = 2.0 Hz, 1H), 7.53-7.47 (m, 4H), 7.16 (d, 
J = 2.4 Hz, 1H), 7.02 (s, 1H), 6.19 (t, J = 2.0 Hz, 1H), 3.85 (s, 3H); 13C-NMR (100 MHz, CDCl3) δ 
170.1, 140.1, 134.0, 131.5, 130.5, 129.4, 128.9, 127.5, 126.4, 126.1, 125.1, 122.7, 106.1, 64.9, 52.9; 
HRMS (ESI) m/z calcd for C16H15O2N2 [M+H]+ 267.1128, found 267.1130. 
 

Methyl 2-phenyl-2-(5-phenyl-1H-pyrazole-1yl)acetate (16at) [Scheme 47]. N-
cyclopropylhydrazone 14at (30.2 mg, 0.0980 mmol), Pd(OAc)2 (2.2 mg, 0.0098 mmol) and MS4A 
(87.0 mg) were dissolved in t-AmylOH (980 µL). After the mixture was stirred at 140 °C in a sealed 
tube for 21 h, Pd(OAc)2 (2.2 mg, 0.0098 mmol) was added and stirred for 4 h. Then, the mixture was 
cooled to room temperature, filtered through Celite® and evaporated. The residue was purified by 
PTLC (Hexane/EtOAc = 7 : 3) to afford pyrazole 16at as a yellow oil (11.4 mg, 38%); 1H-NMR (400 
MHz, CDCl3) δ 7.65 (s, 1H), 7.44 (t, J = 2.0 Hz, 3H), 7.35 (s, 7H), 6.33 (s, 1H), 6.02 (s, 1H), 4.22 (q, 
J = 7.6 Hz, 2H), 1.20 (t, J = 7.6 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.6, 144.6, 139.8, 135.1, 
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130.4, 129.2, 128.9, 128.8, 128.7, 128.5, 106.4, 64.6, 62.0, 14.0; One carbon peak could not be 
detected probably due to overlapping; HRMS (ESI) m/z calcd for C19H19O2N2 [M+H]+ 307.1441, 
found 307.1439. 
 

General procedure for ring opening reaction of N-cyclopropylhydrazones [Scheme 48]. N-
cyclopropylhydrazone (1.0 eq.), Pd(OAc)2 (0.10 eq.) and MS4A were dissolved in t-AmylOH (c = 
0.10 M). The mixture was stirred at reflux for 5-32 h. Then the mixture was cooled to room 
temperature, filtered through Celite® and evaporated. The residue was purified by PTLC to afford 
pyrazole. 
 

Methyl 2-(1H-pyrazol-1-yl)acetate (16au) [Scheme 48]. Following to the general procedure, 
hydrazone 14au (12.0 mg, 0.0844 mmol), Pd(OAc)2 (1.9 mg, 0.0085 mmol) and MS4A (100 mg) 
were used and the reaction time was 32 h. Pyrazole 16au (4.1 mg, 35%) was obtained as a brown oil 
after purification by PTLC (hexane/EtOAc = 1 : 1); 1H-NMR (400 MHz, CDCl3) δ 7.57 (d, J = 2.0 
Hz, 1H), 7.48 (d, J = 2.4 Hz, 1H), 6.34 (t, J = 2.0 Hz, 1H), 4.95 (s, 2H), 3.78 (s, 3H); 13C-NMR (100 
MHz, CDCl3) δ 168.3, 140.2, 130.6, 106.6, 52.9, 52.7; HRMS (ESI) m/z calcd for C6H9O2N2 [M+H]+ 
141.0659, found 141.0658. 
 

Ethyl 2-(1H-pyrazol-1-yl)propanoate (16av) [Scheme 48]. Following to the general procedure, 
hydrazone 14av (20.0 mg, 0.117 mmol), Pd(OAc)2 (2.6 mg, 0.012 mmol) and MS4A (100 mg) were 
used and the reaction time was 8 h. Pyrazole 16av (15.3 mg, 78%) was obtained as a brown oil after 
purification of silica gel short column (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 7.55 (d, J = 
0.8 Hz, 2H), 6.32 (t, J = 0.8 Hz, 1H), 5.11 (q, J = 7.2 Hz, 1H), 4.23-4.17 (m, 2H), 1.81-1.79 (m, 3H), 
1.27-1.23 (m, 3H); 13C-NMR (100 MHz, CDCl3) δ 170.6, 139.5, 128.1, 106.0, 61.7, 59.5, 17.5, 14.0; 
HRMS (ESI) m/z calcd for C8H13O2N2 [M+H]+ 169.0972, found 169.0970. 
 

Methyl 3-phenyl-2-(1H-pyrazol-1-yl)propanoate (16aw) [Scheme 48]. Following to the general 
procedure, hydrazone 14aw (23.7 mg, 0.102 mmol), Pd(OAc)2 (2.3 mg, 0.010 mmol) and MS4A (83.0 
mg) were used and the reaction time was 5 h. Pyrazole 16aw (10.3 mg, 44%) was obtained as a yellow 
oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR (400 MHz, CDCl3) δ 7.55 (d, J = 
2.0 Hz, 1H), 7.38 (d, J = 2.4 Hz, 1H), 7.25-7.19 (m, 3H), 7.02 (dd, J = 7.6, 2.0 Hz, 2H), 6.23 (t, J = 
2.4 Hz, 1H), 5.15 (t, J = 7.2 Hz, 1H), 3.73 (s, 3H), 3.49 (d, J = 7.6 Hz, 2H); 13C-NMR (100 MHz, 
CDCl3) δ 169.8, 139.8, 136.1, 129.5, 128.9, 128.5, 127.0, 105.9, 65.6, 52.7, 38.2; HRMS (ESI) m/z 
calcd for C13H15O2N2 [M+H]+ 231.1126, found 231.1128. 
 

Ethyl 2-cyclopentyl-2-(1H-pyrazol-1-yl)acetate (16ax) [Scheme 48]. Following to the general 
procedure, hydrazone 14ax (24.3 mg, 0.109 mmol), Pd(OAc)2 (2.4 mg, 0.011 mmol) and MS4A (93.0 
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mg) were used and the reaction time was 12 h. Pyrazole 16ax (16.5 mg, 68%) was obtained as a 
colorless oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR (400 MHz, CDCl3) δ 7.64 
(d, J = 2.0 Hz, 1H), 7.50 (d, J = 1.2 Hz, 1H), 6.31 (t, J = 1.6 Hz, 1H), 4.73 (d, J = 11.2 Hz, 1H), 4.26-
4.13 (m, 2H), 2.77-2.67 (m, 1H), 1.89-1.81 (m, 1H), 1.75-1.51 (m, 6H), 1.45-1.35 (m, 1H), 1.26 (t, J 
= 7.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 170.0, 139.0, 128.3, 106.1, 69.0, 61.5, 42.7, 29.6, 29.6, 
25.3, 24.8, 14.1; HRMS (ESI) m/z calcd for C12H19O2N2 [M+H]+ 223.1441, found 223.1442. 
 

Methyl 3,3-dimethyl-2-(1H-pyrazol-1-yl)butanoate (16ay) [Scheme 48]. N-cyclopropylhydrazone 
14ay (21.0 mg, 0.106 mmol), Pd(OAc)2 (2.4 mg, 0.011 mmol) and MS4A (91.0 mg) were dissolved 
in t-AmylOH (1.06 mL). After the mixture was stirred at 130 °C in a sealed tube for 13 h, Pd(OAc)2 
(2.4 mg, 0.011 mmol) was added and stirred for 11 h. After the same work-up as general procedure, 
pyrazole 16ay (3.8 mg, 18%) was obtained as a colorless oil after purification by PTLC 
(Hexane/EtOAc = 7 : 3); 1H-NMR (400 MHz, CDCl3) δ 7.86 (d, J = 2.4 Hz, 1H), 7.49 (d, J = 2.0 Hz, 
1H), 6.30 (t, J = 2.0 Hz, 1H), 4.94 (s, 1H), 3.75 (s, 3H), 1.02 (s, 9H); 13C-NMR (100 MHz, CDCl3) δ 
169.6, 138.4, 129.7, 105.8, 73.0, 52.0, 36.0, 26.9; HRMS (ESI) m/z calcd for C10H17O2N2 [M+H]+ 
197.1284, found 197.1285. 
 

4,4-Dimethyl-3-(1H-pyrazol-1-yl)dihydrofuran-2(3H)-one (16az) [Scheme 48]. Following to the 
general procedure, hydrazone 14az (32.1 mg, 0.175 mmol), Pd(OAc)2 (3.9 mg, 0.017 mmol) and 
MS4A (100 mg) were used and the reaction time was 13 h. Pyrazole 16az (27.0 mg, 86%) was 
obtained as a white solid after purification by PTLC (hexane/EtOAc = 7 : 3); Mp: 78-81 °C; 1H-NMR 
(400 MHz, CDCl3) δ 7.59 (d, J = 1.2 Hz, 1H), 7.54 (d, J = 1.6 Hz, 1H), 6.33 (t, J = 2.0 Hz, 1H), 4.90 
(s, 1H), 4.25 (d, J = 8.8 Hz, 1H), 4.12 (d, J = 9.2 Hz, 1H), 1.35 (s, 3H), 0.80 (s, 3H); 13C-NMR (100 
MHz, CDCl3) δ 171.9, 140.6, 130.2, 106.0, 69.0, 41.9, 24.3, 20.0; HRMS (ESI) m/z calcd for 
C9H13O2N2 [M+H]+ 181.0972, found 181.0970. 
 

1,2-Diphenyl-2-(1H-pyrazol-1-yl)ethan-1-one (16ba) [Scheme 48]. Following to the general 
procedure, hydrazone 14ba (17.9 mg, 0.0680 mmol), Pd(OAc)2 (1.5 mg, 0.0067 mmol) and MS4A 
(60.0 mg) were used and the reaction time was 17 h. Pyrazole 16ba (6.8 mg, 38%) was obtained as a 
yellow solid after purification by PTLC (hexane/EtOAc = 7 : 3); Mp: 95-98 °C; 1H-NMR (400 MHz, 
CDCl3) δ 7.97-7.94 (m, 2H), 7.59-7.52 (m, 2H), 7.44-7.38 (m, 8H), 7.22 (s, 1H), 6.30 (t, J = 2.0 Hz, 
1H); 13C-NMR (100 MHz, CDCl3) δ 193.6, 139.6, 134.7, 134.1, 133.8, 129.8, 129.5, 129.4, 129.1, 
128.9, 128.8, 106.0, 70.1; HRMS (ESI) m/z calcd for C17H15ON2 [M+H]+ 263.1179, found 263.1178. 
 

 

1-Phenyl-2-(1H-pyrazol-1-yl)propan-1-one (16bb) [Scheme 48]. Following to the general 
procedure, hydrazone 14bb (26.9 mg, 0.134 mmol), Pd(OAc)2 (3.0 mg, 0.013 mmol) and MS4A (118 
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mg) were used and the reaction time was 7 h. Pyrazole 16bb (11.8 mg, 44%) was obtained as a brown 
solid after purification by PTLC (hexane/EtOAc = 7 : 3); Mp: 79 °C (decomp); 1H-NMR (400 MHz, 
CDCl3) δ 7.97 (d, J = 8.4 Hz, 2H), 7.58-7.52 (m, 3H), 7.44 (t, J = 7.8 Hz, 2H), 6.29 (s, 1H), 6.08 (q, 
J = 7.2 Hz, 1H), 1.76 (d, J = 7.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 195.6, 139.4, 134.6, 133.8, 
128.8, 128.7, 127.9, 106.4, 60.9, 18.0; HRMS (ESI) m/z calcd for C12H13ON2 [M+H]+ 201.1022, 
found 201.1023. 
 

(1R,4S)-1,7,7-Trimethyl-3-(1H-pyrazol-1-yl)bicyclo[2.2.1]heptan-2-one (16bc) [Scheme 48]. 
Following to the general procedure, hydrazone 14bc (19.1 mg, 0.0867 mmol), Pd(OAc)2 (2.0 mg, 
0.0089 mmol) and MS4A (74.0 mg) were used and the reaction time was 5 h. Pyrazole 16bc (11.3 
mg, 59%) was obtained as a yellow oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR 
(400 MHz, CDCl3) δ 7.56 (s, 1H), 7.44 (d, J = 2.4 Hz, 1H), 6.27-6.26 (m, 1H), 5.01 (d, J = 4.4 Hz, 
1H), 2.63 (t, J = 4.4 Hz, 1H), 1.85-1.49 (m, 4H), 1.07 (s, 3H), 1.04 (s, 3H), 1.03 (s, 3H); 13C-NMR 
(100 MHz, CDCl3) δ 212.4, 139.9, 129.1, 105.3, 67.4, 59.2, 49.5, 43.9, 30.8, 19.8, 19.7, 19.1, 9.5; 
HRMS (ESI) m/z calcd for C13H19ON2 [M+H]+ 219.1492, found 219.1490. 
 

2-(4-Nitrophenyl)-1-(piperidin-1-yl)-2-(1H-pyrazol-1-yl)ethan-1-one (16ca) [Scheme 48]. 
Following to the general procedure, hydrazone 14ca (26.5 mg, 0.0838 mmol), Pd(OAc)2 (1.9 mg, 
0.0084 mmol) and MS4A (75 mg) were used and the reaction time was 9 h. Pyrazole 16ca (14.3 mg, 
54%) was obtained as a yellow solid after purification by PTLC (hexane/EtOAc = 7 : 3); Mp: 93-
98 °C; 1H-NMR (400 MHz, CDCl3) δ 8.25-8.21 (m, 2H), 7.58 (d, J = 1.2 Hz, 1H), 7.54 (d, J = 2.8 
Hz, 1H), 7.44-7.42 (m, 2H), 6.64 (s, 1H), 6.34 (t, J = 2.4 Hz, 1H), 3.71-3.58 (m, 2H), 3.45-3.29 (m, 
2H), 1.64-1.54 (m, 4H), 1.36-1.25 (m, 2H); 13C-NMR (100 MHz, CDCl3) δ 164.7, 148.0, 142.7, 140.0, 
129.7, 129.0, 124.1, 106.9, 64.9, 47.0, 43.8, 26.1, 25.4, 24.2; HRMS (ESI) m/z calcd for C16H19O3N4 
[M+H]+315.1452, found 315.1450. 
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第 6節 第 2章第 3節ࡢ実験 

 

Ethyl 2-(((E)-allylidene)hydrazineylidene)-2-phenylacetate (15ac) and ethyl 2-phenyl-2-(1H-
pyrazol-1-yl)acetate (16ac) [Scheme 50]. N-cyclopropylhydrazone 14ac (23.6 mg, 0.102 mmol), 
Pd(OAc)2 (2.3 mg, 0.010 mmol) and MS4A (92.0 mg) were dissolved in t-AmylOH (1.0 mL). The 
mixture was stirred at reflux under air for 30 min. After cooled to room temperature, the mixture was 
filtered through Celite® and evaporated. The residue was analyzed by 1H NMR (CDCl3) using 
triphenyl methane (21.5 mg, 0.0880 mmol) as internal standard. The azine 15ac was calculated as 
22% NMR yield, pyrazole 16ac as 4% and N-cyclopropylhydrazone 14ac as 43%.  

 

N-cyclopropylhydrazone 14ac (26.5 mg, 0.114 mmol), Pd(OAc)2 (2.6 mg, 0.012 mmol) and MS4A 
(100 mg) were dissolved in t-AmylOH (1.1 mL). The mixture was stirred at reflux under air for 1 h. 
After cooled to room temperature, the mixture was filtered through Celite® and evaporated. The 
residue was analyzed by 1H NMR (CDCl3) using triphenyl methane (22.1mg, 0.0904 mmol) as 
internal standard. The azine 15ac was calculated as 26% NMR yield, pyrazole 16ac as 19% and N-
cyclopropylhydrazone 14ac as 17%. 
 

N-cyclopropylhydrazone 14ac (26.1 mg, 0.112 mmol), Pd(OAc)2 (2.5 mg, 0.011 mmol) and MS4A 
(100 mg) were dissolved in t-AmylOH (1.1 mL). The mixture was stirred at reflux under air for 2 h. 
After cooled to room temperature, the mixture was filtered through Celite® and evaporated. The 
residue was analyzed by 1H NMR (CDCl3) using triphenyl methane (23.0 mg, 0.0941 mmol) as 
internal standard. The azine 15ac was calculated as 15% NMR yield, pyrazole 16ac as 42% and N-
cyclopropylhydrazone 14ac as 2%. 
 

N-cyclopropylhydrazone 14ac (26.6 mg, 0.115 mmol), Pd(OAc)2 (2.6 mg, 0.012 mmol) and MS4A 
(100 mg) were dissolved in t-AmylOH (1.2 mL). The mixture was stirred at reflux under air for 17 h. 
After cooled to room temperature, the mixture was filtered through Celite® and evaporated. The 
residue was analyzed by 1H NMR (CDCl3) using triphenyl methane (24.0 mg, 0.0982 mmol) as 
internal standard. The pyrazole 16ac as 44% NMR yield. 
 

Methyl 2-phenyl-2-(1H-pyrazol-1-yl)acetate (16ab) [Scheme 58]. N-Cyclopropylhydrazone 14ab 
(25.9 mg, 0.120 mmol) and Pd(OAc)2 (2.6 mg, 0.012 mmol) were dissolved in t-AmylOH (1.2 mL). 
The mixture was stirred at reflux under Ar for 15 h. After cooled to room temperature, the mixture 
was filtered through Celite® and evaporated. The residue was analyzed by 1H NMR (CDCl3) using 
triphenyl methane as internal standard. The pyrazole 16ab was calculated as 34% NMR yield. 
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Methyl 2-phenyl-2-(1H-pyrazol-1-yl)acetate (16ab) [Scheme 58]. N-Cyclopropylhydrazone 14ab 
(26.1 mg, 0.120 mmol) and Pd(OAc)2 (2.6 mg, 0.012 mmol) were dissolved in t-AmylOH (1.2 mL). 
The mixture was stirred at reflux under air for 15 h. After cooled to room temperature, the mixture 
was filtered through Celite® and evaporated. The residue was analyzed by 1H NMR (CDCl3) using 
triphenyl methane as internal standard. The pyrazole 16ab was calculated as 60% NMR yield. 
 

Ethyl 2-hydrazineylidene-2-phenylacetate (85) [Scheme 59, eq. 1]. To a solution of hydrazine 
monohydrate (600 µL, 10.0 mmol) in H2O/AcOH = 1 : 1 (800 µL), ethylbenzoylformate 70ac (795 
µL, 5.00 mmol) was added dropwise. The mixture was stirred at room temperature overnight. The 
resulting mixture was diluted with water and extracted with EtOAc three times. The collected organic 
layers were washed with brine, dried over MgSO4 and concentrated to afford crude ethyl 
phenylglyoxylate hydrazone 85. The spectral data were identical with those reported in the 
literature. 85)  

 

Ethyl 2-((allylidene)hydrazineylidene)-2-phenylacetate (15ac) [Scheme 59, eq. 1]. To a solution 
of crude hydrazone 85 in Et2O (5.0 mL) were added acrolein (67.0 µL, 1.00 mmol) and AcOH (20 
µL). The mixture was stirred at room temperature for 4 h, and then evaporated. Azine 15ac (66.0 mg, 
29%, from 70ac) was obtained as a yellow oil after purification with flash column chromatography 
(hexane/EtOAc = 7 : 3); 1H-NMR (400 MHz, CDCl3) δ 8.23 (d, J = 9.6 Hz, 1H), 7.80-7.78 (m, 2H), 
7.55-7.42 (m, 4H), 6.71-6.61 (m, 1H), 5.89-5.85 (m, 2H), 4.46 (q, J = 7.2 Hz, 2H), 1.40 (t, J = 7.2 
Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 165.6, 164.3, 161.7, 134.3, 131.6, 131.5, 129.4, 128.8, 127.5, 
61.6, 14.3; HRMS (ESI) m/z calcd for C13H15O2N2 [M+H]+ 231.1128, found 231.1127. 
 

Ethyl 2-phenyl-2-(1H-pyrazol-1-yl)acetate (16ac) [Scheme 59, eq. 2]. Azine 15ac (24.8 mg, 0.108 
mmol) and Pd(OAc)2 (2.4 mg, 0.011 mmol), MS4A (92.0 mg) were dissolved in t-AmylOH (1.1 mL). 
The mixture was stirred at reflux under air for 8 h. After cooled to room temperature, the mixture was 
filtered through Celite® and evaporated. The residue was purified by PTLC (hexane/EtOAc = 7 : 3) 
to afford pyrazole 16ac (17.8 mg, 72%). 
 

Ethyl 2-phenyl-2-(1H-pyrazol-1-yl)acetate (16ac) [Scheme 59, eq. 3]. Azine 15ac (27.2 mg, 0.118 
mmol) and MS4A (100 mg) were dissolved in t-AmylOH (1.2 mL). The mixture was stirred at reflux 
under air for 7 h. After cooled to room temperature, the mixture was filtered through Celite® and 
evaporated. The residue was purified by PTLC (hexane/EtOAc = 7 : 3) to afford pyrazole 16ac (21.1 
mg, 78%). 
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DFT calculations [Scheme 52]. 
The molecular geometries for each transition states were first estimated with the Reaction plus 
software package, based on the nudged elastic band method, 86) and were subsequently re-optimized 
using the Gaussian 16 software package. 87) Once the stationary points were obtained at M06/6-
31g+(d,p)/Lanl2DZ level, 88–90) the harmonic vibrational frequencies were calculated at the same level 
to estimate the Gibbs free energy. The nature of the stationary points was characterized via vibrational 
analysis. All of the Gibbs free energy values reported in this paper were calculated for a temperature 
of 298.15 K. The transition structure reported was optimized without constraints and the intrinsic 
reaction coordinate (IRC) route was calculated in both directions toward the corresponding minima 
for each transition-state structure. The IRC calculation failed to reach the energy minima on the 
potential energy surface for the transition states, and we therefore carried out geometry optimizations 
as a continuation of the IRC path. For each optimized structure (potential energy minimum or 
transition state computed at M06/6-31g+(d,p)/Lanl2DZ level of theory), additional single-point 
energy calculations were performed at M06/6-31g+(d,p)/Lanl2DZ (PhCl or benzonitrile) level of 
theory. 91) The 3D optimized structural figures in this paper were displayed by the CYLview 
visualization program. 92) 
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X 

 

Calculation Method = RM06 

Formula = C9H14N2O4Pd 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -887.78168 Hartree 

RMS Gradient Norm = 1.0837e-05 Hartree/Bohr 
Imaginary Freq = 0 

Dipole Moment = 2.1913874 Debye 

Polarizability (?) = 170.13133 a.u. 
Point Group = C1 

Molecular Mass = 319.99884 amu 

Job cpu time:       0 days  0 hours 23 minutes 20.0 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 0 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -887.78168 Hartree 

Zero-point Energy Correction = 0.232184 Hartree 

Thermal Correction to Energy = 0.250628 Hartree 

Thermal Correction to Enthalpy = 0.251572 Hartree 

Thermal Correction to Free Energy = 0.184001 Hartree 

EE + Zero-point Energy = -887.54949 Hartree 

EE + Thermal Energy Correction = -887.53105 Hartree 
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EE + Thermal Enthalpy Correction = -887.5301 Hartree 

EE + Thermal Free Energy Correction = -887.59767 Hartree 

E (Thermal) = 157.271 kcal/mol 
Heat Capacity (Cv) = 64.289 cal/mol-kelvin 

Entropy (S) = 142.215 cal/mol-kelvin 

 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -887.79633 Hartree 

 

0 1 

 C                 -1.39369000    3.25818400    0.57803100 

 H                 -1.14675300    3.08587200    1.62143600 

 H                 -2.03096200    4.11602300    0.39061400 

 C                 -1.63310900    1.99191300   -0.26784600 

 H                 -1.82717600    1.13480600    0.44008900 

 H                 -2.37382300    2.04312200   -1.05898100 

 C                 -0.38022200    2.87092500   -0.43111700 

 H                 -0.37259400    3.45132700   -1.35137800 

 N                  0.96134200    2.47829200   -0.05875200 

 N                  1.12748900    1.19959100   -0.06061700 

 C                  2.33111900    0.59815000    0.15676300 

 C                  3.55633900    1.39789300    0.40755900 

 H                  3.44577800    2.01547000    1.30865300 

 H                  3.75158900    2.08785400   -0.42419500 

 H                  4.41668400    0.73615700    0.53224400 

 C                  2.24565400   -0.80040200    0.06592900 

 O                 -1.85767300   -1.47722100   -0.49081300 

 O                  3.37558700   -1.51301400    0.22436200 

 C                  3.28609200   -2.96555200    0.12422600 

 H                  2.93146300   -3.25278800   -0.86813200 

 H                  4.30208700   -3.31516100    0.29637200 

 H                  2.60001300   -3.35293600    0.88066200 

 Pd                -0.41511700   -0.07256500   -0.26413300 

 O                  1.13790300   -1.44486700   -0.17257200 

 C                 -2.93392800   -1.33228200    0.26639700 

 O                 -3.11441800   -0.35634700    1.03160200 
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 C                 -3.92442000   -2.45370500    0.13201300 

 H                 -4.82278300   -2.22358500    0.70713300 

 H                 -3.47747200   -3.38335300    0.50020300 

 H                 -4.17665700   -2.60916800   -0.92136200 

 

 

TS of X to G 

Calculation Method = RM06 

Formula = C9H14N2O4Pd 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -887.74231 Hartree 

RMS Gradient Norm = 4.685e-06 Hartree/Bohr 
Imaginary Freq = 1 

Dipole Moment = 1.5120655 Debye 

Polarizability (?) = 167.351 a.u. 
Point Group = C1 

Molecular Mass = 319.99884 amu 

Job cpu time:       0 days  0 hours 22 minutes 53.7 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 1 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -887.74231 Hartree 

Zero-point Energy Correction = 0.227197 Hartree 

Thermal Correction to Energy = 0.245043 Hartree 
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Thermal Correction to Enthalpy = 0.245988 Hartree 

Thermal Correction to Free Energy = 0.179848 Hartree 

EE + Zero-point Energy = -887.51512 Hartree 

EE + Thermal Energy Correction = -887.49727 Hartree 

EE + Thermal Enthalpy Correction = -887.49632 Hartree 

EE + Thermal Free Energy Correction = -887.56246 Hartree 

E (Thermal) = 153.767 kcal/mol 
Heat Capacity (Cv) = 63.537 cal/mol-kelvin 

Entropy (S) = 139.203 cal/mol-kelvin 

 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -887.75533 Hartree 

 

0 1 

 C                  1.62368000   -2.59764400    0.76307800 

 H                  1.47767600   -1.99724900    1.65804800 

 H                  2.36499700   -3.38641500    0.85933200 

 C                  1.54322800   -1.82645000   -0.55688800 

 H                  2.12478400   -0.62372400   -0.45712900 

 H                  2.11362500   -2.17056800   -1.42085000 

 C                  0.44285400   -2.84580800   -0.11683100 

 H                  0.46013400   -3.77991700   -0.67260300 

 N                 -0.90640700   -2.46891600    0.20541100 

 N                 -1.14028000   -1.21298600    0.00289900 

 C                 -2.33817300   -0.60346100    0.20093700 

 C                 -3.53492400   -1.38125900    0.60955000 

 H                 -3.36995100   -1.87969000    1.57448600 

 H                 -3.75603400   -2.17178600   -0.11956200 

 H                 -4.40053400   -0.72009900    0.69301600 

 C                 -2.25264700    0.79308400    0.02969300 

 O                  2.42223900    0.73481200   -0.66188800 

 O                 -3.38236300    1.50571000    0.21408800 

 C                 -3.30363100    2.95159300    0.05915400 

 H                 -2.98460600    3.20554800   -0.95441500 

 H                 -4.31438900    3.30543100    0.25323600 

 H                 -2.59450700    3.36965200    0.77733400 
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 Pd                 0.38024300   -0.02673500   -0.45779300 

 O                 -1.16013600    1.41756700   -0.28031500 

 C                  2.91381000    1.29285300    0.47907800 

 O                  2.64677900    0.85918500    1.60440400 

 C                  3.80942900    2.46103200    0.20423000 

 H                  4.19966100    2.85805900    1.14260800 

 H                  3.24765900    3.23666300   -0.32684900 

 H                  4.63319800    2.15536300   -0.44866000 

 

 

G 

Calculation Method = RM06 

Formula = C9H14N2O4Pd 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -887.7949 Hartree 

RMS Gradient Norm = 2.579e-06 Hartree/Bohr 
Imaginary Freq = 0 

Dipole Moment = 2.2356329 Debye 

Polarizability (?) = 159.36867 a.u. 
Point Group = C1 

Molecular Mass = 319.99884 amu 

Job cpu time:       0 days  0 hours 23 minutes 38.6 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 0 

Temperature = 298.15 Kelvin 
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Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -887.7949 Hartree 

Zero-point Energy Correction = 0.233266 Hartree 

Thermal Correction to Energy = 0.251315 Hartree 

Thermal Correction to Enthalpy = 0.25226 Hartree 

Thermal Correction to Free Energy = 0.185593 Hartree 

EE + Zero-point Energy = -887.56163 Hartree 

EE + Thermal Energy Correction = -887.54358 Hartree 

EE + Thermal Enthalpy Correction = -887.54264 Hartree 

EE + Thermal Free Energy Correction = -887.60931 Hartree 

E (Thermal) = 157.703 kcal/mol 
Heat Capacity (Cv) = 64.505 cal/mol-kelvin 

Entropy (S) = 140.312 cal/mol-kelvin 

 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -887.80721 Hartree 

 

 

0 1 

 C                  0.10497700    3.28615100    0.90114600 

 H                  0.41474800    2.75965600    1.80084700 

 H                 -0.22610700    4.30819600    1.07499700 

 C                 -0.50600300    2.49941400   -0.23436900 

 H                 -3.09505100    0.90432900    0.65033200 

 H                 -1.29986400    2.95317600   -0.82890400 

 C                  0.92630900    3.00863300   -0.35750700 

 H                  1.15661300    3.85111500   -1.00143700 

 N                  1.98656600    2.04529900   -0.30778900 

 N                  1.52302100    0.84085100   -0.17257200 

 C                  2.32722600   -0.25517800   -0.05226000 

 C                  3.80556600   -0.09920300   -0.07964100 

 H                  4.14087000    0.57679700    0.71872500 

 H                  4.13541600    0.35251700   -1.02529800 

 H                  4.29137000   -1.06954100    0.04224500 

 C                  1.62429300   -1.46705100    0.07964600 
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 O                 -2.59692400    0.21805100    0.16356600 

 O                  2.39091000   -2.59067400    0.15292700 

 C                  1.70954000   -3.85656000    0.33236000 

 H                  1.06040400   -4.06843300   -0.52173500 

 H                  2.50626000   -4.59576600    0.40245100 

 H                  1.10873800   -3.84428300    1.24581200 

 Pd                -0.44903700    0.49418300   -0.04246600 

 O                  0.33952400   -1.58288200    0.14469800 

 C                 -3.36126000   -0.94737300   -0.02428500 

 O                 -4.49359700   -0.99168700    0.42749500 

 C                 -2.62153700   -1.97275800   -0.79314000 

 H                 -3.25011600   -2.85627500   -0.90675000 

 H                 -1.67585200   -2.22875700   -0.29659800 

 H                 -2.35281800   -1.57711400   -1.77991600 

 

 

TS of G to Y 

Calculation Method = RM06 

Formula = C9H14N2O4Pd 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -887.75283 Hartree 

RMS Gradient Norm = 3.079e-06 Hartree/Bohr 
Imaginary Freq = 1 

Dipole Moment = 1.2492467 Debye 

Polarizability (?) = 151.41867 a.u. 
Point Group = C1 

Molecular Mass = 319.99884 amu 

Job cpu time:       0 days  0 hours 21 minutes 57.8 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 1 
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Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -887.75283 Hartree 

Zero-point Energy Correction = 0.227816 Hartree 

Thermal Correction to Energy = 0.245466 Hartree 

Thermal Correction to Enthalpy = 0.246411 Hartree 

Thermal Correction to Free Energy = 0.181762 Hartree 

EE + Zero-point Energy = -887.52502 Hartree 

EE + Thermal Energy Correction = -887.50737 Hartree 

EE + Thermal Enthalpy Correction = -887.50642 Hartree 

EE + Thermal Free Energy Correction = -887.57107 Hartree 

E (Thermal) = 154.033 kcal/mol 
Heat Capacity (Cv) = 63.106 cal/mol-kelvin 

Entropy (S) = 136.065 cal/mol-kelvin 

 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -887.76644 Hartree 

 

0 1 

 C                  2.96950300   -0.64925600    0.84725200 

 H                  2.41423400    0.03363200    1.48716400 

 H                  4.03601100   -0.69153300    1.05636800 

 C                  2.48147200   -0.88702500   -0.54143200 

 H                 -0.65761000    0.32110700    1.25476200 

 H                  3.20260300   -1.03602500   -1.34543400 

 C                  2.25124300   -1.97371000    0.52040200 

 H                  2.81966100   -2.89569000    0.55293800 

 N                  0.92733600   -2.07198600    1.05556700 

 N                  0.10887200   -1.36783500    0.38043800 

 C                 -1.13176100   -0.90036700    0.93475800 

 C                 -1.68932200   -1.64068100    2.11853600 

 H                 -0.93091800   -1.71110900    2.90374600 

 H                 -1.99651300   -2.66053900    1.85284600 

 H                 -2.56065500   -1.10979100    2.51012400 

 C                 -2.00478600   -0.44399100   -0.15071600 
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 O                 -0.16045700    1.51408500    1.46146100 

 O                 -3.32229700   -0.50642300    0.11963500 

 C                 -4.23235600    0.10766200   -0.84235200 

 H                 -4.15336500   -0.39959300   -1.80637300 

 H                 -5.22231500   -0.02005900   -0.40945300 

 H                 -3.98603700    1.16468600   -0.96745700 

 Pd                 0.73019700   -0.07577600   -1.06614100 

 O                 -1.57865100    0.09142300   -1.20811500 

 C                  0.43320700    2.36577700    0.67250300 

 O                  0.93972100    2.12115300   -0.47097600 

 C                  0.51917600    3.76809100    1.21018000 

 H                 -0.49125900    4.16501900    1.35603300 

 H                  1.07413700    4.40801700    0.52288600 

 H                  1.00471700    3.75539700    2.19147400 

 

 

Y 

Calculation Method = RM06 

Formula = C9H14N2O4Pd 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -887.79844 Hartree 

RMS Gradient Norm = 5.099e-06 Hartree/Bohr 
Imaginary Freq = 0 

Dipole Moment = 8.3631561 Debye 

Polarizability (?) = 153.37267 a.u. 
Point Group = C1 

Molecular Mass = 319.99884 amu 

Job cpu time:       0 days  0 hours 19 minutes 10.4 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 0 

Temperature = 298.15 Kelvin 
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Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -887.79844 Hartree 

Zero-point Energy Correction = 0.233387 Hartree 

Thermal Correction to Energy = 0.251501 Hartree 

Thermal Correction to Enthalpy = 0.252445 Hartree 

Thermal Correction to Free Energy = 0.184618 Hartree 

EE + Zero-point Energy = -887.56505 Hartree 

EE + Thermal Energy Correction = -887.54694 Hartree 

EE + Thermal Enthalpy Correction = -887.54599 Hartree 

EE + Thermal Free Energy Correction = -887.61382 Hartree 

E (Thermal) = 157.819 kcal/mol 
Heat Capacity (Cv) = 63.63 cal/mol-kelvin 

Entropy (S) = 142.755 cal/mol-kelvin 

 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -887.81686 Hartree 

 

0 1 

 C                 -1.32995000    2.45515100    1.27936800 

 H                 -0.77907600    2.03187300    2.11558900 

 H                 -2.09425400    3.17403800    1.56664600 

 C                 -1.50369200    1.66741000    0.02996600 

 H                  3.04048300    1.24948500    0.74696800 

 H                 -2.43223200    1.67865700   -0.53156300 

 C                 -0.50273400    2.82792700    0.02655000 

 H                 -0.70561900    3.78509000   -0.43851800 

 N                  0.87976500    2.48970600    0.00166400 

 N                  1.06814100    1.23035600   -0.01452900 

 C                  2.47325600    0.77413800   -0.06399500 

 C                  3.09139400    1.14035500   -1.41777500 

 H                  3.05882800    2.22671100   -1.53905100 

 H                  2.51754700    0.67650600   -2.22848200 

 H                  4.12829300    0.79675000   -1.46409100 

 C                  2.48012100   -0.71976300    0.13784600 

 O                 -3.80857800   -0.09334000   -0.50079300 
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 O                  3.73345600   -1.18027400    0.29923800 

 C                  3.90385200   -2.62374600    0.47372600 

 H                  3.52578500   -3.14969800   -0.40565000 

 H                  4.97571200   -2.76507100    0.59103400 

 H                  3.35831600   -2.95520700    1.35989800 

 Pd                -0.48510000   -0.05760900    0.01699000 

 O                  1.48719700   -1.46171100    0.13362400 

 C                 -3.27910500   -1.18868300   -0.23233400 

 O                 -1.99594800   -1.38192900    0.03620200 

 C                 -4.07635600   -2.47023200   -0.18365800 

 H                 -3.97179000   -2.93572100    0.80198300 

 H                 -3.68463900   -3.17923900   -0.92079100 

 H                 -5.12783600   -2.26190000   -0.38978200 

 

 

TS of Y to Z 

Calculation Method = RM06 

Formula = C9H14N2O4Pd 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -887.74807 Hartree 

RMS Gradient Norm = 1.21e-06 Hartree/Bohr 
Imaginary Freq = 1 

Dipole Moment = 3.5163017 Debye 

Polarizability (?) = 165.46 a.u. 
Point Group = C1 

Molecular Mass = 319.99884 amu 

Job cpu time:       0 days  0 hours 22 minutes 25.3 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 1 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 
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Frequencies scaled by = 1 

Electronic Energy (EE) = -887.74807 Hartree 

Zero-point Energy Correction = 0.229215 Hartree 

Thermal Correction to Energy = 0.247756 Hartree 

Thermal Correction to Enthalpy = 0.2487 Hartree 

Thermal Correction to Free Energy = 0.179023 Hartree 

EE + Zero-point Energy = -887.51885 Hartree 

EE + Thermal Energy Correction = -887.50031 Hartree 

EE + Thermal Enthalpy Correction = -887.49937 Hartree 

EE + Thermal Free Energy Correction = -887.56904 Hartree 

E (Thermal) = 155.469 kcal/mol 
Heat Capacity (Cv) = 64.244 cal/mol-kelvin 

Entropy (S) = 146.647 cal/mol-kelvin 

 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -887.76401 Hartree 

 

0 1 

 C                  0.75081100    2.98226400   -0.72367900 

 H                  1.26366800    2.60775500   -1.60902000 

 H                  0.20680600    3.91967600   -0.85104700 

 C                  0.73206700    2.27716200    0.51396100 

 H                  1.40611900    2.38407900    1.37126100 

 H                 -1.14740400   -1.76314800   -0.31194900 

 C                 -0.76926900    2.41568000    0.61644600 

 H                 -1.26779800    3.35672900    0.81702000 

 N                 -1.50971200    1.31810600    0.50787600 

 N                 -0.89311500    0.23138900    0.12185500 

 C                 -1.58691700   -1.04423000    0.39121000 

 C                 -1.35917000   -1.48065800    1.82993000 

 H                 -0.28500000   -1.58154400    2.02262600 

 H                 -1.84343300   -2.44395700    2.01681700 

 H                 -1.79034900   -0.74238700    2.51494000 

 C                 -3.06389100   -0.91108400    0.07392100 

 O                 -3.98154900   -1.09084100    0.86960700 

 O                 -3.25643400   -0.59857800   -1.23417600 
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 C                 -4.63472500   -0.40881000   -1.66220800 

 H                 -4.57217700   -0.17113700   -2.72226000 

 H                 -5.09078400    0.41041700   -1.10029000 

 H                 -5.21072200   -1.32299900   -1.49624000 

 Pd                 1.10535400    0.29041700    0.05640000 

 O                  3.24700500    0.11400800   -0.16378800 

 C                  3.17342200   -1.17677500   -0.32290900 

 O                  2.01792600   -1.74650500   -0.27296800 

 C                  4.41105200   -1.95964400   -0.58914600 

 H                  4.67207500   -1.88206000   -1.65133200 

 H                  4.25158400   -3.01213200   -0.34639300 

 H                  5.24508300   -1.55304600   -0.01121000 

 

 

Z 

Calculation Method = RM06 

Formula = C9H14N2O4Pd 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -887.8072 Hartree 

RMS Gradient Norm = 3.581e-06 Hartree/Bohr 
Imaginary Freq = 0 

Dipole Moment = 2.4575257 Debye 

Polarizability (?) = 161.44167 a.u. 
Point Group = C1 

Molecular Mass = 319.99884 amu 

Job cpu time:       0 days  0 hours 20 minutes 18.3 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 0 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 
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Frequencies scaled by = 1 

Electronic Energy (EE) = -887.8072 Hartree 

Zero-point Energy Correction = 0.231918 Hartree 

Thermal Correction to Energy = 0.250728 Hartree 

Thermal Correction to Enthalpy = 0.251672 Hartree 

Thermal Correction to Free Energy = 0.182309 Hartree 

EE + Zero-point Energy = -887.57528 Hartree 

EE + Thermal Energy Correction = -887.55647 Hartree 

EE + Thermal Enthalpy Correction = -887.55552 Hartree 

EE + Thermal Free Energy Correction = -887.62489 Hartree 

E (Thermal) = 157.334 kcal/mol 
Heat Capacity (Cv) = 65.258 cal/mol-kelvin 

Entropy (S) = 145.987 cal/mol-kelvin 

 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Charge = 0 

Spin = Singlet 
Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -887.82237 Hartree 

 

0 1 

 C                  1.39599200    2.52865100   -0.86117800 

 H                  2.48179300    2.57120400   -0.92293600 

 H                  0.84200800    2.59491200   -1.79560200 

 C                  0.74352800    2.58002400    0.35512000 

 H                  1.32218200    2.71302200    1.27276000 

 H                 -0.96007900   -1.61095400    0.09816900 

 C                 -0.74251500    2.65822600    0.45143600 

 H                 -1.23529700    3.61334900    0.59712800 

 N                 -1.47157600    1.59601500    0.35703000 

 N                 -0.87857700    0.44133100   -0.01182400 

 C                 -1.47451300   -0.77223800    0.58393600 

 C                 -1.31859200   -0.83403300    2.09378000 

 H                 -0.25431400   -0.81947900    2.35616500 

 H                 -1.76553800   -1.74969800    2.49359000 

 H                 -1.82442400    0.01919500    2.55909700 

 C                 -2.93900200   -0.83034300    0.18031900 
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 O                 -3.88476100   -0.86977600    0.96375900 

 O                 -3.08649800   -0.87220500   -1.16849900 

 C                 -4.45209000   -0.89864500   -1.67067800 

 H                 -4.35471100   -0.92633800   -2.75417600 

 H                 -4.98748200   -0.00264400   -1.34590100 

 H                 -4.97531900   -1.78361900   -1.29857300 

 Pd                 1.12930500    0.41492200   -0.10205300 

 O                  3.23915600   -0.33151400   -0.31391400 

 C                  2.79708500   -1.52681300   -0.12963800 

 O                  1.51431800   -1.68855500    0.06117400 

 C                  3.69479000   -2.70924700   -0.14571500 

 H                  3.48878500   -3.31509500   -1.03538600 

 H                  3.50100200   -3.33786600    0.72874900 

 H                  4.73860700   -2.39091700   -0.15953300 

 

 

TS of Z to AA 

Calculation Method = RM06 

Formula = C9H14N2O4Pd 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -887.7798 Hartree 

RMS Gradient Norm = 8.375e-06 Hartree/Bohr 
Imaginary Freq = 1 

Dipole Moment = 4.2448469 Debye 

Polarizability (?) = 163.79933 a.u. 
Point Group = C1 

Molecular Mass = 319.99884 amu 

Job cpu time:       0 days  0 hours 26 minutes  9.3 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 1 
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Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -887.7798 Hartree 

Zero-point Energy Correction = 0.225962 Hartree 

Thermal Correction to Energy = 0.244582 Hartree 

Thermal Correction to Enthalpy = 0.245527 Hartree 

Thermal Correction to Free Energy = 0.177354 Hartree 

EE + Zero-point Energy = -887.55384 Hartree 

EE + Thermal Energy Correction = -887.53522 Hartree 

EE + Thermal Enthalpy Correction = -887.53428 Hartree 

EE + Thermal Free Energy Correction = -887.60245 Hartree 

E (Thermal) = 153.478 kcal/mol 
Heat Capacity (Cv) = 64.804 cal/mol-kelvin 

Entropy (S) = 143.481 cal/mol-kelvin 

 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -887.79501 Hartree 

 

0 1 

 C                 -0.13338400    1.95272500   -1.42000300 

 H                  0.49707300    2.31849100   -2.22817800 

 H                 -0.79897600    1.12300700   -1.66730100 

 C                 -0.40128500    2.76876800   -0.30497100 

 H                 -0.03751100    3.79493800   -0.29036800 

 H                  0.09336700   -1.31992800   -0.04302500 

 C                 -1.49024100    2.44252500    0.61090100 

 H                 -2.21624300    3.19030900    0.91292900 

 N                 -1.65452000    1.23685100    1.06630600 

 N                 -0.63696700    0.38198100    1.08990700 

 C                 -0.83503200   -0.98404000    0.83036000 

 C                 -0.39388400   -1.87781800    1.98105200 

 H                  0.58384700   -1.54369900    2.34677200 

 H                 -0.31438600   -2.91263300    1.63565000 

 H                 -1.11469900   -1.83612200    2.80605700 

 C                 -2.08604600   -1.39039000    0.15063100 
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 O                 -2.75585100   -2.38821600    0.41821500 

 O                 -2.38633100   -0.56347500   -0.90578700 

 C                 -3.59027500   -0.89248700   -1.65246400 

 H                 -3.66533000   -0.13069300   -2.42662200 

 H                 -4.46138400   -0.86864400   -0.99269900 

 H                 -3.49984100   -1.89011600   -2.08986000 

 Pd                 1.13431900    1.15635700    0.10358500 

 O                  2.62141800   -0.42601700   -0.06047300 

 C                  2.26936400   -1.58891300   -0.46383800 

 O                  1.04382800   -1.92481200   -0.71793400 

 C                  3.31489900   -2.64316500   -0.66008300 

 H                  3.20107800   -3.09508400   -1.65026800 

 H                  3.17302600   -3.44142200    0.07714100 

 H                  4.31248700   -2.21571900   -0.55029800 

 

 

AA containing Pd 

Calculation Method = RM06 

Formula = C9H14N2O4Pd 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -887.81479 Hartree 

RMS Gradient Norm = 8.16e-06 Hartree/Bohr 
Imaginary Freq = 0 

Dipole Moment = 2.8441742 Debye 

Polarizability (?) = 158.77767 a.u. 
Point Group = C1 

Molecular Mass = 319.99884 amu 

Job cpu time:       0 days  0 hours 24 minutes 23.0 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 0 

Temperature = 298.15 Kelvin 
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Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -887.81479 Hartree 

Zero-point Energy Correction = 0.231184 Hartree 

Thermal Correction to Energy = 0.250709 Hartree 

Thermal Correction to Enthalpy = 0.251653 Hartree 

Thermal Correction to Free Energy = 0.179842 Hartree 

EE + Zero-point Energy = -887.5836 Hartree 

EE + Thermal Energy Correction = -887.56408 Hartree 

EE + Thermal Enthalpy Correction = -887.56313 Hartree 

EE + Thermal Free Energy Correction = -887.63494 Hartree 

E (Thermal) = 157.322 kcal/mol 
Heat Capacity (Cv) = 66.478 cal/mol-kelvin 

Entropy (S) = 151.14 cal/mol-kelvin 

 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -887.82831 Hartree 

 

0 1 

 C                 -0.23829800   -1.60680700    1.42524800 

 H                  0.26062800   -1.94428900    2.33177900 

 H                 -0.90438900   -0.75225500    1.54537100 

 C                 -0.43315100   -2.50422200    0.36225800 

 H                 -0.07043800   -3.52639600    0.47045800 

 H                  1.40944500    0.70573000    1.33947700 

 C                 -1.43639100   -2.31302400   -0.68466600 

 H                 -1.99853400   -3.18023100   -1.02381500 

 N                 -1.74297600   -1.20304300   -1.27758000 

 N                 -0.95951300   -0.11318300   -1.19708800 

 C                 -1.33036300    1.07179200   -0.81441400 

 C                 -0.41700500    2.22295900   -1.08778400 

 H                  0.46195700    1.86258100   -1.63043800 

 H                 -0.10145800    2.71426000   -0.15754300 

 H                 -0.92838800    2.98501900   -1.68830300 

 C                 -2.58652100    1.39572900   -0.10973200 

 O                 -3.03738200    2.54077300   -0.00094400 
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 O                 -3.19027600    0.30936300    0.45293500 

 C                 -4.46008200    0.54915100    1.12162000 

 H                 -4.77264600   -0.42463100    1.49335100 

 H                 -5.18698700    0.95125600    0.41129200 

 H                 -4.32737500    1.26290700    1.93907600 

 Pd                 1.26591400   -1.16061300   -0.05920000 

 O                  2.93701600    0.32536900   -0.40345800 

 C                  2.91138500    1.35077000    0.30476300 

 O                  2.01442300    1.50295900    1.29989600 

 C                  3.81701500    2.51323700    0.13759300 

 H                  4.26506200    2.78566800    1.09755200 

 H                  3.23699500    3.37765000   -0.20661300 

 H                  4.59171600    2.27929100   -0.59251100 

 

 

AA without Pd 

Calculation Method = 6-31g+(d,p)/ Lanl2DZ 

Formula = C7H10N2O2 

Basis Set = 6-31+G(d,p) 
Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -532.33693 Hartree 

RMS Gradient Norm = 2.1995e-05 Hartree/Bohr 
Imaginary Freq = 0 

Dipole Moment = 2.4582131 Debye 

Polarizability (?) = 111.21333 a.u. 
Point Group = C1 

Molecular Mass = 154.07423 amu 

Job cpu time:       0 days  0 hours 41 minutes 40.6 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 0 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -532.33693 Hartree 
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Zero-point Energy Correction = 0.165952 Hartree 

Thermal Correction to Energy = 0.178043 Hartree 

Thermal Correction to Enthalpy = 0.178987 Hartree 

Thermal Correction to Free Energy = 0.126916 Hartree 

EE + Zero-point Energy = -532.17098 Hartree 

EE + Thermal Energy Correction = -532.15889 Hartree 

EE + Thermal Enthalpy Correction = -532.15794 Hartree 

EE + Thermal Free Energy Correction = -532.21001 Hartree 

E (Thermal) = 111.724 kcal/mol 
Heat Capacity (Cv) = 42.069 cal/mol-kelvin 

Entropy (S) = 109.595 cal/mol-kelvin 

 

Opt Tab Data Section: 
Step number = 1 

Maximum force = 3.9e-05 Converged 

RMS force = 1.2e-05 Converged 

Maximum displacement = 0.001532 Converged 

RMS displacement = 0.000337 Converged 

Predicted energy change = -3.728526e-08 Hartree 

 

Basis Set = 6-31+G(d,p) 
Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -532.34408 Hartree 

 

0 1 

 C                 -1.96735300   -1.75352200    0.88658300 

 H                 -2.20485300   -2.58110200    1.55051200 

 H                 -0.93070000   -1.64006700    0.58288900 

 C                 -2.94549300   -0.94649300    0.44928200 

 H                 -3.96494400   -1.13519700    0.78763700 

 C                 -2.83029900    0.16488800   -0.49010700 

 H                 -3.76341200    0.62869300   -0.81230300 

 N                 -1.77850300    0.69269700   -1.00765200 

 N                 -0.56892200    0.17649600   -0.77971400 

 C                  0.25643500    0.85641000   -0.06590300 

 C                 -0.08408800    2.13395300    0.62206900 

 H                 -0.63457600    2.78316600   -0.07011600 
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 H                  0.81459400    2.63670300    0.98337600 

 H                 -0.74914400    1.94514200    1.47527200 

 C                  1.64173900    0.31876200    0.08473400 

 O                  2.53682300    0.94527100    0.61082800 

 O                  1.78399400   -0.91901200   -0.39777200 

 C                  3.09999300   -1.46047300   -0.29661300 

 H                  3.04396000   -2.45937100   -0.72977800 

 H                  3.41609900   -1.51131000    0.74975000 

 H                  3.81281300   -0.84223000   -0.85040500 

 

 

TS of AA to AC 

Calculation Method = RM06 

Formula = C7H10N2O2 

Basis Set = 6-31+G(d,p) 
Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -532.30381 Hartree 

RMS Gradient Norm = 8.272e-06 Hartree/Bohr 
Imaginary Freq = 1 

Dipole Moment = 3.1603977 Debye 

Polarizability (?) = 120.82133 a.u. 
Point Group = C1 

Molecular Mass = 154.07423 amu 

Job cpu time:       0 days  0 hours 32 minutes 13.4 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 1 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -532.30381 Hartree 

Zero-point Energy Correction = 0.165385 Hartree 

Thermal Correction to Energy = 0.176443 Hartree 
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Thermal Correction to Enthalpy = 0.177388 Hartree 

Thermal Correction to Free Energy = 0.128113 Hartree 

EE + Zero-point Energy = -532.13843 Hartree 

EE + Thermal Energy Correction = -532.12737 Hartree 

EE + Thermal Enthalpy Correction = -532.12642 Hartree 

EE + Thermal Free Energy Correction = -532.1757 Hartree 

E (Thermal) = 110.72 kcal/mol 
Heat Capacity (Cv) = 39.569 cal/mol-kelvin 

Entropy (S) = 103.707 cal/mol-kelvin 

 

Basis Set = 6-31+G(d,p) 
Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -532.31074 Hartree 

 

0 1 

 C                  1.36565900   -1.47777100   -0.59554500 

 H                  0.83727400   -2.40111600   -0.35427700 

 H                  0.98299500   -0.98660300   -1.48599800 

 C                  2.70175600   -1.30216700   -0.21001500 

 H                  3.33571100   -2.13093400    0.09557400 

 C                  2.99751000   -0.01300600    0.21704200 

 H                  3.98186300    0.31501100    0.54059200 

 N                  1.98597800    0.82650900    0.45951800 

 N                  0.81321600    0.25936800    0.25099800 

 C                 -0.24861200    0.97443600    0.00723600 

 C                 -0.17082900    2.43869200   -0.26050000 

 H                  0.17178100    2.97542200    0.63311400 

 H                 -1.14743200    2.82547800   -0.55788000 

 H                  0.56770600    2.64161500   -1.04557900 

 C                 -1.56614900    0.31620100    0.00857000 

 O                 -2.61164300    0.91124300   -0.16126600 

 O                 -1.50585900   -1.01658800    0.19662800 

 C                 -2.76951200   -1.67673300    0.21089000 

 H                 -2.55297000   -2.73335000    0.37353700 

 H                 -3.29240000   -1.53361600   -0.73965700 

 H                 -3.39780400   -1.28819500    1.01800200 

 



144 

 

 

AC 

Calculation Method = RM06 

Formula = C7H10N2O2 

Basis Set = 6-31+G(d,p) 
Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -532.33931 Hartree 

RMS Gradient Norm = 8.033e-06 Hartree/Bohr 
Imaginary Freq = 0 

Dipole Moment = 3.8677899 Debye 

Polarizability (?) = 120.143 a.u. 
Point Group = C1 

Molecular Mass = 154.07423 amu 

Job cpu time:       0 days  0 hours 39 minutes 27.2 seconds. 
 

 

Thermo Tab Data Section: 
Imaginary Freq = 0 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -532.33931 Hartree 

Zero-point Energy Correction = 0.168121 Hartree 

Thermal Correction to Energy = 0.178846 Hartree 

Thermal Correction to Enthalpy = 0.17979 Hartree 

Thermal Correction to Free Energy = 0.131803 Hartree 

EE + Zero-point Energy = -532.17119 Hartree 

EE + Thermal Energy Correction = -532.16046 Hartree 

EE + Thermal Enthalpy Correction = -532.15952 Hartree 

EE + Thermal Free Energy Correction = -532.2075 Hartree 

E (Thermal) = 112.228 kcal/mol 
Heat Capacity (Cv) = 39.607 cal/mol-kelvin 
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Entropy (S) = 100.997 cal/mol-kelvin 

 

Basis Set = 6-31+G(d,p) 
Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -532.34663 Hartree 

 

0 1 

 C                 -1.08322300   -1.28660600   -0.00001900 

 H                 -0.57260600   -1.69287800   -0.87996500 

 H                 -0.57298400   -1.69268400    0.88027300 

 C                 -2.55814300   -1.44122800   -0.00019200 

 H                 -3.07976900   -2.38791100   -0.00029600 

 C                 -3.06996600   -0.19602300    0.00008400 

 H                 -4.11070200    0.10533600    0.00006800 

 N                 -2.11957200    0.80785800    0.00014500 

 N                 -0.94062300    0.20251200    0.00003800 

 C                  0.18679700    0.92665800    0.00000900 

 C                  0.03308000    2.40178400   -0.00005000 

 H                 -0.54291300    2.73245100   -0.87491500 

 H                  1.01588400    2.87483600   -0.00056900 

 H                 -0.54184200    2.73268000    0.87545600 

 C                  1.52258200    0.35505800   -0.00006900 

 O                  2.53876500    1.02663000   -0.00008300 

 O                  1.56126600   -1.00258900   -0.00008200 

 C                  2.87417300   -1.56068800    0.00014000 

 H                  2.73847100   -2.64319300    0.00007300 

 H                  3.42772900   -1.24366700    0.88879500 

 H                  3.42804500   -1.24362800   -0.88830100 

 

 

TS of AC to AD 

Calculation Method = RM06 

Formula = C7H10N2O2 

Basis Set = 6-31+G(d,p) 
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Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -532.30972 Hartree 

RMS Gradient Norm = 5.406e-06 Hartree/Bohr 
Imaginary Freq = 1 

Dipole Moment = 1.3925487 Debye 

Polarizability (?) = 118.89733 a.u. 
Point Group = C1 

Molecular Mass = 154.07423 amu 

Job cpu time:       0 days  0 hours 30 minutes 55.2 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 1 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -532.30972 Hartree 

Zero-point Energy Correction = 0.163737 Hartree 

Thermal Correction to Energy = 0.173972 Hartree 

Thermal Correction to Enthalpy = 0.174916 Hartree 

Thermal Correction to Free Energy = 0.128093 Hartree 

EE + Zero-point Energy = -532.14598 Hartree 

EE + Thermal Energy Correction = -532.13574 Hartree 

EE + Thermal Enthalpy Correction = -532.1348 Hartree 

EE + Thermal Free Energy Correction = -532.18162 Hartree 

E (Thermal) = 109.169 kcal/mol 
Heat Capacity (Cv) = 38.125 cal/mol-kelvin 

Entropy (S) = 98.548 cal/mol-kelvin 

 

Basis Set = 6-31+G(d,p) 
Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -532.31463 Hartree 

 

0 1 

 C                  1.35975000   -1.13161400    0.37095200 

 H                  1.09804200   -1.52351600    1.36051000 
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 H                  0.22190800   -1.57979400   -0.11119300 

 C                  2.73328200   -1.20669400   -0.04857800 

 H                  3.35145900   -2.09381700   -0.03855100 

 C                  3.09315900    0.06620300   -0.39216900 

 H                  4.04444800    0.43484300   -0.75402300 

 N                  2.06058900    0.95602400   -0.25110300 

 N                  1.05080700    0.25766800    0.20911900 

 C                 -0.23274900    0.77044600    0.28249400 

 C                 -0.39356700    2.24225500    0.14623300 

 H                  0.24125000    2.76785700    0.86936100 

 H                 -1.43380400    2.52392200    0.32034500 

 H                 -0.09436800    2.59723100   -0.85028800 

 C                 -1.24852800   -0.16827700    0.08438900 

 O                 -1.07191000   -1.43080200   -0.01397500 

 O                 -2.48564400    0.32847800   -0.07238100 

 C                 -3.53247100   -0.61764300   -0.25887200 

 H                 -4.45304000   -0.03307500   -0.28767300 

 H                 -3.56375000   -1.33475100    0.56765100 

 H                 -3.40472500   -1.16421500   -1.19810600 

 

 

AD 

Calculation Method = RM06 

Formula = C7H10N2O2 

Basis Set = 6-31+G(d,p) 
Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -532.3638 Hartree 

RMS Gradient Norm = 1.518e-06 Hartree/Bohr 
Imaginary Freq = 0 

Dipole Moment = 0.90591136 Debye 

Polarizability (?) = 110.10333 a.u. 
Point Group = C1 
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Molecular Mass = 154.07423 amu 

Job cpu time:       0 days  0 hours 35 minutes 25.4 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 0 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -532.3638 Hartree 

Zero-point Energy Correction = 0.169294 Hartree 

Thermal Correction to Energy = 0.180003 Hartree 

Thermal Correction to Enthalpy = 0.180947 Hartree 

Thermal Correction to Free Energy = 0.131843 Hartree 

EE + Zero-point Energy = -532.1945 Hartree 

EE + Thermal Energy Correction = -532.18379 Hartree 

EE + Thermal Enthalpy Correction = -532.18285 Hartree 

EE + Thermal Free Energy Correction = -532.23195 Hartree 

E (Thermal) = 112.953 kcal/mol 
Heat Capacity (Cv) = 39.159 cal/mol-kelvin 

Entropy (S) = 103.348 cal/mol-kelvin 

 

Basis Set = 6-31+G(d,p) 
Charge = 0 

Spin = Singlet 
Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -532.3677 Hartree 

 

0 1 

 C                 -2.25712600    0.90275200   -0.00577300 

 H                 -2.26387800    1.98328900   -0.01953300 

 H                  0.26250800   -1.71201500   -0.01824300 

 C                 -3.29649600   -0.01250800    0.00573300 

 H                 -4.35530300    0.20263000    0.00440300 

 C                 -2.66695300   -1.26029100    0.01890900 

 H                 -3.10611100   -2.24960600    0.02992500 

 N                 -1.33850800   -1.13114100    0.01738600 

 N                 -1.09782100    0.19995900    0.00126000 
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 C                  0.22695100    0.71925000   -0.00114000 

 C                  0.35436000    2.20186900    0.01921400 

 H                 -0.09485100    2.66996500   -0.86912900 

 H                  1.40979300    2.47918200    0.03918800 

 H                 -0.12447400    2.64339400    0.90537900 

 C                  1.28428500   -0.13111500   -0.03681200 

 O                  1.22691500   -1.45898900   -0.04771200 

 O                  2.52840800    0.37737200   -0.07589300 

 C                  3.61603200   -0.52486700    0.07464200 

 H                  4.51297000    0.09573800    0.04506400 

 H                  3.64253400   -1.25650200   -0.73882300 

 H                  3.56220600   -1.05541000    1.03144400 

 

 

16 

Calculation Method = RM06 

Formula = C7H10N2O2 

Basis Set = 6-31+G(d,p) 
Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -532.39087 Hartree 

RMS Gradient Norm = 7.07e-06 Hartree/Bohr 
Imaginary Freq = 0 

Dipole Moment = 1.8247174 Debye 

Polarizability (?) = 98.595667 a.u. 
Point Group = C1 

Molecular Mass = 154.07423 amu 

Job cpu time:       0 days  0 hours 30 minutes 44.0 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 0 

Temperature = 298.15 Kelvin 
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Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -532.39087 Hartree 

Zero-point Energy Correction = 0.16991 Hartree 

Thermal Correction to Energy = 0.180671 Hartree 

Thermal Correction to Enthalpy = 0.181615 Hartree 

Thermal Correction to Free Energy = 0.131783 Hartree 

EE + Zero-point Energy = -532.22096 Hartree 

EE + Thermal Energy Correction = -532.2102 Hartree 

EE + Thermal Enthalpy Correction = -532.20926 Hartree 

EE + Thermal Free Energy Correction = -532.25909 Hartree 

E (Thermal) = 113.373 kcal/mol 
Heat Capacity (Cv) = 38.569 cal/mol-kelvin 

Entropy (S) = 104.88 cal/mol-kelvin 

 

Basis Set = 6-31+G(d,p) 
Charge = 0 

Spin = Singlet 
Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -532.39914 Hartree 

 

0 1 

 C                 -2.04915400   -0.27029600    0.96610000 

 H                 -1.98630400   -0.28592900    2.04671800 

 H                  0.10677300    0.93401000    1.75935000 

 C                 -2.99161200   -0.75957700    0.08852200 

 H                 -3.91650900   -1.26324800    0.33128800 

 C                 -2.47291600   -0.44992000   -1.18426300 

 H                 -2.90240200   -0.65855700   -2.15656200 

 N                 -1.30655300    0.18243200   -1.10650400 

 N                 -1.07399800    0.29859900    0.21493500 

 C                  0.19687300    0.84183300    0.66834000 

 C                  0.47920800    2.19051600    0.04050800 

 H                  0.53743200    2.10168900   -1.04703400 

 H                  1.42598800    2.59487800    0.40986700 

 H                 -0.32718200    2.88676000    0.29119500 

 C                  1.25722100   -0.23582200    0.44411500 
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 O                  1.20870400   -1.31824200    0.97797000 

 O                  2.22319300    0.14948900   -0.39163200 

 C                  3.22251800   -0.83530500   -0.66678000 

 H                  3.72756900   -1.13453100    0.25615600 

 H                  3.92406500   -0.36367700   -1.35484200 

 H                  2.76642100   -1.71715800   -1.12510400 

 

 

TS of G to AA 

Calculation Method = RM06 

Formula = C9H14N2O4Pd 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -887.7756 Hartree 

RMS Gradient Norm = 9.05e-07 Hartree/Bohr 
Imaginary Freq = 1 

Dipole Moment = 3.1007483 Debye 

Polarizability (?) = 177.836 a.u. 
Point Group = C1 

Molecular Mass = 319.99884 amu 

Job cpu time:       0 days  0 hours 19 minutes  4.7 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 1 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -887.7756 Hartree 

Zero-point Energy Correction = 0.229774 Hartree 

Thermal Correction to Energy = 0.248133 Hartree 

Thermal Correction to Enthalpy = 0.249077 Hartree 

Thermal Correction to Free Energy = 0.181798 Hartree 
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EE + Zero-point Energy = -887.54583 Hartree 

EE + Thermal Energy Correction = -887.52747 Hartree 

EE + Thermal Enthalpy Correction = -887.52652 Hartree 

EE + Thermal Free Energy Correction = -887.5938 Hartree 

E (Thermal) = 155.706 kcal/mol 
Heat Capacity (Cv) = 64.309 cal/mol-kelvin 

Entropy (S) = 141.601 cal/mol-kelvin 

 

Basis Set = 6-31g+(d,p)/ Lanl2DZ 

Charge = 0 

Spin = Singlet 
Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -887.78706 Hartree 

 

According to the IRC calculation, the transformation from G to AA proceeds via the TS like five-
membered palladacycle to form alkene during releasing Pd, which coordinates to alkene terminus. 

 

 

Calculation Type = IRC 

Calculation Method =  

Formula = C9H14N2O4Pd 

Basis Set =  

Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -887.7756 Hartree 

RMS Gradient Norm = 9.39e-07 Hartree/Bohr 
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Imaginary Freq =  

Dipole Moment = 3.1008178 Debye 

Polarizability (?) = 0 a.u. 
Point Group = C1 

Molecular Mass = 319.99884 amu 

Job cpu time:       0 days  9 hours 30 minutes 33.0 seconds. 
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DFT calculations [Scheme 54] 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

AE 

 

Calculation Type = FREQ 

Calculation Method = RM06 

Basis Set = Gen 

Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -887.82426 Hartree 

RMS Gradient Norm = 2.366e-06 Hartree/Bohr 
Imaginary Freq = 0 

Dipole Moment = 0.62056318 Debye 

Polarizability (?) = 171.097 a.u. 
Point Group = C1 

Job cpu time:       0 days  0 hours 20 minutes 11.0 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 0 

Temperature = 298.15 Kelvin 

X 

AE 

AF 

AG AH 

14 
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Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -887.82426 Hartree 

Zero-point Energy Correction = 0.234024 Hartree 

Thermal Correction to Energy = 0.2523 Hartree 

Thermal Correction to Enthalpy = 0.253245 Hartree 

Thermal Correction to Free Energy = 0.185577 Hartree 

EE + Zero-point Energy = -887.59024 Hartree 

EE + Thermal Energy Correction = -887.57196 Hartree 

EE + Thermal Enthalpy Correction = -887.57102 Hartree 

EE + Thermal Free Energy Correction = -887.63868 Hartree 

E (Thermal) = 158.321 kcal/mol 
Heat Capacity (Cv) = 63.935 cal/mol-kelvin 

Entropy (S) = 142.418 cal/mol-kelvin 

 

Calculation Type = SP 

Calculation Method = RM06 

Basis Set = Gen 

Charge = 0 

Spin = Singlet 
Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -887.83427 Hartree 

 

# opt=calcfc freq gen m06 pseudo=read 

 

0 1 

 C                  0.05492700    3.69742500    0.80324200 

 H                 -0.89455500    3.60111100    1.32153200 

 H                  0.81712300    4.25968800    1.33305500 

 C                 -0.00277100    3.75316500   -0.70451400 

 H                 -0.98651800    3.68709800   -1.15936100 

 H                  0.71889600    4.35494100   -1.24740800 

 C                  0.49285100    2.51095900   -0.01229400 

 H                  1.54828500    2.26991100   -0.06873000 

 N                 -0.30838400    1.29966800   -0.03153200 

 N                 -1.58341800    1.42770900   -0.02607900 

 C                 -2.51384500    0.46949300   -0.01791000 
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 C                 -3.94812300    0.90548000   -0.03471600 

 H                 -4.47621300    0.52762200   -0.91849800 

 H                 -3.98532600    1.99769400   -0.04360900 

 H                 -4.49317500    0.54027800    0.84395400 

 C                 -2.19968600   -0.91386000    0.00234300 

 O                 -1.03806000   -1.45269200    0.01554600 

 O                 -3.27350800   -1.73662500    0.00952300 

 C                 -3.02661200   -3.17261900    0.04172100 

 H                 -2.47334600   -3.48073100   -0.84854300 

 H                 -4.01795500   -3.62126900    0.06366000 

 H                 -2.45254000   -3.43733000    0.93274700 

 Pd                 0.70964800   -0.40642400   -0.00604600 

 O                  2.70525100    0.28082900   -0.01675400 

 C                  3.19060900   -0.93628300   -0.01320600 

 O                  2.35278100   -1.91014900   -0.00619900 

 C                  4.65852300   -1.14497000    0.00374600 

 H                  5.07646500   -0.76220200    0.94197100 

 H                  5.12483900   -0.58756400   -0.81394500 

 H                  4.88589600   -2.20900700   -0.08280800 

 

Pd 0 

lanl2dz 

**** 

C H N O 0 

6-31g+(d,p) 
**** 

 

Pd 0 

lanl2dz 

 

TS of AE to AF 

 

Calculation Type = FREQ 

Calculation Method = RM06 
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Basis Set = Gen 

Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -887.78269 Hartree 

RMS Gradient Norm = 2.519e-06 Hartree/Bohr 
Imaginary Freq = 1 

Dipole Moment = 5.5019843 Debye 

Polarizability (?) = 167.629 a.u. 
Point Group = C1 

Job cpu time:       0 days  0 hours 20 minutes 35.2 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 1 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -887.78269 Hartree 

Zero-point Energy Correction = 0.230676 Hartree 

Thermal Correction to Energy = 0.248893 Hartree 

Thermal Correction to Enthalpy = 0.249837 Hartree 

Thermal Correction to Free Energy = 0.182717 Hartree 

EE + Zero-point Energy = -887.55202 Hartree 

EE + Thermal Energy Correction = -887.5338 Hartree 

EE + Thermal Enthalpy Correction = -887.53286 Hartree 

EE + Thermal Free Energy Correction = -887.59998 Hartree 

E (Thermal) = 156.183 kcal/mol 
Heat Capacity (Cv) = 63.805 cal/mol-kelvin 

Entropy (S) = 141.267 cal/mol-kelvin 

 

Calculation Type = SP 

Calculation Method = RM06 

Basis Set = Gen 

Charge = 0 

Spin = Singlet 
Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -887.80055 Hartree 
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# opt=(calcfc,qst3,noeigentest) freq m06/gen pseudo=read 

 

Title Card Required 

 

0 1 

 C                  1.36031583   -1.02167937    0.02042227 

 H                  1.92830965   -1.92476969    0.40882848 

 H                  1.91270212   -0.64427253   -0.84422767 

 C                  0.80690981   -0.07402812    1.07213035 

 H                  0.78853833   -0.42463334    2.10798738 

 H                  1.03955723    0.98827354    1.02877830 

 C                 -0.16664061   -0.66767331    0.07516831 

 H                 -0.55955762   -0.01431946   -0.72341561 

 N                 -1.01830042   -1.77981258    0.47614022 

 N                 -2.28215568   -1.75298376    0.12133420 

 C                 -2.94228377   -2.90822631    0.02573132 

 C                 -4.43742365   -2.84563993   -0.06259159 

 H                 -4.79128281   -3.08089681   -1.07618547 

 H                 -4.81820463   -1.84425934    0.19178550 

 H                 -4.90699441   -3.56169670    0.62758972 

 C                 -2.30609965   -4.23028150   -0.04033571 

 O                 -1.10683161   -4.57614922   -0.09890035 

 O                 -3.22689182   -5.24122594   -0.13784761 

 C                 -2.68493492   -6.56725381   -0.41914242 

 H                 -2.23420146   -6.56052179   -1.41741528 

 H                 -3.57690919   -7.19815427   -0.36928983 

 H                 -1.93486061   -6.83671468    0.33389277 

 Pd                 0.35114256   -3.13295676    0.10036664 

 O                  2.02598797   -6.14376181    0.07174311 

 C                  2.67037717   -5.12205801   -0.13909957 

 O                  2.14620384   -3.94147366   -0.24358549 

 C                  4.17744571   -5.10158834   -0.31436459 

 H                  4.55226422   -6.08176343   -0.62849707 

 H                  4.67383088   -4.84013070    0.62673405 

 H                  4.47613099   -4.35665881   -1.06054048 
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Title Card Required 

 

0 1 

 C                  1.71002372   -1.36971835    0.06966150 

 H                  2.63348218   -1.63175976    0.59352854 

 H                  1.90534788   -1.10358042   -0.97173056 

 C                  0.78662493   -0.41259258    0.79179846 

 H                  0.76636799   -0.66222170    1.88260971 

 H                  1.10147229    0.64583276    0.72728611 

 C                 -0.58061110   -0.61655578    0.18704796 

 H                 -0.96908189    0.17558784   -0.46879529 

 N                 -1.18856688   -1.74920643    0.47862950 

 N                 -2.52607943   -1.81996493    0.15189645 

 C                 -3.14269093   -2.95393339    0.01018239 

 C                 -4.63133225   -2.90478970   -0.09203988 

 H                 -4.98059673   -3.14241890   -1.10784701 

 H                 -5.02430182   -1.90549356    0.16634232 

 H                 -5.09535076   -3.63250654    0.59355096 

 C                 -2.46264744   -4.30801480   -0.05274479 

 O                 -1.28087769   -4.54688479    0.02689407 

 O                 -3.38333537   -5.31176069   -0.24172000 

 C                 -2.80793376   -6.63733298   -0.45562767 

 H                 -2.34209902   -6.65190928   -1.44672590 

 H                 -3.67834074   -7.29484571   -0.39252772 

 H                 -2.05813985   -6.86040840    0.31510440 

 Pd                 0.56079601   -3.02508065    0.14657902 

 O                  1.89957548   -6.03979619    0.04407897 

 C                  2.64853325   -5.08731293   -0.14675342 

 O                  2.29922868   -3.84179008   -0.22051686 

 C                  4.14901918   -5.21615644   -0.35021786 

 H                  4.43077953   -6.22528042   -0.66123956 

 H                  4.67764584   -4.98054612    0.58010186 

 H                  4.48918832   -4.49974625   -1.10800525 

 

Title Card Required 

 

0 1 



160 

 

 C                  1.50923686   -1.17868102    0.03319980 

 H                  2.24645429   -1.86102528    0.51557858 

 H                  1.87733194   -0.81893281   -0.92333227 

 C                  0.80791378   -0.21681373    0.96005122 

 H                  0.79943519   -0.52571837    2.02186967 

 H                  1.07235712    0.84725017    0.90841741 

 C                 -0.34803648   -0.67442249    0.14412186 

 H                 -0.67839464   -0.00514325   -0.67024481 

 N                 -1.10679259   -1.75370775    0.55989081 

 N                 -2.38717379   -1.79547576    0.12240480 

 C                 -3.02803731   -2.92802516    0.00910789 

 C                 -4.52069176   -2.87184419   -0.08154765 

 H                 -4.87681245   -3.10854492   -1.09307317 

 H                 -4.90647980   -1.87171697    0.17964601 

 H                 -4.98440357   -3.59212651    0.61122400 

 C                 -2.36622631   -4.27392649   -0.04458417 

 O                 -1.17822531   -4.55987693   -0.04881863 

 O                 -3.29528138   -5.27498245   -0.17966476 

 C                 -2.74021873   -6.60105463   -0.43427579 

 H                 -2.28180597   -6.60033365   -1.42923488 

 H                 -3.62207753   -7.24386060   -0.37948514 

 H                 -1.98846907   -6.84842109    0.32590518 

 Pd                 0.41827797   -2.99989349    0.08450394 

 O                  1.96659790   -6.08387811    0.05815262 

 C                  2.65095538   -5.08563695   -0.14313083 

 O                  2.20376211   -3.87280058   -0.23374985 

 C                  4.15988724   -5.14426302   -0.32927973 

 H                  4.49290122   -6.14042367   -0.64106283 

 H                  4.67375263   -4.89936902    0.60660429 

 H                  4.48239640   -4.41617270   -1.08158682 

 

Pd 0 

lanl2dz 

**** 

C H N O 0 

6-31g+(d,p) 
**** 
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Pd 0 

lanl2dz 

 

 

AF 

 

 

Calculation Type = FREQ 

Calculation Method = RM06 

Basis Set = Gen 

Charge = 0 

Spin = Singlet 
Solvation = None 

E(RM06) = -887.82668 Hartree 

RMS Gradient Norm = 1.338e-06 Hartree/Bohr 
Imaginary Freq = 0 

Dipole Moment = 8.5028182 Debye 

Polarizability (?) = 164.93433 a.u. 
Point Group = C1 

Job cpu time:       0 days  0 hours 20 minutes  6.0 seconds. 
 

Thermo Tab Data Section: 
Imaginary Freq = 0 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -887.82668 Hartree 

Zero-point Energy Correction = 0.23233 Hartree 

Thermal Correction to Energy = 0.250926 Hartree 

Thermal Correction to Enthalpy = 0.251871 Hartree 

Thermal Correction to Free Energy = 0.182821 Hartree 

EE + Zero-point Energy = -887.59435 Hartree 

EE + Thermal Energy Correction = -887.57575 Hartree 
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EE + Thermal Enthalpy Correction = -887.57481 Hartree 

EE + Thermal Free Energy Correction = -887.64386 Hartree 

E (Thermal) = 157.459 kcal/mol 
Heat Capacity (Cv) = 64.772 cal/mol-kelvin 

Entropy (S) = 145.328 cal/mol-kelvin 

 

Calculation Type = SP 

Calculation Method = RM06 

Basis Set = Gen 

Charge = 0 

Spin = Singlet 
Solvation = scrf=solvent=chlorobenzene 

E(RM06) = -887.84791 Hartree 

 

 

# opt freq gen m06 pseudo=read 

 

Title Card Required 

 

0 1 

 C                 -0.99876694    0.45006165    0.00000000 

 H                 -1.91552194    0.70957065    0.53371900 

 H                 -1.17530494    0.34798065   -1.07784500 

 C                 -0.26347394   -0.76564835    0.58905700 

 H                 -0.53865394   -0.87539535    1.65289900 

 H                 -0.55168894   -1.71553235    0.11233100 

 C                  1.20368806   -0.60385135    0.54135400 

 H                  1.90714306   -1.43257435    0.64029400 

 N                  1.67285706    0.60792965    0.40937600 

 N                  3.07305006    0.66740665    0.41255700 

 C                  3.71116106    1.79622665    0.40775000 

 C                  5.20376906    1.69750365    0.41018400 

 H                  5.63118406    2.20873965   -0.45957600 

 H                  5.48925706    0.64437465    0.39473700 

 H                  5.62637006    2.18192465    1.29727400 

 C                  3.12943806    3.17716965    0.41318600 

 O                  1.93824806    3.51608965    0.34511600 
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 O                  4.10583806    4.10483465    0.50751700 

 C                  3.68809006    5.50701865    0.52505700 

 H                  3.13892706    5.74005365   -0.38993000 

 H                  4.61558506    6.07107765    0.59076700 

 H                  3.04503706    5.68965165    1.38890900 

 Pd                 0.24021806    2.04643665    0.17259400 

 O                 -2.67538694    2.64992965    1.45841700 

 C                 -2.33256794    3.47846465    0.58892600 

 O                 -1.21635094    3.43631465   -0.11768800 

 C                 -3.19947994    4.66684265    0.23889300 

 H                 -4.10474094    4.65990065    0.84908800 

 H                 -3.46386194    4.63384665   -0.82352400 

 H                 -2.64294794    5.59521765    0.40594200 

 

Pd 0 

lanl2dz 

**** 

C H N O 0 

6-31g+(d,p) 
**** 

 

Pd 0 

lanl2dz 
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DFT calculations [Scheme 56]. 
The molecular geometries for each transition states were first estimated with the Reaction plus software 

package, based on the nudged elastic band method, 86) and were subsequently re-optimized using the 

Gaussian 16 software package. 87) Once the stationary points were obtained at B97D/6-31G+(d, p)-

def2TZV (Lanl2DZ for Pd) level, 89, 90, 93, 94) the harmonic vibrational frequencies were calculated at the 

same level to estimate the Gibbs free energy. The nature of the stationary points was characterized via 

vibrational analysis. All of the Gibbs free energy values reported in this paper were calculated for a 

temperature of 298.15 K. The transition structure reported was optimized without constraints and the 

intrinsic reaction coordinate (IRC) route was calculated in both directions toward the corresponding 

minima for each transition-state structure. The IRC calculation failed to reach the energy minima on the 

potential energy surface for the transition states, and we therefore carried out geometry optimizations as a 

continuation of the IRC path. For each optimized structure (potential energy minimum or transition state 

computed at B97D/6-31G+(d, p)-def2TZV (Lanl2DZ for Pd) level), additional single-point energy 

calculations in the presence of chlorobenzene were performed at the same level. The 3D optimized 

structural figures in this paper were displayed by the CYLview visualization program. 92) 
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Calculation Type = FREQ 

Calculation Method = RB97D 

Formula = C9H14N2O4Pd 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 

Solvation = None 

E(RB97D) = -888.148 Hartree 

RMS Gradient Norm = 1.357e-06 Hartree/Bohr 

Imaginary Freq = 0 

Dipole Moment  = 0.806392 Debye 

Polarizability (?) = 186.15633 a.u. 

Point Group = C1 

Molecular Mass = 319.99884 amu 

Job cpu time:       0 days  0 hours  9 minutes 45.3 seconds. 

 

Thermo Tab Data Section: 

Imaginary Freq = 0 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -888.148 Hartree 

Zero-point Energy Correction = 0.225096 Hartree 

Thermal Correction to Energy = 0.244167 Hartree 

Thermal Correction to Enthalpy = 0.245112 Hartree 

Thermal Correction to Free Energy = 0.175058 Hartree 

EE + Zero-point Energy = -887.9229 Hartree 

EE + Thermal Energy Correction = -887.90383 Hartree 

EE + Thermal Enthalpy Correction = -887.90289 Hartree 

EE + Thermal Free Energy Correction = -887.97294 Hartree 

E (Thermal) = 153.217 kcal/mol 
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Heat Capacity (Cv) = 66.252 cal/mol-kelvin 

Entropy (S) = 147.439 cal/mol-kelvin 

 

 

Calculation Type = SP 

Calculation Method = RB97D 

Formula = C9H14N2O4Pd 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 

Solvation = scrf=solvent=chlorobenzene 

E(RB97D) = -888.15772 Hartree 

 

 

 TS of AE to AF 

Calculation Type = FREQ 

Calculation Method = RB97D 

Formula = C9H14N2O4Pd 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 

Solvation = None 

E(RB97D) = -888.109 Hartree 

RMS Gradient Norm = 2.05e-07 Hartree/Bohr 

Imaginary Freq = 1 

Dipole Moment = 4.6693763 Debye 

Polarizability (?) = 185.76033 a.u. 

Point Group = C1 

Molecular Mass = 319.99884 amu 

Job cpu time:       0 days  0 hours 11 minutes 19.5 seconds. 

 

Thermo Tab Data Section: 

Imaginary Freq = 1 
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Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -888.109 Hartree 

Zero-point Energy Correction = 0.22219 Hartree 

Thermal Correction to Energy = 0.241022 Hartree 

Thermal Correction to Enthalpy = 0.241966 Hartree 

Thermal Correction to Free Energy = 0.173658 Hartree 

EE + Zero-point Energy = -887.8868 Hartree 

EE + Thermal Energy Correction = -887.86797 Hartree 

EE + Thermal Enthalpy Correction = -887.86703 Hartree 

EE + Thermal Free Energy Correction = -887.93534 Hartree 

E (Thermal) = 151.243 kcal/mol 

Heat Capacity (Cv) = 65.944 cal/mol-kelvin 

Entropy (S) = 143.767 cal/mol-kelvin 

 

Calculation Type = SP 

Calculation Method = RB97D 

Formula = C9H14N2O4Pd 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 

Solvation = scrf=solvent=chlorobenzene 

E(RB97D) = -888.12516 Hartree 

 

 

 

Calculation Type = FREQ 

Calculation Method = RB97D 

Formula = C9H14N2O4Pd 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 
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Solvation = None 

E(RB97D) = -888.15572 Hartree 

RMS Gradient Norm = 8.292e-06 Hartree/Bohr 

Imaginary Freq = 0 

Dipole Moment = 7.8355929 Debye 

Polarizability (?) = 183.897 a.u. 

Point Group = C1 

Molecular Mass = 319.99884 amu 

Job cpu time:       0 days  0 hours 10 minutes  3.1 seconds. 

 

Thermo Tab Data Section: 

Imaginary Freq = 0 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -888.15572 Hartree 

Zero-point Energy Correction = 0.223323 Hartree 

Thermal Correction to Energy = 0.242619 Hartree 

Thermal Correction to Enthalpy = 0.243564 Hartree 

Thermal Correction to Free Energy = 0.172917 Hartree 

EE + Zero-point Energy = -887.93239 Hartree 

EE + Thermal Energy Correction = -887.9131 Hartree 

EE + Thermal Enthalpy Correction = -887.91215 Hartree 

EE + Thermal Free Energy Correction = -887.9828 Hartree 

E (Thermal) = 152.246 kcal/mol 

Heat Capacity (Cv) = 67.114 cal/mol-kelvin 

Entropy (S) = 148.689 cal/mol-kelvin 

 

Calculation Type = SP 

Calculation Method = RB97D 

Formula = C9H14N2O4Pd 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 

Solvation = scrf=solvent=chlorobenzene 

E(RB97D) = -888.17472 Hartree 
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TS of AF to AG 

Calculation Type = FREQ 

Calculation Method = RB97D 

Formula = C11H18N2O6Pd 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 

Solvation = None 

E(RB97D) = -1117.0687 Hartree 

RMS Gradient Norm = 6.51e-07 Hartree/Bohr 

Imaginary Freq = 1 

Dipole Moment = 3.1427077 Debye 

Polarizability (?) = 226.46933 a.u. 

Point Group = C1 

Molecular Mass = 380.01997 amu 

Job cpu time:       0 days  0 hours 20 minutes 42.0 seconds. 

 

Thermo Tab Data Section: 

Imaginary Freq = 1 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -1117.0687 Hartree 

Zero-point Energy Correction = 0.27912 Hartree 

Thermal Correction to Energy = 0.303315 Hartree 

Thermal Correction to Enthalpy = 0.304259 Hartree 

Thermal Correction to Free Energy = 0.222463 Hartree 

EE + Zero-point Energy = -1116.7896 Hartree 

EE + Thermal Energy Correction = -1116.7654 Hartree 

EE + Thermal Enthalpy Correction = -1116.7645 Hartree 

EE + Thermal Free Energy Correction = -1116.8463 Hartree 
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E (Thermal) = 190.333 kcal/mol 

Heat Capacity (Cv) = 84.446 cal/mol-kelvin 

Entropy (S) = 172.153 cal/mol-kelvin 

 

Calculation Type = SP 

Calculation Method = RB97D 

Formula = C11H18N2O6Pd 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 

Solvation = scrf=solvent=chlorobenzene 

E(RB97D) = -1117.0809 Hartree 

 

 

 

Calculation Type = FREQ 

Calculation Method = RB97D 

Formula = C11H18N2O6Pd 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 

Solvation = None 

E(RB97D) = -1117.0903 Hartree 

RMS Gradient Norm = 5.662e-06 Hartree/Bohr 

Imaginary Freq = 0 

Dipole Moment = 3.4031855 Debye 

Polarizability (?) = 210.37667 a.u. 

Point Group = C1 

Molecular Mass = 380.01997 amu 

Job cpu time:       0 days  0 hours 20 minutes 15.9 seconds. 

 

Thermo Tab Data Section: 

Imaginary Freq = 0 
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Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -1117.0903 Hartree 

Zero-point Energy Correction = 0.284129 Hartree 

Thermal Correction to Energy = 0.309021 Hartree 

Thermal Correction to Enthalpy = 0.309965 Hartree 

Thermal Correction to Free Energy = 0.227344 Hartree 

EE + Zero-point Energy = -1116.8062 Hartree 

EE + Thermal Energy Correction = -1116.7813 Hartree 

EE + Thermal Enthalpy Correction = -1116.7804 Hartree 

EE + Thermal Free Energy Correction = -1116.863 Hartree 

E (Thermal) = 193.914 kcal/mol 

Heat Capacity (Cv) = 86.506 cal/mol-kelvin 

Entropy (S) = 173.891 cal/mol-kelvin 

 

Calculation Type = SP 

Calculation Method = RB97D 

Formula = C11H18N2O6Pd 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 

Solvation = scrf=solvent=chlorobenzene 

E(RB97D) = -1117.1005 Hartree 

 

 

TS of AG to 15’ 
Calculation Type = FREQ 

Calculation Method = RB97D 

Formula = C9H14N2O4Pd 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 
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Solvation = None 

E(RB97D) = -888.1084 Hartree 

RMS Gradient Norm = 6.28e-07 Hartree/Bohr 

Imaginary Freq = 1 

Dipole Moment = 3.3307199 Debye 

Polarizability (?) = 179.039 a.u. 

Point Group = C1 

Molecular Mass = 319.99884 amu 

Job cpu time:       0 days  0 hours 12 minutes 12.4 seconds. 

 

Thermo Tab Data Section: 

Imaginary Freq = 1 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -888.1084 Hartree 

Zero-point Energy Correction = 0.217867 Hartree 

Thermal Correction to Energy = 0.237248 Hartree 

Thermal Correction to Enthalpy = 0.238193 Hartree 

Thermal Correction to Free Energy = 0.167882 Hartree 

EE + Zero-point Energy = -887.89053 Hartree 

EE + Thermal Energy Correction = -887.87115 Hartree 

EE + Thermal Enthalpy Correction = -887.8702 Hartree 

EE + Thermal Free Energy Correction = -887.94051 Hartree 

E (Thermal) = 148.876 kcal/mol 

Heat Capacity (Cv) = 67.511 cal/mol-kelvin 

Entropy (S) = 147.981 cal/mol-kelvin 

 

Calculation Type = SP 

Calculation Method = RB97D 

Formula = C9H14N2O4Pd 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 

Solvation = scrf=solvent=chlorobenzene 

E(RB97D) = -888.12573 Hartree 
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Calculation Type = FREQ 

Calculation Method = RB97D 

Formula = C9H14N2O4Pd 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 

Solvation = None 

E(RB97D) = -888.14357 Hartree 

RMS Gradient Norm = 7.35e-07 Hartree/Bohr 

Imaginary Freq = 0 

Dipole Moment = 5.0263615 Debye 

Polarizability (?) = 185.268 a.u. 

Point Group = C1 

Molecular Mass = 319.99884 amu 

Job cpu time:       0 days  0 hours 10 minutes 33.0 seconds. 

 

Thermo Tab Data Section: 

Imaginary Freq = 0 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -888.14357 Hartree 

Zero-point Energy Correction = 0.222602 Hartree 

Thermal Correction to Energy = 0.242858 Hartree 

Thermal Correction to Enthalpy = 0.243802 Hartree 

Thermal Correction to Free Energy = 0.169869 Hartree 

EE + Zero-point Energy = -887.92097 Hartree 

EE + Thermal Energy Correction = -887.90071 Hartree 

EE + Thermal Enthalpy Correction = -887.89977 Hartree 

EE + Thermal Free Energy Correction = -887.9737 Hartree 
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E (Thermal) = 152.396 kcal/mol 

Heat Capacity (Cv) = 68.508 cal/mol-kelvin 

Entropy (S) = 155.607 cal/mol-kelvin 

 

Calculation Type = SP 

Calculation Method = RB97D 

Formula = C9H14N2O4Pd 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 

Solvation = scrf=solvent=chlorobenzene 

E(RB97D) = -888.15397 Hartree 

 

 

Calculation Type = FREQ 

Calculation Method = RB97D 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 

Solvation = None 

E(RB97D) = -532.19975 Hartree 

RMS Gradient Norm = 1.208e-06 Hartree/Bohr 

Imaginary Freq = 0 

Dipole Moment = 1.9878389 Debye 

Polarizability (?) = 114.66267 a.u. 

Point Group = C1 

Job cpu time:       0 days  0 hours  2 minutes 19.0 seconds. 

 

Thermo Tab Data Section: 

Imaginary Freq = 0 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 
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Frequencies scaled by = 1 

Electronic Energy (EE) = -532.19975 Hartree 

Zero-point Energy Correction = 0.160591 Hartree 

Thermal Correction to Energy = 0.173441 Hartree 

Thermal Correction to Enthalpy = 0.174385 Hartree 

Thermal Correction to Free Energy = 0.119784 Hartree 

EE + Zero-point Energy = -532.03916 Hartree 

EE + Thermal Energy Correction = -532.02631 Hartree 

EE + Thermal Enthalpy Correction = -532.02537 Hartree 

EE + Thermal Free Energy Correction = -532.07997 Hartree 

E (Thermal) = 108.836 kcal/mol 

Heat Capacity (Cv) = 43.976 cal/mol-kelvin 

Entropy (S) = 114.918 cal/mol-kelvin 

 

Calculation Type = SP 

Calculation Method = RB97D 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 

Solvation = scrf=solvent=chlorobenzene 

E(RB97D) = -532.20711 Hartree 

 

 

 

Calculation Type = FREQ 

Calculation Method = RB97D 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 

Solvation = None 

E(RB97D) = -532.24546 Hartree 

RMS Gradient Norm = 2.446e-06 Hartree/Bohr 

Imaginary Freq = 0 
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Dipole Moment = 3.7857682 Debye 

Polarizability (?) = 90.126333 a.u. 

Point Group = C1 

Job cpu time:       0 days  0 hours  2 minutes  1.0 seconds. 

 

Thermo Tab Data Section: 

Imaginary Freq = 0 

Temperature = 298.15 Kelvin 

Pressure = 1 atm 

Frequencies scaled by = 1 

Electronic Energy (EE) = -532.24546 Hartree 

Zero-point Energy Correction = 0.164093 Hartree 

Thermal Correction to Energy = 0.175653 Hartree 

Thermal Correction to Enthalpy = 0.176597 Hartree 

Thermal Correction to Free Energy = 0.12526 Hartree 

EE + Zero-point Energy = -532.08137 Hartree 

EE + Thermal Energy Correction = -532.06981 Hartree 

EE + Thermal Enthalpy Correction = -532.06886 Hartree 

EE + Thermal Free Energy Correction = -532.1202 Hartree 

E (Thermal) = 110.224 kcal/mol 

Heat Capacity (Cv) = 41.07 cal/mol-kelvin 

Entropy (S) = 108.047 cal/mol-kelvin 

 

Calculation Type = SP 

Calculation Method = RB97D 

Basis Set = Gen/def2TZV 

Charge = 0 

Spin = Singlet 

Solvation = scrf=solvent=chlorobenzene 

E(RB97D) = -532.25353 Hartree 
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第 7節 第 3章第 1節ࡢ実験 

 

[Table 8, entry 3]. N-Cyclopropylhydrazone 14ac (21.4 mg, 0.0921 mmol), 4-iodotoluene (40.2 mg, 
0.184 mmol), Pd(OAc)2 (4.1 mg, 0.018 mmol), (o-tol)3P (11.2 mg, 0.0368 mmol) and Cs2CO3 (59.9 
mg, 0.184 mmol) were dissolved in xylene (1.84 mL). The mixture was stirred at 80 °C under argon 
for 17 h. After the formation of 17aa was confirmed on TLC, potassium ethyl xanthate (5.9 mg, 0.037 
mmol) was added. Then the mixture was stirred at 150 °C for 3 h. Then the mixture was cooled to 
room temperature, filtered through Celite® and evaporated. The residue was purified by Biotage 
Isolera® (hexane/EtOAc) to afford pyrazole 18aa (10.2 mg, 35%). 
 

Ethyl 2-(5-(4-methylphenyl)-1H-pyrazol-1-yl)-2-phenylacetate (18aa). white solid; Mp: 90-92 °C; 
1H-NMR (400 MHz, CDCl3) δ 7.63 (d, J = 2.0 Hz, 1H), 7.35 (s, 4H), 7.26-7.24 (m, 5H), 6.30 (d, J = 
1.6 Hz, 1H), 6.02 (s, 1H), 4.22 (q, J = 7.2 Hz, 2H), 2.42 (s, 3H), 1.20 (t, J = 7.2 Hz, 3H); 13C-NMR 
(100 MHz, CDCl3) δ 168.6, 144.7, 139.8, 138.9, 135.3, 129.5, 129.1, 128.7, 128.5, 127.5, 106.2, 64.5, 
62.0, 21.3, 14.0; One carbon peak could not be detected probably due to overlapping; HRMS (ESI) 
m/z calcd for C20H21O2N2 [M+H]+ 321.1598, found 321.1598. 
 

[Table 8, entry 4]. N-Cyclopropylhydrazone 14ac (19.4 mg, 0.0835 mmol), 4-iodotoluene (36.4 mg, 
0.167 mmol), Pd(OAc)2 (3.8 mg, 0.017 mmol), (o-tol)3P (10.2 mg, 0.0334 mmol) and Cs2CO3 (54.4 
mg, 0.167 mmol) were dissolved in benzonitrile (1.67 mL). The mixture was stirred at 80 °C under 
argon for 5 h. After the formation of 17aa was confirmed on TLC, potassium ethyl xanthate (5.4 mg, 
0.033 mmol) was added. Then the mixture was stirred at 150 °C for 3 h. Then the mixture was cooled 
to room temperature, filtered through Celite® and evaporated. The residue was purified by Biotage 
Isolera® (hexane/EtOAc) to afford pyrazole 18aa (15.1 mg, 56%). 
 

[Table 8, entry 5]. N-Cyclopropylhydrazone 14ac (22.3 mg, 0.0960 mmol), 4-iodotoluene (41.9 mg, 
0.192 mmol), Pd(OAc)2 (4.3 mg, 0.019 mmol), (o-tol)3P (11.7 mg, 0.0380 mmol) and Cs2CO3 (62.6 
mg, 0.192 mmol) were dissolved in benzonitrile (1.92 mL). The mixture was stirred at 80 °C under 
argon for 12 h. After the formation of 17aa was confirmed on TLC, the mixture was stirred at 150 °C 
for 3 h. Then the mixture was cooled to room temperature, filtered through Celite® and evaporated. 
The residue was purified by Biotage Isolera® (hexane/EtOAc) to afford pyrazole 18aa (14.2 mg, 46%). 
 

[Table 8, entry 6]. N-Cyclopropylhydrazone 14ac (18.7 mg, 0.0805 mmol), 4-iodotoluene (35.1 mg, 
0.161 mmol), Pd(OAc)2 (3.6 mg, 0.016 mmol), Ph3P (8.45 mg, 0.0322 mmol) and Cs2CO3 (52.5 mg, 
0.161 mmol) were dissolved in benzonitrile (1.61 mL). The mixture was stirred at 80 °C under argon 
for 2 h. After the formation of 17aa was confirmed on TLC potassium ethyl xanthate (5.2 mg, 0.032 
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mmol) was added. Then the mixture was stirred at 150 °C for 3 h. Then the mixture was cooled to 
room temperature, filtered through Celite® and evaporated. The mixture was analyzed by 1H NMR 
(CDCl3). Pyrazole 18aa was calculated as 36% NMR yield. 
 

[Table 8, entry 7]. N-Cyclopropylhydrazone 14ac (21.5 mg, 0.0926 mmol), 4-iodotoluene (40.6 mg, 
0.186 mmol), Pd(OAc)2 (4.2 mg, 0.019 mmol), (t-Bu)3P (9.0 µL, 0.0372 mmol) and Cs2CO3 (60.6 mg, 
0.190 mmol) were dissolved in benzonitrile (1.86 mL). The mixture was stirred at 80 °C under argon 
for 17 h. After the formation of 17aa was confirmed on TLC, potassium ethyl xanthate (6.0 mg, 0.037 
mmol) was added. Then the mixture was stirred at 150 °C for 3 h. Then the mixture was cooled to 
room temperature, filtered through Celite® and evaporated. The mixture was analyzed by 1H NMR 
(CDCl3). Pyrazole 18aa was calculated as 10% NMR yield. 
 

[Table 8, entry 8]. N-Cyclopropylhydrazone 14ac (19.5 mg, 0.0840 mmol), 4-iodotoluene (36.6 mg, 
0.168 mmol), Pd(OAc)2 (3.8 mg, 0.017 mmol), Johnphos (10.0 mg, 0.0336 mmol) and Cs2CO3 (54.7 
mg, 0.168 mmol) were dissolved in benzonitrile (1.68 mL). The mixture was stirred at 80 °C under 
argon for 17 h. After the formation of 17aa was confirmed on TLC, potassium ethyl xanthate (5.4 mg, 
0.034 mmol) was added. Then the mixture was stirred at 150 °C for 3 h. Then the mixture was cooled 
to room temperature, filtered through Celite® and evaporated. The mixture was analyzed by 1H NMR 
(CDCl3). Pyrazole 18aa was calculated as 5% NMR yield. 
 

[Table 8, entry 9]. N-Cyclopropylhydrazone 14ac (19.3 mg, 0.0831 mmol), 4-iodotoluene (36.2 mg, 
0.166 mmol), Herrmann catalyst (7.8 mg, 0.0083 mmol), and Cs2CO3 (54.1 mg, 0.166 mmol) were 
dissolved in benzonitrile (2.0 mL). The mixture was stirred at 80 °C under argon for 12 h. After the 
formation of 17aa was confirmed on TLC, potassium ethyl xanthate (5.3 mg, 0.033 mmol) was added. 
Then the mixture was stirred at 150 °C for 5 h. Then the mixture was cooled to room temperature, 
filtered through Celite® and evaporated. The residue was purified by Biotage Isolera® (hexane/EtOAc) 
to afford pyrazole 18aa (15.2 mg, 57%). 
 

[Table 8, entry 10]. N-Cyclopropylhydrazone 14ac (22.6 mg, 0.0972 mmol), 4-iodotoluene (42.4 mg, 
0.195 mmol), Herrmann catalyst (9.1 mg, 0.0097 mmol), LiCl (0.82 mg, 0.019 mmol) and Cs2CO3 
(63.2 mg, 0.194 mmol) were dissolved in benzonitrile (2.0 mL). The mixture was stirred at 80 °C 
under argon for 21 h. After the formation of 17aa was confirmed on TLC, potassium ethyl xanthate 
(6.3 mg, 0.039 mmol) was added. Then the mixture was stirred at 150 °C for 3 h. Then the mixture 
was cooled to room temperature, filtered through Celite® and evaporated. The residue was purified 
by Biotage Isolera® (hexane/EtOAc) to afford pyrazole 18aa (16.9 mg, 54%). 
 

[Table 8, entry 11]. N-Cyclopropylhydrazone 14ac (18.4 mg, 0.0792 mmol), 4-iodotoluene (34.5 mg, 
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0.158 mmol), Herrmann catalyst (7.4 mg, 0.0079 mmol), n-Bu4NOAc (4.8 mg, 0.016 mmol) and 
Cs2CO3 (51.5 mg, 0.158 mmol) were dissolved in benzonitrile (2.0 mL). The mixture was stirred at 
80 °C under argon for 19 h. After the formation of 17aa was confirmed on TLC, potassium ethyl 
xanthate (5.1 mg, 0.032 mmol) was added. Then the mixture was stirred at 150 °C for 3 h. Then the 
mixture was cooled to room temperature, filtered through Celite® and evaporated. The residue was 
purified by Biotage Isolera® (hexane/EtOAc) to afford pyrazole 18aa (15.5 mg, 61%). 
 

[Table 8, entry 12]. N-Cyclopropylhydrazone 14ac (18.0 mg, 0.0775 mmol), 4-iodotoluene (33.8 mg, 
0.155 mmol), Herrmann catalyst (7.3 mg, 0.0078 mmol), n-Bu4NI (5.8 mg, 0.016 mmol) and Cs2CO3 
(50.8 mg, 0.156 mmol) were dissolved in benzonitrile (2.0 mL). The mixture was stirred at 80 °C 
under argon for 7 h. After the formation of 17aa was confirmed on TLC, potassium ethyl xanthate 
(5.0 mg, 0.031 mmol) was added. Then the mixture was stirred at 150 °C for 3 h. Then the mixture 
was cooled to room temperature, filtered through Celite® and evaporated. The residue was purified 
by Biotage Isolera® (hexane/EtOAc) to afford pyrazole 18aa (15.2 mg, 61%). 
 

[Table 8, entry 13]. N-Cyclopropylhydrazone 14ac (19.8 mg, 0.0852 mmol), 4-iodotoluene (37.2 mg, 
0.171 mmol), Herrmann catalyst (8.0 mg, 0.0085 mmol), n-Bu4NOAc (5.1 mg, 0.017 mmol) and Et3N 
(24 µL, 0.170 mmol) were dissolved in benzonitrile (1.7 mL). The mixture was stirred at 80 °C under 
argon for 36 h. After the formation of 17aa was confirmed on TLC, potassium ethyl xanthate (5.5 mg, 
0.034 mmol) was added. Then the mixture was stirred at 150 °C for 3 h. Then the mixture was cooled 
to room temperature, filtered through Celite® and evaporated. The mixture was analyzed by 1H NMR 
(CDCl3). Pyrazole 18aa was calculated as 4% NMR yield. 
 

[Table 8, entry 14]. N-Cyclopropylhydrazone 14ac (19.4 mg, 0.0835 mmol), 4-iodotoluene (36.4 mg, 
0.167 mmol), Herrmann catalyst (7.9 mg, 0.0084 mmol), n-Bu4NOAc (5.1 mg, 0.017 mmol) and 
KOH (9.4 mg, 0.168 mmol) were dissolved in benzonitrile (2.0 mL). The mixture was stirred at 80 °C 
under argon for 65 h. After the formation of 17aa was confirmed on TLC, potassium ethyl xanthate 
(5.3 mg, 0.033 mmol) was added. Then the mixture was stirred at 150 °C for 4.5 h. Then the mixture 
was cooled to room temperature, filtered through Celite® and evaporated. The residue was purified 
by Biotage Isolera® (hexane/EtOAc) to afford pyrazole 18aa (13.7 mg, 51%). 
 

[Table 8, entry 15]. N-Cyclopropylhydrazone 14ac (21.8 mg, 0.0939 mmol), 4-iodotoluene (40.9 mg, 
0.188 mmol), Herrmann catalyst (8.8 mg, 0.0094 mmol), n-Bu4NOAc (5.7 mg, 0.019 mmol) and 
K2CO3 (26.0 mg, 0.188 mmol) were dissolved in benzonitrile (2.0 mL). The mixture stirred at 80 °C 
under argon for 67 h. After the formation of 17aa was confirmed on TLC, potassium ethyl xanthate 
(6.0 mg, 0.038 mmol) was added. Then the mixture was stirred at 150 °C for 4.5 h. Then the mixture 
was cooled to room temperature, filtered through Celite® and evaporated. The residue was purified 
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by Biotage Isolera® (hexane/EtOAc) to afford pyrazole 18aa (17.5 mg, 58%). 
 

第 8節 第 3章第㸰節ࡢ実験 

 

Ethyl 2-phenyl-((3-(4-methylphenyl)allylidene)hydrazineylidene)acetate (17aa) [Scheme 67]. N-
Cyclopropylhydrazone 14ac (22.7 mg, 0.0977 mmol), p-tol-I (42.6 mg, 0.196 mmol), Herrmann 
catalyst (9.2 mg, 0.0098 mmol), n-Bu4NI (7.2 mg, 0.020 mmol) and Cs2CO3 (63.9 mg, 0.196 mmol) 
were dissolved in benzonitrile (2.0 mL). The mixture was stirred at 80 °C under argon for 3 h. Then 
the mixture was cooled to room temperature, filtered through Celite® and evaporated. The residue 
was purified by Biotage Isolera® (hexane/EtOAc) to afford 5-arylated conjugated azine 17aa (22.2 
mg, 71%) as a yellow solid; Mp: 83 °C (decomp.); 1H-NMR (400 MHz, CDCl3) δ 8.41 (d, J = 8.8 Hz, 
1H), 7.82-7.80 (m, 2H), 7.48-7.42 (m, 5H), 7.20 (d, J = 7.6 Hz, 2H), 7.12-7.00 (m, 2H), 4.50 (q, J = 
7.6 Hz, 2H), 2.38 (s, 3H), 1.43 (t, J = 7.6 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 165.9, 165.0, 161.0, 
144.3, 140.0, 132.9, 131.7, 131.4, 129.6, 128.8, 127.5, 127.5, 124.4, 61.5, 21.4, 14.3; HRMS (ESI) 
m/z calcd for C20H21O2N2 [M+H]+ 321.1598, found 321.1599. 
 

Ethyl 2-phenyl-((3-(4-methylphenyl)allylidene)hydrazineylidene)acetate (17aa) [Scheme 69, eq. 
1]. Azine 15ac (21.0 mg, 0.0912 mmol), N-cyclopropylhydrazone 14ac (4.7 mg, 0.0202 mmol), 4-
iodotoluene (39.8 mg, 0.182 mmol), Herrmann catalyst (8.6 mg, 0.0091 mmol), n-Bu4NI (6.7 mg, 
0.018 mmol) and Cs2CO3 (59.3 mg, 0.182 mmol) were dissolved in benzonitrile (1.8 mL). The 
mixture was stirred at 80 °C under argon for 5 h. Then the mixture was cooled to room temperature, 
filtered through Celite® and evaporated. The residue was purified by PTLC (hexane/EtOAc = 5 : 1) 
to afford 5-arylated conjugated azine 17aa (23.4 mg, 58%, based on the subtracted amount of 14ac). 
 

Ethyl 2-phenyl-((3-(4-methylphenyl)allylidene)hydrazineylidene)acetate (17aa) [Scheme 69, eq. 
2]. Azine 15ac (24.1 mg, 0.105 mmol), p-tol-I (45.6 mg, 0.209 mmol), Pd(OAc)2 (4.7 mg, 0.021 
mmol), (o-tol)3P (12.8 mg, 0.0420 mmol) and Cs2CO3 (68.4 mg, 0.210 mmol) were dissolved in 
benzonitrile (2.1 mL). The mixture was stirred at 80 °C under argon for 30 h. Then the mixture was 
cooled to room temperature, filtered through Celite® and evaporated. The residue was purified by 
PTLC (hexane/EtOAc = 7 : 3) to afford 5-arylated conjugated azine 17aa (6.6 mg, 20%). 
 

Ethyl 2-(5-(4-methylphenyl)-1H-pyrazol-1-yl)-2-phenylacetate (18aa) [Scheme 70]. Azine 15ac 
(12.0 mg, 0.0380 mmol) was dissolved in benzonitrile (1.0 mL) and the mixture was stirred at 150 °C 
for 3 h. Then the resulting mixture was cooled to room temperature, filtered through Celite® and 
evaporated. The residue was purified by PTLC (hexane/EtOAc = 5 : 1) to afford pyrazole 18aa (7.5 
mg, 63%). 
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第 9節 第 3章第 3節ࡢ実験 

 

General procedure for preparing cyclopropylhydrazones [Table 9]. To a solution of α-keto esters 
in MeOH were added cyclopropylhydrazine (1.0 eq.) and pyridine (2.0 eq.). The mixture was stirred 
at room temperature for several hours, and then evaporated. The crude product was purified by 
column chromatography to afford cyclopropylhydrazones. 
 

Ethyl (Z)-2-(2-cyclopropylhydrazineylidene)-2-(naphthalen-2-yl)acetate (14da) [Table 9, entry 
1]. Following to the general procedure, ethyl 2-(naphthalen-2-yl)-2-oxoacetate 70at (228 mg, 1.00 
mmol), cyclopropylhydrazine (416 mg, 1.00 mmol) and pyridine (161 µL, 2.00 mmol) were used and 
the reaction time was 16 h. 14da (49.9 mg, 53%) was obtained as a yellow oil after purification by 
Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 10.68 (s, 1H), 7.98 (s, 1H), 7.84-
7.77 (m, 3H), 7.70-7.67 (m, 1H), 7.47-7.41 (m, 2H), 4.33-4.28 (m, 2H), 3.12-3.06 (m, 1H), 1.35-1.31 
(m, 3H), 0.87-0.77 (m, 4H); 13C-NMR (100 MHz, CDCl3) δ 163.7, 134.5, 133.2, 132.5, 128.2, 127.4, 
127.1, 127.0, 126.6, 126.3, 125.8, 125.7, 60.5, 31.9, 14.2, 6.3; HRMS (ESI) m/z calcd for C17H19O2N2 
[M+H]+ 283.1441, found 283.1443. 
 

(Z)-Ethyl 4-(ethoxycarbonyl)-2-(2-cyclopropyl hydrazinylidene)benzene acetate (14db) [Table 
9, entry 2]. Following to the general procedure, ethyl 4-(2-ethoxy-2-oxoacetyl)benzoate 70au (250 
mg, 1.00 mmol), cyclopropylhydrazine (416 mg, 1.00 mmol) and pyridine (161 µL, 2.00 mmol) were 
used and the reaction time was 12 h. 14db (188 mg, 62%) was obtained as a colorless oil after 
purification by Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 10.83 (s, 1H), 7.99 
(d, J = 7.6 Hz, 2H), 7.62 (d, J = 8.4 Hz, 2H), 4.40-4.34 (m, 2H), 4.30-4.25 (m, 2H), 3.10-3.05 (m, 
1H), 1.41-1.37 (m, 3H), 1.33-1.30 (m, 3H), 0.85-0.77 (m, 4H); 13C-NMR (100 MHz, CDCl3) δ 166.6, 
163.4, 141.5, 129.0, 128.4, 127.9, 124.9, 60.8, 60.5, 32.1, 14.3, 14.2, 6.2; HRMS (ESI) m/z calcd for 
C16H21O4N2 [M+H]+ 305.1496, found 305.1497. 
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General procedure of preparing α-keto ester [Table 10]. To a solution of ketone (1.0 eq.) in 
pyridine (7.0 eq.) was added SeO2 (2.0 eq.). The mixture was stirred at 100 °C for 1 h. After the 
mixture was cooled to room temperature, the mixture was filtered with Celite®. Then 1M HCl was 
added and the mixture was extracted with EtOAc three times. The combined organic layer was washed 
with brine, dried over MgSO4, filtered and evaporated to afford crude carboxylic acid. Then the crude 
mixture was dissolved in EtOH (10 mL) and H2SO4 (1.0 mL) was added. The mixture was stirred at 
reflux for 1 h and cooled to room temperature. Then the residue was extracted with EtOAc three times. 
The combined organic layer was washed with brine, dried over MgSO4, filtered and evaporated. α-
Keto ester was obtained after purification with flash column chromatography. 
 

Ethyl 2-(naphthalen-2-yl)-2-oxoacetate (70at) [Table 10, entry 1]. Following to the general 
procedure using commercially available 1-(naphthalen-2-yl)ethan-1-one 71at (511 mg, 3.00 mmol), 
SeO2 (666 mg, 6.00 mmol) and pyridine (1.70 mL, 21.0 mmol), ethyl 2-(naphthalen-2-yl)-2-
oxoacetate 70at (612 mg, 89%) was obtained after purification by flash column chromatography 
(hexane/EtOAc). The spectral data were identical with those reported in the literature. 95) 

 

Ethyl 4-(2-ethoxy-2-oxoacetyl)benzoate (70au) [Table 10, entry 2]. Following to the general 
procedure using commercially available ethyl 4-acetylbenzoate 71au (577 mg, 3.00 mmol), SeO2 
(666 mg, 6.00 mmol) and pyridine (1.70 mL, 21.0 mmol), Ethyl 2-(naphthalen-2-yl)-2-oxoacetate 
70au (250 mg, 33%) was obtained after purification by flash column chromatography 
(hexane/EtOAc). The spectral data were identical with those reported in the literature. 96) 

 

1-Iodo-4-(methoxymethoxy)benzene (105af) [Scheme 71]. To a solution of 4-iodophenol 104 (1.10 
g, 5.00 mmol) in THF (6.30 mL) was added NaH (180 mg, 7.50 mmol) at 0 °C. After stirred at 0 °C 
for 15 min, chloromethyl methyl ether (523 mg, 6.50 mmol) was added. The mixture was stirred at 
room temperature for 3 h. Then the mixture was diluted with Et2O and washed with 3M NaOH aq. 
three times. The residue was dried over MgSO4, filtered and evaporated. 105af (1.32 g, 31%) was 
obtained after purification by Biotage Isolera® (hexane/EtOAc). The spectral data were identical with 
those reported in the literature. 97) 

 

N-(4-Iodophenyl)pivalamide (105ag) [Scheme 72]. To a solution of pivaloyl chloride (1.77 g, 14.7 
mmol) in CH2Cl2 (12.0 mL), were added 4-iodoaniline 106 (657 mg, 3.00 mmol) and triethylamine 
(1.52 g, 15.0 mmol). The mixture was stirred at room temperature for 2 h. Then 1M HCl aq. (12 mL) 
was added and extracted with CHCl3 three times. The residue was washed with saturated NaHCO3 
aq., dried over MgSO4, filtered and evaporated. 105ag (870 mg, 96%) was obtained after purification 
by Biotage Isolera® (hexane/EtOAc). The spectral data were identical with those reported in the 
literature. 98) 
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General procedure for Heck type reaction of N-cyclopropylhydrazones [Scheme 73]. 
N-Cyclopropylhydrazone (1.0 eq.), iodoarene (2.0 eq.), Herrmann catalyst (0.10 eq.), n-Bu4NI (0.20 
eq.) and Cs2CO3 (2.0 eq.) were dissolved in benzonitrile (0.05 M). The mixture was stirred at 80 °C 
under argon for several hours. After the spot of N-cyclopropylhydrazone was disappeared on TLC, 
potassium ethyl xanthate (0.40 eq.) was added. Then the mixture was stirred at 150 °C for several 
hours. Then the mixture was cooled to room temperature, filtered through Celite® and evaporated. 
The residue was purified by Biotage Isolera® (hexane/EtOAc) or PTLC to afford pyrazoles. 
 

Ethyl 2-(5-(4-tert-butylphenyl)-1H-pyrazol-1-yl)-2-phenylacetate (18ab) [Scheme 73]. Following 
to the general procedure, 14ac (21.0 mg, 0.0904 mmol), 1-(tert-butyl)-4-iodobenzene 105ab (47.0 
mg, 0.181 mmol), Herrmann catalyst (8.4 mg, 0.0090 mmol), n-Bu4NI (6.7 mg, 0.018 mmol) and 
Cs2CO3 (59.0 mg, 0.181 mmol) were used. After the mixture was stirred at 80 °C for 3 h, potassium 
ethyl xanthate (5.8 mg, 0.036 mmol) was added and the mixture was stirred at 150 °C for 3 h. 18ab 
(19.5 mg, 60%) was obtained as a colorless oil after purification by Biotage Isolera® (hexane/EtOAc); 
1H-NMR (400 MHz, CDCl3) δ 7.64 (d, J = 2.0 Hz, 1H), 7.47-7.45 (m, 2H), 7.37-7.33 (m, 5H), 7.29-
7.26 (m, 2H), 6.32 (d, J = 1.6 Hz, 1H), 6.06 (s, 1H), 4.22 (q, J = 7.6 Hz, 2H), 1.36 (s, 9H), 1.20 (t, J 
= 7.6 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.4, 151.6, 144.3, 139.5, 134.9, 128.5, 128.4, 128.2, 
128.1, 127.0, 125.4, 105.9, 64.1, 61.7, 34.4, 30.9, 13.7; HRMS (ESI) m/z calcd for C23H27O2N2 
[M+H]+ 363.2067, found 363.2066. 
 

Ethyl 2-(5-(2-methylphenyl)-1H-pyrazol-1-yl)-2-phenylacetate (18ac) [Scheme 73]. Following to 
the general procedure, 14ac (20.5 mg, 0.0883 mmol), 2-iodotoluene 105ac (38.6 mg, 0.177 mmol), 
Herrmann catalyst (8.3 mg, 0.0090 mmol), n-Bu4NOAc (5.3 mg, 0.018 mmol) and Cs2CO3 (57.7 mg, 
0.177 mmol) were used. After the mixture was stirred at 80 °C for 16 h, potassium ethyl xanthate (5.7 
mg, 0.035 mmol) was added and the mixture was stirred at 150 °C for 4 h. 18ac (15.7 mg, 56%) was 
obtained as a yellow oil after purification by Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, 
CDCl3) δ 7.67 (d, J = 1.2 Hz, 1H), 7.39-7.23 (m, 8H), 7.15 (d, J = 6.8 Hz, 1H), 6.25 (d, J = 1.6 Hz, 
1H), 5.68 (s, 1H), 4.21 (q, J = 7.2 Hz, 2H), 2.10 (s, 3H), 1.20 (t, J = 7.2 Hz, 3H); 13C-NMR (100 MHz, 
CDCl3) δ 168.6, 143.0, 139.7, 138.2, 134.9, 130.6, 130.4, 129.9, 129.4, 128.8, 128.5, 128.4, 125.8, 
106.6, 64.4, 62.0, 19.8, 14.0; HRMS (ESI) m/z calcd for C20H21O2N2 [M+H]+ 321.1598, found 
321.1594. 
 

Ethyl 2-(5-phenyl-1H-pyrazol-1-yl)-2-phenylacetate (16at) [Scheme 73]. Following to the general 
procedure, 14ac (20.4 mg, 0.0878 mmol), iodobenzene 105at (35.9 mg, 0.176 mmol), Herrmann 
catalyst (8.2 mg, 0.0090 mmol), n-Bu4NI (6.5 mg, 0.018 mmol) and Cs2CO3 (57.3 mg, 0.176 mmol) 
were used. After the mixture was stirred at 80 °C for 16 h, potassium ethyl xanthate (5.6 mg, 0.035 
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mmol) was added and the mixture was stirred at 150 °C for 4 h. 16at (15.4 mg, 57%) was obtained 
as a yellow oil after purification by Biotage Isolera® (hexane/EtOAc). 
 

Following to the general procedure, 14ac (468 mg, 2.02 mmol), iodobenzene 105at (822mg, 4.03 
mmol), Herrmann catalyst (189 mg, 0.202 mmol), n-Bu4NI (149 mg, 0.404 mmol) and Cs2CO3 (1.32 
g, 4.04 mmol) were used. After the mixture was stirred at 80 °C for 13 h, potassium ethyl xanthate 
(130 mg, 0.808 mmol) was added and the mixture was stirred at 150 °C for 3 h. 16at (306 mg, 49%) 
was obtained as a yellow oil after purification by Biotage Isolera® (hexane/EtOAc). 
 

Ethyl 2-(5-(4-methoxyphenyl)-1H-pyrazol-1-yl)-2-phenylacetate (18ad) [Scheme 73]. Following 
to the general procedure, 14ac (20.2 mg, 0.0870 mmol), 4-iodoanisole 105ad (40.7 mg, 0.174 mmol), 
Herrmann catalyst (8.2 mg, 0.0090 mmol), n-Bu4NOAc (5.2 mg, 0.017 mmol) and Cs2CO3 (56.7 mg, 
0.174 mmol) were used. After the mixture was stirred at 80 °C for 6 h, potassium ethyl xanthate (5.6 
mg, 0.0350 mmol) was added and the resulting mixture was stirred at 150 °C for 2 h. 18ad (12.9 mg, 
44%) was obtained as a yellow oil after purification by Biotage Isolera® (hexane/EtOAc); 1H-NMR 
(400 MHz, CDCl3) δ 7.64 (d, J = 1.6 Hz, 1H), 7.36 (s, 5H), 7.27 (d, J = 8.0 Hz, 2H), 6.97 (d, J = 8.8 
Hz, 2H), 6.29 (d, J = 1.2 Hz, 1H), 6.01 (s, 1H), 4.23 (q, J = 7.2 Hz, 2H), 3.87 (s, 3H), 1.21 (t, J = 7.2 
Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.6, 160.0, 144.4, 139.8, 135.2, 130.5, 128.7, 128.5, 128.5, 
122.6, 114.2, 106.2, 64.4, 62.0, 55.4, 14.0; HRMS (ESI) m/z calcd for C20H21O3N2 [M+H]+ 337.1547, 
found 337.1547. 
 

Ethyl 2-(5-(2,4-dimethoxyphenyl)-1H-pyrazol-1-yl)-2-phenylacetate (18ae) [Scheme 73]. 
Following to the general procedure, 14ac (20.1 mg, 0.0870 mmol), 1-iodo-2,4-dimethoxybenzene 
105ae (45.7 mg, 0.170 mmol), Herrmann catalyst (8.1 mg, 0.0090 mmol), n-Bu4NOAc (5.2 mg, 0.017 
mmol) and Cs2CO3 (56.4 mg, 0.170 mmol) were used. After the mixture was stirred at 80 °C for 8 h, 
potassium ethyl xanthate (5.6 mg, 0.0350 mmol) was added and the mixture was stirred at 150 °C for 
3 h. 18ae (12.8 mg, 40%) was obtained as a yellow oil after purification by Biotage Isolera® 
(hexane/EtOAc); 1H-NMR (400 MHz,CDCl3) δ 7.63 (d, J = 1.6 Hz, 1H), 7.32-7.30 (m, 4H), 7.25 (s, 
1H), 7.16 (d, J = 8.0 Hz, 1H), 6.55-6.51 (m, 2H), 6.22 (d, J = 2.0 Hz, 1H), 5.80 (s, 1H), 4.23-4.18 (m, 
2H), 3.85 (s, 3H), 3.64 (s, 3H), 1.19 (t, J = 6.8 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.9, 161.9, 
157.9, 140.9, 139.8, 135.3, 132.7, 128.8, 128.3, 128.2, 111.6, 106.7, 104.7, 98.6, 64.4, 61.7, 55.5, 
55.2, 14.1; HRMS (ESI) m/z calcd for C21H23O4N2 [M+H]+ 367.1652, found 367.1651. 
 

Ethyl 2-(5-(4-methoxymethoxyphenyl)-1H-pyrazol-1-yl)-2-phenylacetate (18af) [Scheme 73]. 
Following to the general procedure, 14ac (20.4 mg, 0.0878 mmol), 1-iodo-4-
(methoxymethoxy)benzene 105af (46.4 mg, 0.176 mmol), Herrmann catalyst (8.2 mg, 0.0088 mmol), 
n-Bu4NI (6.5 mg, 0.018 mmol) and Cs2CO3 (57.3 mg, 0.176 mmol) were used. After the mixture was 
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stirred at 80 °C for 12 h, potassium ethyl xanthate (5.6 mg, 0.035 mmol) was added and the mixture 
was stirred at 150 °C for 5 h. 18af (20.2 mg, 63%) was obtained as a yellow oil after purification by 
Biotage Isolera® (hexane/EtOAc); 1H-NMR (400 MHz, CDCl3) δ 7.65 (d, J = 1.2 Hz, 1H), 7.37 (s, 
5H), 7.29-7.27 (m, 2H), 7.12 (d, J = 8.8 Hz, 2H), 6.31 (d, J = 2.0 Hz, 1H), 6.03 (s, 1H), 5.25 (s, 2H), 
4.24 (q, J = 7.2 Hz, 2H), 3.53 (s, 3H), 1.22 (t, J = 7.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.6, 
157.6, 144.3, 139.8, 135.2, 130.5, 128.7, 128.5, 128.5, 123.8, 116.4, 106.2, 94.2, 64.4, 62.0, 56.2, 
14.0; HRMS (ESI) m/z calcd for C21H23O4N2 [M+H]+ 367.1652, found 367.1653. 
 

Ethyl 2-[5-(4-(2,2-dimethylpropanamidephenyl)-1H-pyrazol-1-yl)-2-phenylacetate (18ag) 
[Scheme 73]. Following to the general procedure, 14ac (22.3 mg, 0.0960 mmol), N-(4-iodophenyl) 
pivalamide 105ag (58.2 mg, 0.192 mmol), Herrmann catalyst (9.0 mg, 0.0096 mmol), n-Bu4NI (7.1 
mg, 0.019 mmol) and Cs2CO3 (62.6 mg, 0.192 mmol) were used. After the mixture was stirred at 
80 °C for 14 h, potassium ethyl xanthate (6.2 mg, 0.038 mmol) was added and stirred at 150 °C for 4 
h. 18ag (14.8 mg, 38%) was obtained as a white solid after purification by Biotage Isolera® 
(hexane/EtOAc) and PTLC (CHCl3/acetone = 20 : 1); Mp: 196-200 °C; 1H-NMR (400 MHz, CDCl3) 
δ 7.61 (d, J = 8.0 Hz, 3H), 7.33-7.28 (m, 7H), 6.30 (d, J = 1.6 Hz, 1H), 5.98 (s, 1H), 4.21 (q, J = 7.2 
Hz, 2H), 1.33 (s, 9H), 1.19 (t, J = 7.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 176.8, 168.5, 144.1, 
139.8, 138.6, 135.1, 129.9, 128.7, 128.5, 127.2, 126.0, 120.0, 106.3, 64.4, 62.1, 39.7, 27.6, 14.0; 
HRMS (ESI) m/z calcd for C24H28O3N3 [M+H]+ 406.2125, found 406.2122. 
 

Ethyl 2-(5-(4-morpholinophenyl)-1H-pyrazol-1-yl)-2-phenylacetate (18ah) [Scheme 73]. 
Following to the general procedure, 14ac (19.4 mg, 0.0835 mmol), 4-(4-iodophenyl) morpholine 
105ah (48.3 mg, 0.167 mmol), Herrmann catalyst (7.9 mg, 0.0084 mmol), n-Bu4NI (6.2 mg, 0.017 
mmol) and Cs2CO3 (54.4 mg, 0.167 mmol) were used. After the mixture was stirred at 80 °C for 6 h, 
potassium ethyl xanthate (5.4 mg, 0.034 mmol) was added and the mixture was stirred at 150 °C for 
5 h. 18ah (12.1 mg, 37%) was obtained as a yellow solid after purification by PTLC (Hexane/acetone 
= 2 : 1); Mp: 113 °C (decomp.); 1H-NMR (400 MHz, CDCl3) δ 7.63 (d, J = 1.6 Hz, 1H), 7.37-7.34 
(m, 4H), 7.26-7.24 (m, 3H), 6.95 (d, J = 8.4 Hz, 2H), 6.28 (d, J = 1.6 Hz, 1H), 6.03 (s, 1H), 4.22 (q, 
J = 7.2 Hz, 2H), 3.89 (t, J = 5.2 Hz, 4H), 3.23 (t, J = 5.2 Hz, 4H), 1.21 (t, J = 7.2 Hz, 3H); 13C-NMR 
(100 MHz, CDCl3) δ 168.7, 151.3, 144.6, 139.8, 135.3, 130.1, 128.7, 128.5, 128.4, 121.2, 115.1, 105.9, 
66.8, 64.4, 62.0, 48.6, 14.1; HRMS (ESI) m/z calcd for C23H26O3N3 [M+H]+ 392.1969, found 
392.1969. 
 

Ethyl 2-(5-([1,1'-biphenyl]-4-yl)-1H-pyrazol-1-yl)-2-phenylacetate (18ai) [Scheme 73]. 
Following to the general procedure, 14ac (19.9 mg, 0.0857 mmol), 4-iodobiphenyl 105ai (48.0 mg, 
0.171 mmol), Herrmann catalyst (8.0 mg, 0.0086 mmol), n-Bu4NI (6.3 mg, 0.017 mmol) and Cs2CO3 
(55.7 mg, 0.171 mmol) were used. After the mixture was stirred at 80 °C for 12 h, potassium ethyl 
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xanthate (5.5 mg, 0.034 mmol) was added and the mixture was stirred at 150 °C for 4 h. 18ai (15.6 
mg, 48%) was obtained as a colorless oil after purification by PTLC (hexane/acetone = 2 : 1); 1H-
NMR (400 MHz, CDCl3) δ 7.69-7.64 (m, 5H), 7.51-7.36 (m, 10H), 6.39 (d, J = 1.6 Hz, 1H), 6.10 (s, 
1H), 4.25 (q, J = 7.6 Hz, 2H), 1.22 (t, J = 7.6 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.6, 144.3, 
141.7, 140.1, 139.9, 135.1, 129.6, 129.2, 128.9, 128.7, 128.5, 128.4, 127.8, 127.4, 127.1, 106.5, 64.6, 
62.1, 14.1; HRMS (ESI) m/z calcd for C25H23O2N2 [M+H]+ 383.1754, found 383.1752. 
 

Ethyl 2-(5-(4-fluorophenyl)-1H-pyrazol-1-yl)-2-phenylacetate (18aj) [Scheme 73]. Following to 
the general procedure, 14ac (20.1 mg, 0.0865 mmol), 4-fluoro-iodobenzene 105aj (38.4 mg, 0.173 
mmol), Herrmann catalyst (8.1 mg, 0.0087 mmol), n-Bu4NI (6.4 mg, 0.017 mmol) and Cs2CO3 (56.4 
mg, 0.173 mmol) were used. After the mixture was stirred at 80 °C for 14 h, potassium ethyl xanthate 
(5.6 mg, 0.035 mmol) was added and the mixture was stirred at 150 °C for 4 h. 18aj (13.7 mg, 49%) 
was obtained as a colorless oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR (400 
MHz, CDCl3) δ 7.64 (s, 1H), 7.35-7.28 (m, 7H), 7.12 (t, J = 8.8 Hz, 2H), 6.30 (s, 1H), 5.96 (s, 1H), 
4.22 (q, J = 7.2 Hz, 2H), 1.20 (t, J = 7.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.5, 163.0 (d, JC-

F = 249.5 Hz), 143.5, 139.8, 135.0, 131.1 (d, JC-C-C-F = 8.7 Hz), 128.6, 128.6, 128.5, 126.4 (d, JC-C-C-C-

F = 3.9 Hz), 115.9 (d, JC-C-F= 21.2 Hz), 106.7, 64.6, 62.1, 14.0; 19F-NMR (376 MHz, CDCl3) δ -112.0; 
HRMS (ESI) m/z calcd for C19H18O2N2F [M+H]+ 325.1347, found 325.1346. 
 

Ethyl 2-(5-(4-ethoxycarbonylphenyl)-1H-pyrazol-1-yl)-2-phenylacetate (18ak) [Scheme 73]. 
Following to the general procedure, 14ac (23.4 mg, 0.101 mmol), ethyl-4-iodobenzoate 105ak (33.5 
mg, 0.202 mmol), Herrmann catalyst (9.4 mg, 0.010 mmol), n-Bu4NI (7.5 mg, 0.020 mmol) and 
Cs2CO3 (65.8 mg, 0.202 mmol) were used. After the mixture was stirred at 80 °C for 21 h, potassium 
ethyl xanthate (6.5 mg, 0.040 mmol) was added and the mixture was stirred at 150 °C for 3 h. 18ak 
(16.3 mg, 43%) was obtained as a yellow oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-
NMR (400 MHz, CDCl3) δ 8.12 (d, J = 8.8 Hz, 2H), 7.67 (s, 1H), 7.42 (d, J = 8.0 Hz, 2H), 7.35 (s, 
5H), 6.39 (d, J = 2.0 Hz, 1H), 6.00 (s, 1H), 4.42 (q, J = 7.2 Hz, 2H), 4.23 (q, J = 7.2 Hz, 2H), 1.42 (t, 
J = 7.2 Hz, 3H), 1.21 (t, J = 7.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.3, 166.0, 143.6, 140.0, 
134.8, 134.7, 130.7, 129.9, 129.1, 128.62, 128.57, 128.4, 107.0, 64.8, 62.2, 61.3, 14.3, 14.0; HRMS 
(ESI) m/z calcd for C22H23O4N2 [M+H]+ 379.1652, found 379.1652. 
 

Ethyl 2-(5-(4-methylphenyl)-1H-pyrazol-1-yl)-2-(4-methoxy)phenylacetate (18ba) [Scheme 73]. 
Following to the general procedure, 14ad (25.5 mg, 0.0972 mmol), 4-iodotoluene 105aa (42.4 mg, 
0.194 mmol), Herrmann catalyst (9.1 mg, 0.0097 mmol), n-Bu4NI (7.2 mg, 0.019 mmol) and Cs2CO3 
(63.2 mg, 0.194 mmol) were used. After the mixture was stirred at 80 °C for 16 h, potassium ethyl 
xanthate (6.5 mg, 0.039 mmol) was added and the mixture was stirred at 150 °C for 3 h. 18ba (16.5 
mg, 49%) was obtained as a yellow oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR 
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(400 MHz, CDCl3) δ 7.63 (d, J = 2.0 Hz, 1H), 7.32 (d, J = 8.8 Hz, 2H), 7.27-7.26 (m, 4H), 6.89 (d, J 
= 8.8 Hz, 2H), 6.30 (s, 1H), 5.97 (s, 1H), 4.22 (q, J = 7.2 Hz, 2H), 3.80 (s, 3H), 2.43 (s, 3H), 1.21 (t, 
J = 7.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.9, 159.5, 144.4, 139.7, 138.8, 130.1, 129.4, 129.1, 
127.5, 127.3, 113.8, 106.2, 63.9, 61.9, 55.2, 21.3, 14.0; HRMS (ESI) m/z calcd for C21H23O3N2 
[M+H]+ 351.1703, found 351.1704. 
 

Ethyl 2-(5-(4-methylphenyl)-1H-pyrazol-1-yl)-2-(4-ethoxycarbonyl)phenylacetate (18ca) 
[Scheme 73]. Following to the general procedure, 14db (32.4 mg, 0.107 mmol), 4-iodotoluene 105aa 
(46.4 mg, 0.213 mmol), Herrmann catalyst (10.0 mg, 0.0107 mmol), n-Bu4NI (7.9 mg, 0.0214 mmol) 
and Cs2CO3 (69.4 mg, 0.213 mmol) were used. After the mixture was stirred at 80 °C for 13 h, 
potassium ethyl xanthate (6.9 mg, 0.0428 mmol) was added and the mixture was stirred at 150 °C for 
3 h. 18ca (9.2 mg, 22%) was obtained as a yellow oil after purification by PTLC (hexane/EtOAc = 
7 : 3); 1H-NMR (400 MHz, CDCl3) δ 8.01 (d, J = 8.2 Hz, 2H), 7.63 (s, 1H), 7.39 (d, J = 8.2 Hz, 2H), 
7.25-7.17 (m, 4H), 6.30 (d, J = 2.0 Hz, 1H), 6.03 (s, 1H), 4.38-4.33 (m, 2H), 4.24-4.19 (m, 2H), 2.40 
(s, 3H), 1.38-1.35 (m, 3H), 1.21-1.17 (m, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.0, 166.2, 144.9, 
140.1, 140.0, 139.1, 130.5, 129.7, 129.5, 129.0, 128.6, 127.2, 106.4, 64.1, 62.2, 61.0, 21.3, 14.3, 14.0; 
HRMS (ESI) m/z calcd for C23H25O4N2 [M+H]+ 393.1809, found 393.1805. 
 

Ethyl 2-(5-(4-methylphenyl)-1H-pyrazol-1-yl)-2-(2-naphthyl)acetate (18da) [Scheme 73]. 
Following to the general procedure, 14da (24.9 mg, 0.0882 mmol), 4-iodotoluene 105aa (38.4 mg, 
0.176 mmol), Herrmann catalyst (8.3 mg, 0.0088 mmol), n-Bu4NI (6.5 mg, 0.018 mmol) and Cs2CO3 
(57.3 mg, 0.176 mmol) were used. After the mixture was stirred at 80 °C for 21 h, potassium ethyl 
xanthate (5.6 mg, 0.035 mmol) was added and the mixture was stirred at 150 °C for 4 h. 18da (10.7 
mg, 33%) was obtained as a yellow oil after purification by PTLC (hexane/EtOAc = 7 : 3); 1H-NMR 
(400 MHz, CDCl3) δ 7.85-7.78 (m, 3H), 7.73 (s, 1H), 7.66 (d, J = 1.4 Hz, 1H), 7.54 (d, J = 9.6 Hz, 
1H), 7.48-7.46 (m, 2H), 7.25 (d, J = 2.8 Hz, 4H), 6.33 (d, J = 0.8 Hz, 1H), 6.18 (s, 1H), 4.24 (q, J = 
6.8 Hz, 2H), 2.41 (s, 3H), 1.23-1.18 (m, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.7, 144.7, 139.9, 
138.9, 133.1, 133.0, 132.7, 129.5, 129.1, 128.2, 128.0, 127.6, 126.4, 126.2, 126.2, 106.3, 64.6, 62.1, 
21.3, 14.1; One carbon peak could not be detected probably due to overlapping; HRMS (ESI) m/z 
calcd for C24H23O2N2 [M+H]+ 371.1754, found 371.1757. 
 

Ethyl 2-(4-bromo-5-phenyl-1H-pyrazol-1-yl)-2-phenylacetate (107) [Scheme 74]. To a solution 
of 16at (15.3 mg, 0.0499 mmol) in CH2Cl2 (5.2 mL), NBS (10.6 mg, 0.0600 mmol) was added. The 
mixture was stirred at 50 °C in a sealed tube for 25 h, and then evaporated. The residue was purified 
by Biotage Isolera® (hexane/EtOAc) to afford pyrazole 107 (11.0 mg, 57%) as a white solid; Mp: 82-
84 °C; 1H-NMR (400 MHz, CDCl3) δ 7.64 (s, 1H), 7.51-7.48 (m, 3H), 7.35-7.29 (m, 7H), 5.91 (s, 
1H), 4.22 (q, J = 7.2 Hz, 2H), 1.21 (t, J = 7.2 Hz, 3H); 13C-NMR (100 MHz, CDCl3) δ 168.2, 142.3, 
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140.4, 134.3, 130.1, 129.6, 128.9, 128.8, 128.8, 128.6, 128.1, 94.4, 65.5, 62.2, 14.0; HRMS (ESI) m/z 
calcd for C19H18O2N2

79Br [M+H]+ 385.0546, found 385.0546, C19H18O2N2
81Br [M+H]+ 387.0526, 

found 387.0526. 
 

1-Benzyl-5-phenyl-1H-pyrazole (108) [Scheme 74]. To a solution of 16at (30.0 mg, 0.0979 mmol) 
in DMSO (980 µL), LiCl (16.6 mg,0.390 mmol) was added. The mixture was stirred at 150 °C for 23 
h. Then LiCl (49.9 mg, 1.18 mmol) was added to the mixture and the resulting mixture was stirred 
for 23 h. Then the mixture was cooled to room temperature and diluted with water, extracted with 
Et2O three times, washed with water and brine and dried over MgSO4. Then the residue was filtered 
and evaporated. The residue was purified by Biotage Isolera® (hexane/EtOAc) to afford pyrazole 108 
(13.4 mg, 58%) as a white solid; Mp: 51-57 °C; 1H-NMR (400 MHz, CDCl3) δ 7.61 (d, J = 1.6 Hz, 
1H), 7.39 (m, 3H), 7.35-7.22 (m, 5H), 7.05 (d, J = 7.2 Hz, 2H), 6.36 (d, J = 2.0 Hz, 1H), 5.35 (s, 2H); 
13C-NMR (100 MHz, CDCl3) δ 144.1, 139.3, 137.6, 130.7, 128.9, 128.6, 128.6, 127.5, 126.8, 106.4, 
53.1; One carbon peak could not be detected probably due to overlapping; HRMS (ESI) m/z calcd for 
C16H15N2 [M+H]+ 235.1230, found 235.1225. 
 

2-Phenyl-2-(5-phenyl-1H-pyrazol-1-yl)ethan-1-ol (109) [Scheme 74]. To a solution of 16at (29.5 
mg, 0.0963 mmol) in THF (960 µL), LiAlH4 (3.6 mg, 0.095 mmol) was added. The mixture was 
stirred at 0 °C for 6 h. Then the mixture was diluted with saturated aqueous NH4Cl and extracted with 
EtOAc three times. The collected organic layers were washed with brine, dried over MgSO4 and 
concentrated. The residue was purified by PTLC (hexane/EtOAc = 7 : 3) to afford alcohol 109 (15.5 
mg, 61%) as a yellow oil; 1H-NMR (400 MHz, CDCl3) δ 7.68 (d, J = 1.4 Hz, 1H), 7.38-7.24 (m, 6H), 
7.20 (m, 2H), 7.10-7.08 (m, 2H), 6.37 (d, J = 1.8 Hz, 1H), 5.44 (dd, J = 7.2, 3.6 Hz, 1H), 4.41 (dd, J 
= 12, 7.2 Hz, 1H), 4.11 (dd, J = 12, 3.6 Hz, 1H); 13C-NMR (100 MHz, CDCl3) δ 144.9, 139.2, 138.7, 
130.2, 129.1, 128.7, 128.6, 128.5, 127.8, 126.6, 106.5, 65.9, 63.8; HRMS (ESI) m/z calcd for 
C17H17ON2 [M+H]+ 265.1335, found 265.1332. 
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