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Introduction: 

Over the last decades, oL[r laboratory focused on the use of Lewis acid calalysts int;~ludlng the transllion metal 

comPlex to invenl the ne¥v chemicttl transformalion reactions. Among them, we are generally interested in the 

reaction catLllyzed by "Palladium" which Is a pi¥'otal techniques for chemlst to g*enerale carbon-ca['bon and carbon-

he[ero bond formin_o_ reactions. During the course of investig'ation, we have recently Cliscovered some of' very 

interesting reactions which I would like to describe my woi'k in the three diffei'ent c'ate*t*'ories (Scheme l): Firsl 

cate*o*ory involves the pall~ldiLim-catalyzed reaction of alkynes/allenes wlth cttrbon and heLeroatom nuc[eophiles. 

leading to the formation of carbon-carbon and ctlrbon-heteroatom bonds which generally proceeds via rr -

~lllylpalladium intermediate (.Type I, eq l). Second categ*ory involved the lransition-metal making the complex wilh 

7T -electron oi' alkene~' or aikynes muitiple bonds, which makes feasible lhe attack of Nu~ to an electron det'icient 

carbon Lo g[ve an organometal intermediate havlngT a C-Nu boncl (Type II, eq .~'). Third cLttegory involves the ciirecl 

simple formtttion of metal vinylidene intermediates from the terminal alkynes has made possible the lransfer from 

stoichiometric to catalytic reactions, Llnd now organornelallic vinylidenes are at the hea[~t of selective transformation 

of terminal alkynes with atom economy (Type 111. eq 3). 

Schenle 1. 

Gene"a! Sche'?7e fol' the T,'a/~sitio'~-Metal-Catalyzed Addition o/' I~ucleophiles to a Carb0'7 -Ca"bon 
Mul tiple Bon ds 

Type l [ 1-Ri~~~R'~ MLn Rl~~A[M¥1/i R2]l 1/V¥R2 (1) R2 e Nu 
Nu J R l-R

 

Type il 

Nu.~~ 
)~ MLn >~(; Nu¥ ~ 

transition metai MLn lrMLrhl (2) 

Type lll 

 [ J ･ (3) H rlL H 

C- M .O~M Me Base 

X O NR S CR2 M = early transition meta[s (Cr, Mo, W....) 
= Iate transiton metals (Ni, Pd, Pt...) 
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Chapter 1. Pal]adiumfBenzoic Acid Combined Catal)'tic S),stem ror the All) Iation of C- and O- I)ronucleophiles 

~~ Ith Allenes and Intcrnal Alkvnes 

Pd(O)-benzoic acid combined catalysts system for the addition of' carbon and oxygen pronucleophiles to 'allenes 

and internal alkynes, res pecti¥'ely, is descrlbed (eqs 4. & 5). Fo]' exalT]ple, phenyl allene I undergoes smooth addltion 

with diethyl malonate and benzyl alcohol to give the corresponding producls 3 in 900/c and r~la/(,, respectively. On lhe 

other hand, mixture of l-phenyl-1-propyne 4 atnd acelic acicl 5 2~lso fLLrnlshed lhe allylated product 6 in 810/0 yield. 

The addition of a catalytic amount of ca]~boxylic acid is crucial, in this palladium catalyzed reacLlon, for obtaining 

the allylation products in hi_~h yields with regio- anc] stereoselective manner. The proposed mechanlsm for the 

present reaction is depicted in scheme 2. 

= + H-Ny 5 mol"/" Pd(PPh3)4 Ph/~~A~ N u Phrl 2 1 D molok PhC02H (4) 
Nu' <C02Et 3 1 ,l~dioxane, I OO 'C OBn ' C02Et ' 1 2 h, 
(1 .2 equiv) O 

Ph ~~: + cH3COOH 5 mol% Pd(PPh3)4 o/~~CH3 (5~ Ph/~/~.~~. 
4 (1 .5 equiv) 5 1 ,lhdioxane, 100 'C 6 

12 h, 81 'k 

Schomo 2. Proposed mechanism for the addition of C- and O-nucleophiles with allenes 
and alkynes 

RI~~~ Nu R H3C  

3 or 6 4 

H-Nu 

2 or 5 

;OBZ 
Pd 
_! 
R~~/ II 

C 

H-Pd-OBz 

B 

H Pd-OBz 

R~<L, j ~H ~ ~:H 
A 

R/~1 
The initlal step is the hydropalladation of alkynes 4 with the hydridopalladium species B __"enerated from Pd(O) 

and benzoic acid (catalytlc cycle I). The resultin__" vlnyl palladium species A would produce phenyl allene I and lhe 

activc cata]yst A via /? -elimination. Hydropal]adarion of I with B presumab]}, gives the ;~r -il]])']pal]adium species C 

which reacts with nucleophiles to give allylation products along with the hydridopalladium species B (cycle II). In 

case of allene only, ~u~other concelvab]e pathway is that the Pd-catalyzed addition of ben7-0ic acid to allene I takes 

place rirst anc] then the resulting cinnamyl benzoate reacts with H-Nu in the Tsuji-Trost allylation manne]' to give the 

products 3. In short, in case of alkynes~ cycle I and 11 operLltes while in the case of allenes only cycle ll opertltes. 

Chapter 2. Palladium-Catal),zed Intramolecular As)'mmetric Hydrocarbonation of Alkynes 

Palladium-catalyzed [ntramolecular asymmetric addition of carbon pronucleophiles with alkynes tethered by 

carbon chain having dl~tcy'anomethine at the terminus of ca]'bon chatin, Ieadin*"* to the l'orm'ation of optically active 

l'ive and six members carbocycles wlth good to hi_"*h enantioselectlvities and good to high yields. Is reported. In the 
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presence of 5 molo/o Pd!dba:~.CHCl:: and 25 molo/o (R.R)-RENORPHOS in benze.ne at 100'C. Substrate 7 undergoes 

the smooth cyclization to afford the product 8 in 700/0 yield with 650;Vo enantiomeric excess (ecl 6). On the other hand. 

when the amounts of palladium precursors and ligands were increase from 20 to 100 mol(;~~lo, respectively (condition 

B), better chemical and optical yields were obtained. This represents the fii'st example of the asymmetric addition of 

carbon pro[lucleophiles to alkynes. 

~ Ph 

/ (. Condition A : 700h, 65ok ee 
Ph (6) 

Condition B : 800k, 90ok ee NC CN CN 

7
 8
 

Condition Ai 5 molok Pd2(dba)3 CHC13, I O molok PhC02H, 25 mol% (R,R)-RENORPHOS in 
benzene, I OO oc, 72 h. Condition B: 20 molok Pd2(dba)3'CHC13, 40 moloX, PhC02H, 100 
molok (R,R)-RENORPHOS in benzene,100 oc, 72 h. 

The _c;*eneral mechanism of this reaction is believed to proceeds in similar way as' described in Scheme 2. 

Chapter 3. Palladium-Catalyzed Dimerization of Conjugatcd Diynes: S),nthesis of (E)-1,2-Divinyl-

dieth),n)'1ethenes (DVDEES) havin~g' Donor and Acceptol' Chrumophores at thc Terminus of Alkyne 

(E)-1.2-Divinyldiethynylethenes (DVDEES) having donor and acceptor chrolnophores at the terminus of alkyne 

unit 14 were synthesize by the palladiumIHOAc catalyzed dimerization ot' the conjugated d[ynes 9 bearing an Si-

_~roup at lhe terminus of alkyne (RI position) followed by desilylation and subsequent Sonogashira reaction of the 
resulting terminal alkyne I I w[th aryl iodides (SchelT]e 3) is described. 

Scheme 3. 

R1 H 

2 R1-=-=T¥~~~~- ~~E n-Pr cat. Pd(PPh3)4 n-Pr n:Pr _ ll 

ll 

- _ KOHIMeOH 

- 71 ok 

g CH3C02H, 40 oc // ~ n-Pr 

ll 

10 n-Pr 
R~ = Me3Si, Et3Si, R1 DVDEE 11 H

 

(i-Pr)3Si A potential NLO m~lterial 
EWG 

V~ 

EWG 

/O/EDG n-Pr _ ll lOl Sonogashira 
I + I cross-coupling 
12 13 

EWGi electron withdrawing group /p n-Pr 
EDG: electron donating group 

~~ 

EDG 14 
D/A substituted functionalized DVDEE molecules 
D = donors, A = acoeptors 

Chapter 4. Tota[ Synthcsis of Indo[izidine (-)-209D: An Application of the Intramolecular H)droamination 
Reaction 

e
 

Palladium-catalyzed high[y efficlent synthesis_ of indolizidlne (-)-209D via the 

-amino alkyne 15 ha~.' been accomplished. The alkyne 15 in the presence of 5 
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benzoic acid and 2 equiv oi' Iriethylamine in 1.4-dioxane al 100~C for 12 h led to the i'ormalion of cyclized product 

16 as a single diastere-omer which on furlher hydrogenLuion gnve the natural producl Indolizldine (-)-209D in 85c~7(, 

yield (:ecl 7). 

N n Bu EtsN (2 equiv) 850~) n-Bu'~H H n-B;+~ N 'H 
5 mol% pd(PPh3)4 

.H I O molOk PhC02H Pd-C/MeOH, H2 C7) 

1 *4-dioxa ne 
IS I OO oc, 12 h Indolizidine (-)-20gD 16 

74Dk 

A plLlusible explanation for the observed ditlslereoselectivity in the intmmolecula]' hydroamination reaciion is' 

malde on the busis of 1,3--diaxial Interactions. As depicteci In Scheme /1, Iwo iransilion slales A Llnd B Llre 

conceivLlble. In the model E, the Jr -a[lyl pLllladium complex ¥vould be in an axial position, therefore it sufl'ers rrom ai 

severe 1,3-diaxlal interaction. On lhe other hand SLlch a 1.3-diaxlal interactlon is not present in the transition st~tte D. 

Lts lhc ;T -allyl palladlum complex is oriented in an ec]uatorial position. This explains the exclusive i'ormalion of the 

de~ i red d iastereomer. 

L~_~chemc J. Proposed transilion states for the obs erved diastereoselectivity 

~~' Bzop:,:~~l n-Bu¥fi~~..~-~ H 
PdOBz 

~n-Bu 
D E 

J } 
/ ~ n-Bu H N 
H ~¥ 

(forrned exclusively) (not formed) 
n-Bu 

16 i6f 

Cllal]ter 5. Silver( l)-Catalyzed Cyclization oi' .'~lk),nones: Incorporation ot' Allene~~ into the Isochromenes 

The ~i]ve]'(1)-c21lii])'zed l~eactio,1 of aikynolles vvith ~]cohols represenls a __."elle]'a] Ioo] fo]~ the synthesis of l-a]Je.nyl 

isochromenes. The reaclion ot' 17 ~A'ith various ~1lcohol 18 (2 ecluivs) in CH~Cl~ in the presence of AgSbF,~. (or mol alc') 

dl 3c5 'C *o.~lve the desired producl 19 in good to high yields (eq 8). The reaction mosl probably proceeds through lhe 

benzopyrylium cation l. which WOLlld be formed by the nucleophilic attack of carbonyl oxygen to the silver 

coordlnated alkynes. The benzopyrylium ion formed in this way WOLlld undergo subsequent trapping with alcohols. 

The protollation and regeneration of the Ag(1) catalyst produce thc annulaltion producls (Scheme 5). 

- 1 66 -



i
 
i
 i
 

R
 

~~: b~~p .R (8) l b O + R20H cat. AgSbF5 

CH Cl 350c 
17 18 2 2, 19 ~ l

l
 

R1 R1)4¥oR2 
good to high ylelds 

Scheme 5. Proposed mechanism for cyolization reaction 

b~~p R AgLn 
~~ ~ ~:R 
l /~ Ag(1) Ag(1) 19 d~: ri0+ 

O 

--'P 

~ 
. 

17 ( l I I [ R30H 
,J,, 

R1 R1 

Chapter 6. PtBr2-Catalyzed Transformation of Alb l(ortho-ethynylaryl)carbinol Derivativcs into Functionali7.ed 

Indenes.'. Sp:: C-H I),ond Acti~ ation 

The PtBr~-catalyzed lransformation of l-ethynyl-2-(1-nlkoxy-bLit-3-enyl)-benzene 20 into functionalized indenes 

21 in good to moderate yielcls is clescribcd. The reaction proceeds most probably sp:; C-H activation by Pl-vinylidene 

complex (eq 9). 

H H 

, ~: ~~~~~ 5 molDk PtBr2 , ¥;~ ~ H (9) R
 

R I /~ Solvent, 120 oC I ~; / 
12 h ¥~~ R1 

20 Ri ((:LH,4cttvation) 21 
R1 = OMe, OBn, Ph Ri = OMe, OBn, Ph 

A plausible mcchanislr] is outlined in Scheme 6. The interaction of PtBr2 with the terminal alkyne ot' substrate 20 

gives an alkyne-PtBr~ 7T -complex, which gradually isomerizes via the migration of the terminal hydrogen f'rom (! -

cLli'bon to the adjacenl internal /? -carbon atom, as obser¥'ed in the other met~11 alkylidene complexes, to form the 

platinum vinyliciene intermediate F. It is most probable thal the e/rdo-carbocyclization of intermediate F takes places 

via tl second H transfer~ (or vict C-H activation/C=M mtathesis) Io I'orm the rive memhere.d melal vinyl species G. 

Finally. ['eductive el imination of PtBl'~ fonTls final product ~-1 . 

Sche,ne 6. Prop. osed mechanism for the endo-cai'bocycliz2ltion via sp' C-H bond actlvation 

Ha 
3 oe Ha 

j ~~ ~~~2 Hb ..,11,~:~ ~l ~~t 

.
 Ri M 

r 21 R 
20 

Ha Ha (~ 

~~~ ~ ~~ ':=M M : PtBr2 l M-Hb I ( Hb ~;; l~ 
~~ ~~ 
R1 R1 ~~// 
G F 
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 Chおμer7SyllthesisoflsoquinoHIles庇αElectrophllicCyclizationfromAzldo-Alkynes

 Thischapterdescrlbescompletelynewmethodforthesynthesisofisoquinolillederivatives23u∫αthen『ansition

 metalcatalyzedcyclizati・ll・falkynylazide22(eqlO).011the・tllel

 electrophiliccyclizati・n・falkynylazidel.Obyelecn-・Philes・ther

 ・btain3,4-substitutedls・quin・line24(eqll).

 ・halld,thisresultencouragedustoexamii]ethe

thanorganoPalladiumcompoLmdsillol'derto

 R◎匙t 。 
 22RIe蟹^oρ棚方eageηな

R1=alkyl,alkenylandaryI
 E担12,ICI

 R鎗,,
23

 R{》,1

 身
4

(10)

 (屑)

専
一
一
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 論文審査の結果の要旨

 近年パラジウム触媒を用いた遷移金属触媒による炭素一炭素結合及び炭素一ヘテロ原子結合構築反応が盛

 んに研究されているが,これらの反応は効率性が高いのみならずアトムエコノミーの視点からも優れた

 反応であるといえる。本論文においてNirmalKumarPalladiはパラジウム触媒を用いた新・規反応を開発し,

 これらの手法を用いた有用天然物の合成を行った。

 第1章では,パラジウムー安息香酸の共触媒系を用いることにより,炭素および酸素プロ求核体がア

 レンや分子内アルキンへ付加することを見いだしている。アリル化生成物は従来置換型反応である辻一

 Trost反応により合成されていたが,今回開発された反応は付加反応であることからより原子効率的なア

 リルエステルの合成手法であるといえる。

 第2章では,パラジウム触媒を用いたアルキンの分子内不斉ヒドロカルボ化反応の開発について述べ

 られている。RENORPHOSを不斉配位子として添加することにより不斉収率90%でキラル炭素環化合物

 が得られることを明らかにした。

 第3章では,パラジウム触媒を用いた共役ジインの二量化反応を用いた電子供与及び受容クロモフォ

 アを有するジビニルジエチニルエテンの合成について述べられている。これらの分子群は2次非線形光

 学活性を有することから,その簡便合成法として注目に値する。

 第4章では,分子内ヒドロアミノ化反応を用いたIndolizidille(一)一209Dの全合成を達成している。詳細な

 メカニズムの解析により高ジアステレオ選択性の発現の機構を明らかにしている。

 第5章では銀触媒によるアルキノンの環化反応によりアレン部位を有するイソクロメンの合成反応に

 ついて述べられている。反応の適応範囲を検討した結果,種々のアルコールが酸素求核体として用いる

 ことが可能であることを明らかにした。

 第6章では白金触媒によるインゲン化合物の合成反応に関して述べられている。詳細なメカニズムの

 検討によりこの反応は白金ビニリデン錯体を鍵中間体として経由すると提案されている。

 第7章ではアジドアルキン化合物の求電子的環化反応によるイソキノリンの合成について報告してい

 る。特に4一ハロイソキノリンは合成中間体として重要であることからその効率的合成手法として期待

 される。

 以上,本研究は反応有機化学,有機合成化学の分野に貢献するものであり,著者が自立して研究活動

 を行うには必要な高度の研究能力と学識を有することを示している。よって,NirmalKumarPahadi提出

 の論文は博士(理学)の学位論文として合格と認める。
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