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求核置換型の酸化的付加

反応のパターン

三中心遷移状態を経由する酸化的付加
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辻・Trostアリル化

Tsuji, J.; Takahashi, H.; Morikawa, M.
Tetrahedron Lett. 1965, 6, 4387-4388.
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最初の報告

Pd
Nu

Pd(0) + Nu

π-allyl配位子は求核攻撃を受ける

Trost, B. M.; Fullerton, T. J.
J. Am. Chem. Soc. 1973, 95, 292-294.

Pdは触媒量でも良い：Tsuji-Trost allylic alkylation

反応機構

X Nu+
Pd(0) cat.

NuR
R +

R

Nu

２回の求核置換を経由して反応
※

不斉反応(非対称化)

Matt, P. v.; Pfaltz, A., Angew. Chem. Int. Ed. Engl. 1993, 32, 566-568.
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R = Me, 50% yield, 97% ee
R = iPr, 96% yield, 88% ee
R = Ph, 99% yield, 99% ee

Sprinz, J.; Kiefer, M.; Helmchen, G.; Reggelin, M.; Huttner, G.; Walter, O.; Zsolnai, L., Tetrahedron Lett. 1994, 35, 1523-1526.
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Experiments were carried out to determine the course of nucleophilic attack of dimethyl malonate, 
i.e., t o  so lve the question of the relative rates of nucleophilic attack at Cl or C3 of the dtastereo- 
merit z-ally1 complexes 4x and 4n8. Unfortunately, interconversion of the isomers was found to be 
at least 50 times faster than nucleophilic attack so that no dedslon was possible. The results of the 
preparative experiments and the NMR work, i.e., particular importance of the oxazoline moiety and 
opening of the Pd-C3 bond, Le., the bond trans to P, upon formation of the u-complex, indicate 
that attack frans to the Pd-P bond is easfec than drans to the Pd-N bond9. From the (5)configura- 
tion of the predominant reaction product it fdk w s t hat  t he 8x 0 isomer 3x is the more reactive con- 
former. The same’conclusion can be drawn by applying Bosnich’s postutatelg that the transition 
state of nucleophilic attack resembles the kaltyl intermediate; accordingly, it is the major diastere- 
omer, here 4x, that gives the major enantiomeric product; if so, attack of the nucfeophlle must oc- 
cur trans to the Pd-P bond in order to give rise to the observed (Sj enantiomer: 

4 

The same conclusion was Independently 

WL... y 

derived by A. Pfaltzll for phosphlnoarylox- 
azolines and by J .M. Brow n for a different 
type of PN ligand (dlphenylphosphino- 

t 
Nu 

naphthylisochinoltne) with a somewhat dif- 
ferent set of argumentsl2. 

Referenc es and Not es 
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submitted_ 
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πアリル中間体において
ホスフィンのトランスが少し長い
→



クロスカップリング：反応形式と発見まで
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反応形式

一般的反応機構

反応の重要性：

反応の分類 M-R反応剤の金属により名前が異なる

熊田・玉尾・Corriuカップリング
M = MgX, Li; cat: Pd or Ni

Stilleカップリング
M = SnR3; cat: Pd

鈴木・宮浦カップリング
M = BX2 (+ base); cat: Pd

根岸カップリング
M = ZnX; cat: Pd or Ni

檜山カップリング
M = SiR3 (+ base); cat: Pd

園頭・萩原カップリング
M = Cu (with alkyne); cat: Pd

Tamao, K.; Sumitani, K.; Kumada, M.
J. Am. Chem. Soc. 1972, 94, 4374-4376.
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Chatt, J.; Shaw, B. L., J. Chem. Soc. 1960, 1718-1729.

トランスメタル化の発見

酸化的付加・還元的脱離の存在は示唆されていた

Uchino, M.; Yamamoto, A.; Ikeda, S.
J. Organomet. Chem. 1970, 24, C63-C64.
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クロスカップリングの発見
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Table I. Nickel-Phosphine Complex Catalyzed Cross-Coupling of Grignard Reagents with Organic Halides. 
Grignard reagent Organic halide Conditionsb Productc Yield, %d 

EtMgBr PhCl A Ph-Et 984 
n-BuMgBr PhCl A Ph-n-Bu 76 
n-BuMgBr Dichlorobenzene Di-n-butylbenzene 

0- A 0- 89 
m- A m- 94 
P- A P -  9 5 6  

n-C8H1,MgC1 CH-CHCl B n-CsH,?CH=CHz 9 5 6  

PhMgBr CHz=CHCl’ B PhCH=CHz 89C 

cis- A0 cis:trans = 80:20 90 
trans- A cis :trans = 43 : 57 81 

PhMgBr CIzC=CHz’ AQ PhzC=CHz 82 
a-NpMgBrh CH-CHCI B a-NpCH=CHz 80 

PhMgBr ClCH=CHClf PhCH=CHPh 

= The experimental conditions are not necessarily optimum. Grignard reagent/one carbon-halogen bond = 1.1-1.3, [NiClz(dpe)]/organic 
Condition A is essentially the same as given for m-di-n-butylbenzene 

Characterized by glpc, nmr, ir, and/or mass spectra. Iso- ’ Reaction proceeded exothermally. 
Prepared in a mixed solvent of diethyl ether, 

halide = 10-2-10-3; solvent is diethyl ether, unless otherwise noted. 
in the text (example l), and condition B for a-vinylnaphthalene (example 2). 
lated yields, unless otherwise noted. 
0 In order to ensure the reaction, the mixture was refluxed for 20 hr. 
benzene, and tetrahydrofuran ( 2  : 3 : 1). 

e Yields based on glpc analysis using an internal standard. 
* Np = naphthyl. 

the complex itself is converted to  the corresponding 
(halo)(organo)nickel complex, 11, l 2  as exemplified by eq 
1. l1  The second is the well-established fact that such a 

/Et /ph 

Et \Cl 

(dipy)Ni + PhCl + (dipy)Ni ‘0.5PhCl + Et-Et (1) 
\ 

halogen-nickel bond readily reacts with a Grignard re- 
agent to  form the corresponding organonickel bond. l 3  

These facts suggest a catalytic ability of a dihalodi- 
phosphinenickel for the coupling of a Grignard reagent 
with an organic halide. 

LzNiXz + 2RMgX’ + LzNiRz + 2MgXX’ ( 2)  

L2NiR2 + R‘X” -+ L2Ni(R’)(X’’) + R-R ( 3) 
1 

2 

RMgX’ MgX’X” 

R-R’ R’X” 
K\ L,N~ <:, (4) 

/XI’ . \ f LzNi \R, 

2 3 

Thus, a dihalodiphosphinenickel reacts with a Gri- 
gnard reagent to form the intermediate diorganonickel 
complex 1 which is subsequently converted to  the (halo)- 
(0rgano)nickel complex 2 by an organic halide. Suc- 
cessive reaction of 2 with the Grignard reagent forms a 
new diorgano complex 3 from which the cross-coupling 
product is released by the attack of the organic halide 
and thereby the original complex 2 is regenerated to 
complete the catalytic cycle. 

The reactions, indeed, can be achieved by the addition 
of a Grignard reagent to an organic halide in the pres- 
ence of a catalytic amount of a dihalodiphosphinenickel 

(11) M. Uchino, A. Yamamoto, and S. Ikeda,J. Organometal. Chem., 
24, C63 (1970); M. Abedini, Quart. Bull. Fac. Sci., Tehran Unia., 2 (4), 
l(1971). 

(12) R. G. Miller, D. R.  Fahey, and D. P. Kuhlman, J.  Atner. Chem. 
Soc., 90,6248 (1968); R. G. Miller and D. P. Kuhlman, J .  Organometnl. 
Chem., 26, 401 (1971); J. E. Dobson, R. G. Miller, and J. P. Wiggen, 
J. Amer. Chem. Soc., 93,554(1971). 

(13) See, for example, J. Chatt and B. L. Shaw, J .  Chem. Soc., 1718 
(1960); H. Yamazaki, T. Nishida, Y. Matsumoto, S. Sumida, and N. 
Hhgihara, J.  Organometal. Chem., 6, 86 (1966); J. R. Moss and B. L. 
Shaw, J .  Chem. SOC. A ,  1793 (1966); R.  G. Miller, R. D. Stauffcr, D. 
R. Fahey, and D. R.  Parnell, J.  Amer. Chem. Soc., 92, 1511 (1970); M. 
D. Rausch and F. E. Tibbetts, Inorg. Chem., 9,512 (1970). 

and the yields are generally very high. Representative 
results summarized in Table I were observed with di- 
chloro[ 1,2-bis(diphenylphosphino)ethane]nickel(II), [Ni- 
C12(dpe)]. l 4  The typical experimental procedures are 
given for the preparation of hardly accessible m-di-n- 
butylbenzene and of a-vinylnaphthalene. 

Example 1. To a mixture of [NiCls(dpe)] (208 mg, 
0.39 mmol), m-dichlorobenzene (7.93 g, 53.9 mmol), 
and 50 ml of ether was added n-butylmagnesium 
bromide (120 mmol in  50 ml of ether) at 0” with stir- 
ring over 10 min. The resulting black mixture was 
heated to reflux for 20 hr to form much salt. After 
hydrolysis with dilute hydrochloric acid, the organic 
layer and ether extracts from the aqueous layer were 
combined, washed with water, dried over calcium chlo- 
ride, and concentrated in uucuo. The residue was dis- 
tilled under reduced pressure to give a colorless liquid 
(9.63 g, 94%, based on m-dichlorobenzene) of pure m- 
di-n-butylbenzene: bp 84” (5 mm); n Z 0 ~  1.4873; lit.15 
bp 75-76” (0.4”); n Z 5 ~  1.4860. 

Example 2. Vinyl chloride (6 ml) was condensed 
at - 7 8 ”  in a 100-ml glass bomb tube containing 
[NiC12(dpe)] (178 mg, 0.34 mmol) and 10 ml of ether. 
To it was added at the same temperature a solution of 
a-naphthylmagnesium bromide (55 mmol) in 50 ml of a 
mixed solvent of ether, benzene, and tetrahydrofuran 
(2 : 3 : 1). The bomb was stoppered and allowed to warm 
up to  0”. The resulting homogeneous solution was 
then allowed to stand at  room temperature for 20 hr. 
Work-up as above and distillation under reduced pres- 
sure afforded 6.8 g (80 % based on the Grignard reagent) 
of a-vinylnaphthalene: bp 89” (5 mm); nZ5D 1.6418; 
lit.16 bp 87” (2 mm); ns5D 1.6436. 

There are some significant features in this method. 
(1) A variety of Grignard reagents in ether are applicable 
and high yields are obtained even from alkylmagnesium 
reagents containing P-hydrogen atoms. l7 Therefore, 
the normulalkyl derivatives of aromatic compounds, such 

(14) G. Booth and J. Chatt,J. Chem. Soc., 3238 (1965). 
(15) G. F. Woods and R.  E. Plapinger, J .  Amer. Chem. Soc., 73, 

(16) D.T. Mowry, M. Renoll, and W. F.Huber, ibid., 68, 1105(1946). 
(17) Transition metal alkyls bearing the /3 hydrogen atom are com- 

monly unstable. See, for example, G. E. Coates, M. L. H. Green, and 
K. Wade in “Organometallic Compounds,” 3rd ed, Vol. 2, Methuen, 
London, 1968, Chapter 7; G. Yagupsky, W. Mowat, A. Shortland, 
and G. Wilkinson, Chem. Commun., 1369 (1970). 

5603 (1951). 

Communications to the Editor 

反応機構も同時に提唱



熊田・玉尾カップリング

Kohei, T.; Koji, S.; Yoshihisa, K.; Michio, Z.; Akira, F.; Shun-ichi, K.; Isao, N.; Akio, M.; Makoto, K., Bull. Chem. Soc. Jpn. 1976, 49, 1958-1969.

二座配位子の効果

トランスメタル化における異性化＝選択性低下→Pdなら解決

Ph Cl nBuMgBr+

(L)NiCl2
0.7 mol%

Ph nBu

dppp
dmpf
2PPh3
dppe
dmpe
dppb
2Et3P

100
94
84
79
47
28

6

L yield (%)

Fe

Ph2P PPh2
dppp

Ph2P PPh2
dppb

Ph2P PPh2
dppe

Me2P PMe2
dmpe

PMe2

PMe2
dmpf

ハロゲン化アリールによる違い

Ph X nBuMgBr+

(dppp)NiCl2
0.7 mol%

Ph nBu

F
Cl
Br
I

31
95
54
80

yield (%)X

Zembayashi, M.; Tamao, K.; Kumada, M., Tetrahedron Lett. 1975, 16, 1719-1722.
Tamao, K.; Zembayashi, M.; Kiso, Y.; Kumada, M., J. Organomet. Chem. 1973, 55, c91-c94.
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93:7
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1 mol%Ph Br Ph

Ph
+

Ph Ph

7:93

PhBr+

(dppp)NiCl2
1 mol%Ph MgBr Ph

Ph
+

Ph Ph

99:1

trans:cis = 92:8

trans:cis = 5:95

trans:cis = 29:71

42% yield

88% yield

100% yield

MeLi+
3 mol%Ph Br Ph

Ph
+

Ph Ph

1:>99
trans:cis = >99:1

Pd(PPh3)4

88% yield

+
3 mol%nHex

I

nHex

97% isomeric purity

Pd(PPh3)4

87% yield

BrMg

アルケニルMgを使うと異性化
→

Pd触媒を用いると立体を完全に制御可能



根岸カップリング

Baba, S.; Negishi, E., J. Am. Chem. Soc. 1976, 98, 6729-6731.

Okukado, N.; Van Horn, D. E.; Klima, W. L.; Negishi, E.-i.
Tetrahedron Lett. 1978, 19, 1027-1030.

Negishi, E.; King, A. O.; Okukado, N., J. Org. Chem. 1977, 42, 1821-1823.
King, A. O.; Okukado, N.; Negishi, E.-i.
J. Chem. Soc., Chem. Commun. 1977, 683-684.

有機Alの利用

有機Zrの利用で官能基許容性向上

+

5 mol%

nPent

AliBu2

nPent

>99% isomeric purity

Pd(PPh3)2Cl2

74% yield

nBu

I

nBu

HAliBu2
10 mol%

nPent
HAliBu2+

+

5 mol%

ZrCp2Cl

Pd(PPh3)2Cl2

Br HAliBu2
10 mol%

R
Cp2Zr(H)Cl+

O
O

OCH3
O

O
O

OCH3
O

70% yield

有機亜鉛の利用で官能基許容性向上

ZnCl + Br
O

OCH3

Ni(acac)2 (5 mol%)

HAliBu2 (5 mol%)
PPh3 (5 mol%)

O

OCH370%

Ei-ichi Negishi 
Nobel Prize 2010

複雑天然物の合成にも応用された

Smith, A. B.; Beauchamp, T. J.; LaMarche, M. J.;
Kaufman, M. D.; Qiu, Y.; Arimoto, H.; Jones, D. R.; Kobayashi, K.
J. Am. Chem. Soc. 2000, 122, 8654-8664.
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1) tBuLi
2) Pd(PPh3)4 (5 mol%)
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66%

13 steps

(+)-Discodermolide

O O OH

NH2
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O
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O

Alの反応性が高すぎて
酸素官能基すら厳しい

試薬そのものが作りやすい



Stilleカップリング

Milstein, D.; Stille, J. K., J. Am. Chem. Soc. 1979, 101, 4992-4998.

最初の報告

~~ 

Volume 9 ,  Number 12, December 1990 

John K. Stille 

~~ ~~ ~~ ~~~ ~~~ 

:c Copyright 1990 

American Chemical Society 

Biographical Sketch 

Professor John K. Stille was horn May 8, 1930, in 
Tucson, Arizona. He received his bachelor's degree in 1 9 3  
and master's degree in 1953, both from the Llniversitv of 
Arizona. He received his Ph.D. in 1957 from the University 
of Illinois under the supervision of the late Professor 
Marvel. In 1957, he joined the faculty a t  the University 
of Iowa and became Professor in 1965. In 1977, Professor 
Stille joined the faculty at Colorado State University. In 
1986 he was appoined University Distinguished Professor, 
one of seven such appointments a t  Colorado State. Pro- 
fessor Stille had been a Visiting Professor at the Royal 
Institute in Stockholm (1969) and the University of Cal- 
ilornia at Santa Cruz (1980). 

During his career, he directed 94 Ph.D. students and 97 
postdoctoral fellows. He consulted for E. I. du Pont de 
Nemours & Co., Textile Fihers Department, since 1964 and 
was also a consultant for Syntex (USA) Inc. 

0276-7333/90/2309-307$02.50/0 

He won numerous awards, including the William H. 
Rauscher Memorial Lecturer (1974). the Gossett Lecturer 
(19i9), the Case Centennial Scholar (1980), the ACS Award 
in Pol.ymer Chemistry (1982), the 1989 American Chemical 
Society Colorado Section Award, and the Arthur C. Cope 
Scholars Award (1989). 

He served on the Advisory Board of Jnurnal of Polymw 
Science, the Editorial Boards of Advances in Polymer 
Science and Macromolecular Syntheses, and the Advisory 
Board o f  Journal of Molecular Srience and served as an 
Associate Editor for Macromolecules between 196i and 
1981. Professor Stille was an Associate Editor for the 
Journal of the American Chemical Society from 1982 
through 1986 and was on the Advisory Board of Organo- 
metallics. He served as a frequent advisor to NASA. 

He authored over 270 publications, wrote two books. and 
contributed chapters to several books. 

He is survived by his wife Dolores and two sons, John 
Robert and James Kenneth. John Rohert, 31, is a faculty 

0 1990 American Chemical Society 

John K. Stille 
(died 1989)

Br +

BnPdCl(PPh3)2

O=P(NMe2)3
89%

Me4Sn
0.7 mol%

驚異の安定性

OH

(a) (nBu3Sn)Cu(nBu)Li·LiCN
(b) SO3·py, NEt3

(a)
OHnBu3Sn

(b)
CHOnBu3Sn

1 2 3

P CO2Et
O

EtO
EtO

1) nBuLi, DMPU
2) 3

nBu3Sn
CO2Et

73%

96%

4 5

OTf Pd2(dba)3 (2.5 mol%)
AsPh3 (20 mol%)

CO2Et

6

62%

Domínguez, B.; Iglesias, B.; de Lera, A. R.
Tetrahedron 1999, 55, 15071-15098.

トランスメタル化の詳細反応機構

Farina, V.; Krishnan, B., J. Am. Chem. Soc. 1991, 113, 9585-9595.

配位子の効果

I +

Pd2(dba)3

THF, 50 °C

2 mol%
ligand

8 mol%
nBu3Sn

relative
rateligand

PPh3
P(o-tol)3
P(2-furyl)3
AsPh3
SbPh3

1
35
105
1100
13

cone
angle
145
194
N/A
142
142

Labadie, J. W.; Stille, J. K., J. Am. Chem. Soc. 1983, 105, 669-670.
Labadie, J. W.; Stille, J. K., J. Am. Chem. Soc. 1983, 105, 6129-6137.
Casado, A. L.; Espinet, P., J. Am. Chem. Soc. 1998, 120, 8978-8985.
Casado, A. L.; Espinet, P.; Gallego, A. M.
J. Am. Chem. Soc. 2000, 122, 11771-11782.

Pd

X

Ar

L

C
H H

R’
SnR3 Pd

X

Ar

L C H
H

R’

Sn R
R R

Pd

X

Ar

L
C H

H

R’

Sn R
R R

L

open-SE2 cyclic-SE2 cyclic-SE2
5-coordinate Pd

酸化・塩基条件
にも耐える

立体効果というよりは電子効果

溶媒により異なる

高極性溶媒・配位性溶媒 低極性溶媒

おまけ：Pd2(dba)3

Zalesskiy, S. S.; Ananikov, V. P.
Organometallics 2012, 31, 2302-2309.

http://chemistry4410.seesaa.net/article/261041452.html

古い文献にはPd(dba)2と記載されることあり
＝本当はPd2(dba)3·dbaである
実験化学講座にも合成法記載
ただし市販品にはPdナノ粒子が含まれる
→触媒反応の再現性低下の原因
　不斉反応ではeeが下がることも多い
CHCl3で共結晶化すると
きれいなPd2(dba)3·CHCl3になる

日本語での解説



檜山カップリング
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高配位silicateからのトランスメタル化
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Figure 1. Temperature dependence of the stereochemistry of the cross- 
coupling products 3a and 3b derived from l a  (34% ee).  
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Figure 2. Proposed transition-state models for transmetalation 

When (SI- I -(4-methoxyphenyl)-l -(trifluorosilyl)ethane ( I b )  
( 1  8% ee) was allowed to react with phenyl triflate (2c) in  T H F  
at  60 "C, (R)-l-(4-methoxyphenyl)-l-phenylethane (3c) of 9% 
ee was obtained i n  35% yield. Thus, the total stereochemistry 
was still retention, but an electron-donating group X of 1 was 
found to sharply diminish the ?h ee of the coupled product. 

The palladium-catalyzed cross-coupling of an organosilane with 
a triflate is assumed to involve a pentacoordinate silicate which 
can be generated by the nucleophilic attack of fluoride ion to an 
organosilicon compound.8 The transmetalation reaction between 
the silicate and an arylpalladium complex gives an intermediate 
( I -phenylethyl)(aryl)palladium species, whose reductive elimi- 
nation affords a coupled product. Since the reductive elimination 
of a diorganopalladium complex takes place with retention of the 
configuration of  the alkyl ligand,9 the observed stereochemical 
outcome of the silicon-based coupling reaction should reflect that 
of the transmetalation step in a catalytic cycle. Although 
transmetalation is one of the important basic reactions of transition 
metal catalyzed transformations, its mechanistic aspect remained 
relatively unexplored. The stereochemistry reported for alkyl 
transfer from mercury to palladiumI0 is retention of configuration, 
and that for the transmetalation in HMPA of a chiral benzyltin 
compound with an acylpalladium complex is inversion." Our 
results clearly show for the first time that the stereochemistry of 
transmetalation is decisively influenced by the reaction temperature 
and the solvent used. To explain the above observations we 
consider three transition-state models for the transmetalation as 

(8) We have observed that [I8-crown-6-K]+,[PhSiF,_,]- ( n  = 1-3) 
(Damrauer, R.; Danahey, S. E. Organometallics 1986, 5 ,  1490) underwent 
the cross-coupling reaction and reactivity order was parallel to that of 
Ph,,SiFa-,: This strongly suggests the participation of a pentacoordinate silicate 
as an active species in  the silicon-based cross-coupling reaction: Hatanaka, . -  
Y.; Hiyama. T., to be published. 

82. 

(9) Milstein, D.; Stilie, J .  K .  J. Am. Chem. Soc. 1979, 101, 4981. 
(IO) Backvall. J .  E.; Akermark, B. J. Chem. Soc., Chem. Commun. 1975, 

( I  I )  (a)  Labadie, J. W.; Stille, J. K. J. Am. Chem. SOC. 1983, 105, 669; 
(b) 1983, 105. 6129. 

0002-1863/90/ I5 12-1194$02.50/0 

illustrated in Figure 2. The retention of configuration in T H F  
at  low temperatures may be ascribed to a cyclic four-centered 
transition state (SE2 (cyclic))12 which should be promoted by a 
fluoride bridge. Hereby coordinative unsaturation of a penta- 
coordinate silicatei3 is essential for the smooth coupling reaction. 
Since a large excess of TBAF (6 equiv), which leads to coordi- 
natively saturated hexacoordinate ~ilicates, '~ completely suppressed 
the reaction of l a  with 2b at 60 "c, an alternative model ( sE2 
(open) Ret)I5 seems unlikely, wherein the coordinative unsatu- 
ration of silicon species is dispensable. At higher temperatures 
or in HMPA-THF solvent, the fluoride bridge is cleaved to induce 
a back-side attack of the palladium complex, leading to the in- 
version of configuration (SE2 (open) Inv).I6 The inversion ob- 
served for the reaction in HMPA-THF is fully consistent with 
the stereochemistry reported by Stille and Labadie for the reaction 
of the chiral benzyltin compound." 

I n  summary, we have found that the stereochemistry of the 
cross-coupling reaction using organosilicon compounds could be 
controlled from almost complete retention to inversion by tuning 
the reaction temperature and the solvent. The method described 
herein allows us to synthesize a wide range of optically active 
molecules. Studies on its synthetic application as well as mech- 
anistic details are currently in progress in our laboratory. 

( 1  2) (a) Gielen, M. Ace. Chem. Res. 1973, 6,  198. For a general discussion 
of the S E ~  reaction mechanism, see: (b) Abraham, M. H.; Grellier, P. L. In 
The Chemistry of Metal-Carbon Bond; Patai, S., Ed.; Wiley: New York, 
1985; Vol. 2, Chapter 2. 

( I  3) Sakurai, H. In Selectivities in Lewis Acid Promoted Reactions; 
Schinzer, D., Ed.; Kluwer Academic: Dordrecht, 1989; Chapter 1 1, 

(14) Corriu, R. J. P.; Young, J. C. In The Chemistry of Organosilicon 
Compounds; Patai, S., Rappoport, Z., Eds.; Wiley: New York, 1989; Part 
2, Chapter 20. 

(IS) Hughes, E. D.; Ingold, C. K.; Thrope, F. G.; Volger, H. C. J. Chem. 
SOC. 1961, 1133. 

(16) Bergbreiter, D. E.; Rainville, D. P. J .  Orgonomet. Chem. 1976, 121 ,  
19. 

The Equilibrium Constant for the interconversion of 
Homocub- 1 (9)-ene and Homocuban-9-ylidene' 

Walter R. White,+ Mathew S. Platz,*.+ Ning Chen,'*2 and 
Maitland Jones, Jr.*,* 

Department of Chemistry, The Ohio State Universitjl 
Columbus, Ohio 43210 

Department of Chemistry, Princeton University 
Princeton, New Jersey 08544 

Received March 12, I990 

Insertions of singlet carbenes into adjacent carbon-hydrogen 
and carbon-carbon bonds are normally irrever~ible.~ Recently, 
highly strained alkenes have been found for which the reversion 
to the divalent state is energetically po~s ib le .~  A spectacular 
example is the work of Eaton and Hoffmann in which 9- 
phenyl-I (9)-homocubene was shown to revert to the related 
~ a r b e n e . ~  We have previously demonstrated that the parent 
carbene (1) and bridgehead alkene (2) interconvert using 3 and 
4 as precursors.6 In this communication we use a combination 

'The Ohio State University. 
*Princeton University. 
(1)  It gives us the greatest pleasure to dedicate this paper to Prof. Dr. 

Wolfgang Kirmse on the occasion of his 60th birthday. This work was 
supported both at  Ohio State (Grant CHE-8814950) and Princeton (Grant 
CHE-8800448) by the National Science Foundation. 

(2) W. R. Grace Fellow, 1989. 
(3) Kirmse, W. Carbene Chemistry, 2nd ed.; Academic: New York, 1971. 

Jones, M., Jr., Moss, R. A., Eds. Carbenes; Academic: New York, 1973; Vol. 
1. Moss, R. A,, Jones, M., Jr.. Eds. Carbenes; Academic: New York, 1975; 
Vol. 2. 

(4) Chan, T. H.; Massuda, D. J .  Am. Chem. SOC. 1977,99,936. Conlin, 
R. T.; Huffaker, H. B.; Kwak, Y.-W. J. Am. Chem. Soc. 1985, 107, 731. 
Barton, T .  J.; Yeh, M.-H. Tetrahedron Left. 1987, 28, 6421. 
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温度による立体特異性の逆転
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複雑天然物や市販薬の合成への応用
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J. Chem. Soc., Parkin Trans. 2, 2000, 27-34.

液晶分子の合成への応用
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非常に強力な手法となる

原料のボロン酸とハロゲン化アリールを選べば
位置異性体を作り分けることが可能
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二種の反応機構が提案
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displaced towards [(p-NC-C6H4)PdBr ACHTUNGTRENNUNG(PPh3)2]. The reaction
of PhB(OH)3

! (generated by addition of excess OH!

(30 equiv) to PhB(OH)2 (20 equiv)) with [(p-NC-
C6H4)PdBr ACHTUNGTRENNUNG(PPh3)2] (C0 =2.5 mm) in the presence of PPh3

(2 equiv) and a large amount of bromide ions (100 equiv)
was monitored by cyclic voltammetry. [(p-NC-C6H4)PdBr-ACHTUNGTRENNUNG(PPh3)2] was detected by its reduction peak in a voltammo-
gram obtained by scanning towards reduction potentials, but
not [(p-NC-C6H4)Pd(OH) ACHTUNGTRENNUNG(PPh3)2], indicating that the excess
of bromide ions had been judiciously selected to counterbal-
ance the effect of the hydroxide (in excess relative to
PhB(OH)2). No reaction between [(p-NC-C6H4)PdBr-ACHTUNGTRENNUNG(PPh3)2] and PhB(OH)3

! took place, even after 3 h. The
cross-coupling product was not observed. This experiment
rules out path b in Scheme 11.

The inhibiting effect of bromide ions observed in Fig-
ure 2d also supported route c. Indeed, the higher the bro-
mide ion concentration, the lower the [ArPd(OH)L2] con-
centration (due to a shift in the equilibrium in Scheme 7b to
its left-hand side), and hence the slower the reaction. This
also confirms that route b is definitively less favored.

Based on all these data, the mechanism of the transmeta-
lation/reductive elimination may be kinetically depicted as
in Scheme 12.

The base OH! is required to generate the reactive trans-
[ArPd(OH)ACHTUNGTRENNUNG(PPh3)2], which reacts with Ar’B(OH)2. This is
consistent with the higher oxophilicity[22] of the boron atom
compared to its halogenophilicity (the latter was evidenced
by Brown et al.[23]). OH! is also required to induce the re-
ductive elimination from trans-[ArPdAr’ ACHTUNGTRENNUNG(PPh3)2]. This reac-
tion, which is presumably catalytic in OH!, becomes so fast
in the presence of the base that the transmetalation be-
comes the rate-determining step in Scheme 12. When the
concentration of OH! is increased, the equilibrium in Equa-
tion (b) in Scheme 12 is shifted towards the reactive trans-
[ArPd(OH)L2], but this also shifts the equilibrium in
Scheme 12a towards the comparatively unreactive
Ar’B(OH)3

!. As a consequence of OH! ions being involved
in two opposing reactions, the rate of the transmetalation
(reflected by the magnitude of kobs) conforms to a bell-
shaped curve as the OH! concentration is increased (Fig-
ure 2b, Figure 4).

Finally, the effect of the substituent Z’ of p-Z’-C6H4-
B(OH)2 (2Z’; Z’=CN,[24] H, MeO; 20 equiv) in the reaction
with [(p-NC-C6H4)PdBrL2] (1CN,Br) has been investigated as
a function of the initial OH! concentration. The variation of
kobs always conformed to a bell-shaped curve (Figure 4a).
Whatever the amount of OH!, the same reactivity order
was observed: MeO @H. Ar’B(OH)2 was indeed more reac-
tive (route c in Scheme 11) because it is more nucleophilic
when Ar’ is substituted by an electron-donor group.

The effect of the substituent Z in [(p-Z-C6H4)PdBr-ACHTUNGTRENNUNG(PPh3)2] (1Z,Br; Z=CN, F, H)[25] in the reaction with
PhB(OH)2 (20 equiv) has been investigated as a function of
the initial OH! concentration (Figure 4b, Table 1). Again,
the variation of kobs always conformed to a bell-shaped
curve. At identical initial concentrations of OH!, the reac-
tivities of 1Z,Br were seen to be quite similar or did not vary
significantly with Z (Figure 4b). The rate-determining trans-

Scheme 12. Mechanism for the transmetalation/reductive elimination.

Figure 4. Reactions performed in DMF at 25 8C. a) Influence of the sub-
stituent Z’ of p-Z’-C6H4-B(OH)2 (20 equiv) on the rate of its reaction
with [(p-NC-C6H4)PdBr ACHTUNGTRENNUNG(PPh3)2] (1; C0 =1.9 mm) in the presence of PPh3

(2 equiv) and OH! (a equiv). Plot of kobs versus a. b) Influence of the
substituent Z of [(p-Z-C6H4)PdBr ACHTUNGTRENNUNG(PPh3)2] (1; C0 =1.9 mm) on the rate of
its reaction with PhB(OH)2 (20 equiv) in the presence of PPh3 (2 equiv)
and OH! (a equiv). Plot of kobs versus a. c) Influence of the halide X of
[(p-NC-C6H4)PdX ACHTUNGTRENNUNG(PPh3)2] (1; C0 =1.9 mm) on the rate of its reaction
with PhB(OH)2 (20 equiv) in the presence of PPh3 (2 equiv) and OH!

(a equiv). Plot of kobs versus a.
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最初の報告(東ソー)：C-N bond formation
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Cl NH+

Pd2(dba)3 0.5 mol%
L1 1.5 mol%
NaOtBu 1.4 equiv.

80 °C
MeO NMeO

95%

PCy2

Me2N L1
Cl +

Pd(OAc)2 2 mol%
L1 3 mol%
CsF 3 equiv.

MeO MeO

92%
RT

(HO)2B

Littke, A. F.; Dai, C.; Fu, G. C., J. Am. Chem. Soc. 2000, 122, 4020-4028.

tBu3Pを用いる鈴木・宮浦カップリング
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Synthesis, Characterization, and Reactivity of Monomeric, Arylpalladium
Halide Complexes with a Hindered Phosphine as the Only Dative Ligand

James P. Stambuli,‡ Michael Bühl,§ and John F. Hartwig*,‡
Department of Chemistry, Yale UniVersity, P.O. Box 208107, New HaVen, Connecticut 06520-8107, and

Max-Planck-Institut für Kohlenforschung, Kaiser-Wilhelm-Platz 1, D-45470 Mülheim an der Ruhr, Germany
Received April 5, 2002

Most organometallic reactions occur through intermediates that
possess an open coordination site.1 Such unsaturated intermediates
are generally detected by kinetic studies and are rarely observed
directly or isolated. For example, oxidative addition2,3 and reductive
elimination4,5 are often preceded by dissociation of a dative ligand,
and migratory insertion requires an open coordination site for
binding of a substrate.6 As a result, palladium-catalyzed cross
coupling is commonly proposed to involve 14-electron, three-
coordinate complexes.7-9 Three-coordinate, 14-electron palladium-
(II) complexes have not been isolated, but are believed to be favored
when the catalysts possess sterically hindered ligands.10-13 Three-
coordinate 14-electron nickel [Ni(mes)3]-14 and rhodium [Rh-
(PPh3)]+15 complexes have been isolated, but these unsaturated
species are not intermediates in catalytic chemistry. We report the
isolation of a series of monomeric arylpalladium(II) halide com-
plexes with a single dative ligand. These complexes are likely
intermediates in metal-catalyzed cross-coupling reactions.
The monophosphine, arylpalladium halide complexes were

synthesized as shown in Scheme 1. The combination of Pd(dba)2,
phosphine, and aryl halide in THF solvent formed arylpalladium
halide complexes 1-3b, as shown in Scheme 1.16 The monophos-
phine-ligated arylpalladium halides were also prepared by dissolu-
tion of Pd(dba)2 and the appropriate ligand in neat aryl halide. The
products were isolated by precipitation from THF after concentration
of the reaction solution or from the neat aryl halide by addition of
pentane. Formation of dimeric Pd(I) halides [LPdX]217 accompanied
the generation of the oxidative addition product, but the formation
of this dimeric material was suppressed by conducting reactions
with concentrations of palladium below 0.1 M in THF solvent or
below 0.5 M in neat aryl halide.
These complexes were also obtained by direct oxidative addition

of aryl halides to the L2Pd(0) precursors.18 Addition of 40 equiv of
PhBr to Pd[P(t-Bu)2(1-adamantyl)]2 formed 1 in 50% yield. Addi-
tion of 40 equiv of PhI to Pd[P(t-Bu)3]219 formed 3a in 50% yield
along with 36% of the Pd(I) dimer. Reaction of Pd[P(t-Bu)3]2 with
40 equiv of PhBr formed small amounts of the oxidative addition
product after 12 h, but many side products were formed at longer
reaction times. These results are consistent with reductive elimina-
tion of aryl bromides and chlorides and ortho-substituted aryl
iodides reported recently.20 These oxidative additions to isolated
L2Pd complexes were slower than additions to the 1:1 mixture of
Pd(dba)2 and ligand.
Previous arylpalladium halide complexes with a single hindered

ligand, such as P(o-tol)3, have been dimeric,21,22 but X-ray diffrac-
tion of 1 and 3b showed that the complexes described here are
monomeric. Small, light orange crystals of complex 1 were grown
from a cold solution of pentane and THF (95/5), and its X-ray

structure was obtained (Figure 1). Complex 1 is a T-shaped
monomer. The phenyl group is located trans to the open coordina-
tion site of the metal. This geometry allows the ligand with the
greatest steric demand to bind in the least hindered position and
the covalent ligand with the largest trans effect23 to bind trans to
the open site. The angles about the palladium are 100.9°, 91.3°,
and 162.6°. Hydrogens H17 and H18 were refined isotropically,
and the distance between the palladium and the closest hydrogen
(H18) is 2.27(3) Å, which is within the distance of an agostic
interaction.24 Crystals of P(t-Bu)3-ligated 2-m-xylyl complex 3b
were suitable for X-ray diffraction (Figure 1). Again, the geometry
was T-shaped. The angles about palladium were 100.9°, 94.0°, and
164.6°. The calculated distance between the metal and H27 bound
to C16 was 2.33 Å, which could, again, reflect an agostic reaction.

31P and 13C NMR spectroscopy suggested that similar structures
were present in solution. The unusual coordination number was
indicated by an upfield, rather than downfield, change in chemical
shift upon oxidative addition to the L2Pd complex. Typical arylpal-
ladium halide complexes display 31P NMR chemical shifts that are
located downfield of the corresponding Pd(0) complex.21 A cis
disposition of aryl and phosphine groups was shown by a small
JP-C for the ipso carbon.
Infrared spectroscopy of complexes 1 and 3 in KBr did not

provide evidence for agostic interactions. However, infrared spectra
of complex 2 contained a medium-strong band at 2710 cm-1. This
stretching frequency is reduced from the C-H stretches of the free
ligand and indicates a stronger agostic interaction between the metal
and the ligand C-H bond in compound 2 than of compounds 1 or
3a,b.

1H NMR spectra of complexes 1 and 2 obtained at -115 °C
were broad, poorly resolved, and difficult to interpret with the large
number of adamantyl resonances. Low-temperature NMR spectra

* To whom correspondence should be addressed. E-mail: john.hartwig@yale.edu.
‡ Yale University.
§ Max-Planck-Institut für Kohlenforschung.

Figure 1. X-ray structure of 1 is shown on the left, and 3b is shown on
the right.

Scheme 1
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Most organometallic reactions occur through intermediates that
possess an open coordination site.1 Such unsaturated intermediates
are generally detected by kinetic studies and are rarely observed
directly or isolated. For example, oxidative addition2,3 and reductive
elimination4,5 are often preceded by dissociation of a dative ligand,
and migratory insertion requires an open coordination site for
binding of a substrate.6 As a result, palladium-catalyzed cross
coupling is commonly proposed to involve 14-electron, three-
coordinate complexes.7-9 Three-coordinate, 14-electron palladium-
(II) complexes have not been isolated, but are believed to be favored
when the catalysts possess sterically hindered ligands.10-13 Three-
coordinate 14-electron nickel [Ni(mes)3]-14 and rhodium [Rh-
(PPh3)]+15 complexes have been isolated, but these unsaturated
species are not intermediates in catalytic chemistry. We report the
isolation of a series of monomeric arylpalladium(II) halide com-
plexes with a single dative ligand. These complexes are likely
intermediates in metal-catalyzed cross-coupling reactions.
The monophosphine, arylpalladium halide complexes were

synthesized as shown in Scheme 1. The combination of Pd(dba)2,
phosphine, and aryl halide in THF solvent formed arylpalladium
halide complexes 1-3b, as shown in Scheme 1.16 The monophos-
phine-ligated arylpalladium halides were also prepared by dissolu-
tion of Pd(dba)2 and the appropriate ligand in neat aryl halide. The
products were isolated by precipitation from THF after concentration
of the reaction solution or from the neat aryl halide by addition of
pentane. Formation of dimeric Pd(I) halides [LPdX]217 accompanied
the generation of the oxidative addition product, but the formation
of this dimeric material was suppressed by conducting reactions
with concentrations of palladium below 0.1 M in THF solvent or
below 0.5 M in neat aryl halide.
These complexes were also obtained by direct oxidative addition

of aryl halides to the L2Pd(0) precursors.18 Addition of 40 equiv of
PhBr to Pd[P(t-Bu)2(1-adamantyl)]2 formed 1 in 50% yield. Addi-
tion of 40 equiv of PhI to Pd[P(t-Bu)3]219 formed 3a in 50% yield
along with 36% of the Pd(I) dimer. Reaction of Pd[P(t-Bu)3]2 with
40 equiv of PhBr formed small amounts of the oxidative addition
product after 12 h, but many side products were formed at longer
reaction times. These results are consistent with reductive elimina-
tion of aryl bromides and chlorides and ortho-substituted aryl
iodides reported recently.20 These oxidative additions to isolated
L2Pd complexes were slower than additions to the 1:1 mixture of
Pd(dba)2 and ligand.
Previous arylpalladium halide complexes with a single hindered

ligand, such as P(o-tol)3, have been dimeric,21,22 but X-ray diffrac-
tion of 1 and 3b showed that the complexes described here are
monomeric. Small, light orange crystals of complex 1 were grown
from a cold solution of pentane and THF (95/5), and its X-ray

structure was obtained (Figure 1). Complex 1 is a T-shaped
monomer. The phenyl group is located trans to the open coordina-
tion site of the metal. This geometry allows the ligand with the
greatest steric demand to bind in the least hindered position and
the covalent ligand with the largest trans effect23 to bind trans to
the open site. The angles about the palladium are 100.9°, 91.3°,
and 162.6°. Hydrogens H17 and H18 were refined isotropically,
and the distance between the palladium and the closest hydrogen
(H18) is 2.27(3) Å, which is within the distance of an agostic
interaction.24 Crystals of P(t-Bu)3-ligated 2-m-xylyl complex 3b
were suitable for X-ray diffraction (Figure 1). Again, the geometry
was T-shaped. The angles about palladium were 100.9°, 94.0°, and
164.6°. The calculated distance between the metal and H27 bound
to C16 was 2.33 Å, which could, again, reflect an agostic reaction.

31P and 13C NMR spectroscopy suggested that similar structures
were present in solution. The unusual coordination number was
indicated by an upfield, rather than downfield, change in chemical
shift upon oxidative addition to the L2Pd complex. Typical arylpal-
ladium halide complexes display 31P NMR chemical shifts that are
located downfield of the corresponding Pd(0) complex.21 A cis
disposition of aryl and phosphine groups was shown by a small
JP-C for the ipso carbon.
Infrared spectroscopy of complexes 1 and 3 in KBr did not

provide evidence for agostic interactions. However, infrared spectra
of complex 2 contained a medium-strong band at 2710 cm-1. This
stretching frequency is reduced from the C-H stretches of the free
ligand and indicates a stronger agostic interaction between the metal
and the ligand C-H bond in compound 2 than of compounds 1 or
3a,b.

1H NMR spectra of complexes 1 and 2 obtained at -115 °C
were broad, poorly resolved, and difficult to interpret with the large
number of adamantyl resonances. Low-temperature NMR spectra

* To whom correspondence should be addressed. E-mail: john.hartwig@yale.edu.
‡ Yale University.
§ Max-Planck-Institut für Kohlenforschung.

Figure 1. X-ray structure of 1 is shown on the left, and 3b is shown on
the right.
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Abstract: An efficien t , convergen t syn thesis of the
C1ʹ-C11ʹ side cha in (3) of leucascandrolide A (1) has been
achieved. The key bond connect ion is made through the use
of a pa lladium(0)-ca ta lyzed Sonogashira cross-coupling be-
tween t r ifloyl oxazole (4) and a lkynylmeta l species (5).

Leucascandrolide A (1) is a doubly O-br idged, 18-
membered macrolide isola ted from the calcareous sponge
Leucascandra caveolata obta ined from the nor theastern
coast of New Caledonia in the Cora l Sea .1 The rela t ive
stereochemist ry of 1 was determined by extensive two-
dimensiona l 1H NMR exper iments. The absolu te stereo-
chemist ry was assigned through correla t ion of the C5
stereocenter by employing Mosher ’s method a t the C5
hydroxyl. Leucascandrolide A exhibit s h igh in vit ro
cytotoxicity against human KB and p388 tumor cell lines
displaying low IC50’s of 0.05 and 0.26 µg/mL, respect ively.
It a lso shows potent ant ifungal act ivity aga inst Candida
albicans, a pa thogenic yeast tha t a t tacks AIDS pat ien ts
and other immunocompromised individua ls.2
Recent repor t s indica te tha t leucascandrolide A is no

longer ava ilable from its or igina l na tura l source. It has
been postula ted that 1 is not a metabolite of L. caveolata,
but rather that of an opportunist ic bacter ia that colonized
the sponge, as evidenced by the la rge amounts of dead
t issue in the in it ia l harvest of the mar ine sponge.3 This
fact , in addit ion to it s st ructura l complexity, has spurred
many synthet ic effor t s toward leucascandrolide A,4 in-
cluding a repor t of it s fir st tota l synthesis from the
Leighton group.5
A br ief ret rosynthet ic ana lysis of leucascandrolide A

(1) revea ls two pr incipa l fragments: the 18-membered

macrolide 2 and the C1ʹ-C11ʹ oxazole side cha in 3
(Scheme 1). Mot iva t ion for pursu ing a synthesis of 3 and
st ructura l ana logues ar ises from our in terest in leucas-
candrolide A’s biologica l profile. At presen t , it is under -
stood tha t macrolide 2 is responsible for cytotoxicity,
whereas the side cha in 3 is responsible for it s an t ifunga l
proper t ies.
In a recent paper , we have documented a Pd(0)-

media ted cross-coupling of t r ifloyloxazoles with vinyl-
stannanes, which shows tha t 3 could be fur ther divided
in to the appropr ia te coupling par tners, t r ifloyloxazole 4
and a lkynylmeta l species 5.6 To a llevia te difficu lt ies
associa ted with the synthesis of a poten t ia lly unstable
a lkynylmeta l species, we examined the applicability of a
Sonogashira coupling to these subst ra tes.7 In a recent
communica t ion , it was found tha t th is indeed is a viable
method for these types of sp-sp2 bond const ruct ions.8
To explore the applicability of this methodology toward

the synthesis of 3, it was fir st necessary to obta in the
4-a lkyl-2-t r ifloyloxazole 4 (Scheme 2).
Synthesis of 4 began with the protect ion of com-

mercia lly ava ilable 4-penten-1-ol 6 as it s TBDPS ether
and subsequent dihydroxyla t ion of the resu lt ing silyl
ether with osmium tet raoxide to afford diol 7 in 95%
yield. Select ive oxida t ion of the secondary a lcohol using
the condit ions descr ibed by Ish ii, 1.6 mol % of peroxo-
tungstophosphate (PCWP) and H2O2 gave hydroxy ketone
8 in 95% yield.9 Cycliza t ion of 8 to oxazolone 9 was
accomplished using a three-step one-pot protocol. Trea t -
ment of 8 with a solut ion of phosgene in toluene, followed
by exposure to aqueous NH4OH, and then brief acidifica-
t ion (pH <3.5) with concent ra ted H2SO4 afforded ox-

† Recipien t of a 2002 Arthur C. Cope Scholar Award.
(1) D’Ambrosio, M.; Guerr iero, A.; Debitus, C.; Pietra , F. Helv. Chim .

Acta 1996, 79, 51-60.
(2) (a ) Dale, J . A.; Mosher , H. S. L. J . Am . Chem . S oc. 1973, 96,

512-519. (b) Trost , B. M.; Bellet ire, J . L.; Godleski, J .; McDougal, D.
G.; Balkovec, J . M.; Baldwin , J . J .; Chr isty, M. E.; Pont icello, G. S.;
Varga , S. L.; Spr inger , J . P . J . Org. Chem . 1986, 51, 2370-2374.
(3) D’Ambrosio, M.; Ta to, M.; Pocsfa lvi, G.; Debitus, C.; P iet ra , F .

Helv. Chim . Acta 1999, 82, 347-353.
(4) (a ) Kopecky, D. J .; Rychnovsky, S. D. J . Am . Chem . S oc. 2001,

123, 8420-8421. (b) Kozmin , S. A. Org. Lett. 2001, 3, 755-758. (c)
Cr immins, M. T. Carrol C. A.; King, B. W. Org. Lett. 2000, 2, 597-
599. (d) For a recent synthesis of the C1ʹ-C11ʹ fragment , see: Wipf,
P .; Graham, T. H. J . Org. Chem . 2001, 66, 3242-3245.
(5) Hornberger , K. R.; Hamblet t , C. L.; Leighton, J . L. J . Am . Chem .

S oc. 2000, 122, 12894-12895.

(6) Schaus, J . V.; Panek, J . S. Org. Lett. 2000, 2, 469-471.
(7) (a ) Campbell, I. B. In Organocopper Reagents. A Practical

Approach ; Taylor , R. J . K., Ed.; Oxford University Press: Oxford, 1994;
Chapter 10, pp 217-236. (b) Sonogashira , K. In Metal-Catalyzed Cross-
Coupling Reactions; Dieder ich, F., Stang, P. J ., Eds.; Wiley: Weinheim,
1997; Chapter 5, pp 203-229.
(8) Langille, N. F .; Dakin , L. A.; Panek, J . S. Org. Lett. 2002, 4,

2485-2488.
(9) Saka ta , Y.; Ish ii, Y. J . Org. Chem . 1991, 56, 6233-6235.

SCHEME 1. Re trosyn the s is of Leucascandrolide A

6812 J . Org. Chem . 2002, 67, 6812-6815
10.1021/jo0204000 CCC: $22.00 © 2002 Amer ican Chemica l Society

Published on Web 08/22/2002

Neuhaus, P.; Cnossen, A.; Gong, J. Q.; Herz, L. M.; Anderson, H. L., Angew. Chem. Int. Ed. 2015, 54, 7344-7348.

官能基許容性を活かして
カルバメート存在下でカップリング

structures lacked a p-conjugated cylindrical surface. Cobalt
porphyrins have been polymerized on CNT templates to give
a material with some similarity to t-P12, although that
polymer had a poorly defined multilayer structure.[20] The
monodisperse tube t-P12 can be prepared by template-
directed synthesis from a readily accessible porphyrin dimer.
This work is a significant step towards the bottom-up
synthesis of longer well-defined p-conjugated nanotubes.

The porphyrin nanotube t-P12·(T6)2 was synthesized as
shown in Scheme 1. The key intermediate is a 5,15-A2BC
porphyrin, P1 b, which was prepared from P1a[21] using
a Senge arylation[22] to introduce a bulky solubilizing group,
followed by metalation with zinc, bromination at the remain-
ing free meso position, Sonogashira coupling with trimethyl-
silylacetylene, and selective removal of the TMS group.
Palladium-catalyzed homo-coupling of P1 b followed by
removal of the four triisopropylsilyl groups gave the precursor
P2 for cyclo-oligomerization to form t-P12·(T6)2.

When we planned the route shown in Scheme 1, it was not
clear whether the final step would be feasible. In this step, six
molecules of porphyrin dimer P2 are brought together by two
T6 templates to form t-P12. It is known that butadiyne-linked
zinc porphyrin dimers such as P2 bind T6 to form 3:1
complexes of the type (P2)3·T6,[12] which would have the
wrong spatial arrangement to form t-P12 (Scheme 2). The 6:2
complex, (P2)6·(T6)2, with the correct arrangement for tube
formation is entropically disfavored relative to (P2)3·T6,
although repulsion between the bulky aryl substituents may

destabilize (P2)3·T6 relative to (P2)6·(T6)2. We envisioned
that coupling of P2 molecules would give short belt-like
oligomers (such as P6 in Scheme 2), which would bind to the
template in the correct orientation to form the t-P12 nano-
tube. In practice, this template-directed coupling reaction was
remarkably efficient, as is shown by the GPC chromatogram
of the crude reaction mixture (Figure 2a); the desired product

is the dominant peak, and t-P12·(T6)2 was isolated in 32%
yield, in a reaction involving the formation of twelve new
CˇC bonds. The 24 trihexylsilyl groups on the rims of the
nanotube provide excellent solubility in solvents such as
chloroform, and the compound was readily characterized by
mass spectrometry (MALDI-TOF) and NMR spectroscopy
(Figure 2).

Scheme 1. Synthesis of porphyrin nanotube t-P12·(T6)2. dba= dibenzylideneacetone, DDQ = 2,3-dichloro-5,6-dicyanobenzoquinone, NBS=
N-bromosuccinimide.

Scheme 2. Mechanisms for the formation of t-P12·(T6)2 from dimer
P2.

Figure 2. Characterization of t-P12·(T6)2 : a) GPC chromatogram
(529 nm) of the crude reaction mixture. b) MALDI-TOF spectrum.
c) Partial 1H NMR spectrum (400 MHz, CDCl3) showing selected
NOEs.
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金属とアミンと末端アルキンを混合すると脱プロトン化して

シリルアセチレンを園頭反応で導入
脱保護でエチニル基に
Pdを使った酸化的二量化でジインに
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A Molecular Nanotube with Three-Dimensional p-Conjugation**
Patrik Neuhaus, Arjen Cnossen, Juliane Q. Gong, Laura M. Herz, and Harry L. Anderson*

Abstract: A p-conjugated twelve-porphyrin tube is synthesized
in 32 % yield by a template-directed coupling reaction that
joins together six porphyrin dimers, forming twelve new CˇC
bonds. The nanotube has two bound templates, enclosing an
internal volume of approximately 4.5 nm3. Its UV/Vis/NIR
absorption and fluorescence spectra resemble those of a pre-
viously reported six-porphyrin ring, but are red-shifted by
approximately 300 cmˇ1, reflecting increased conjugation.
Ultrafast fluorescence spectroscopy demonstrates extensive
excited-state delocalization. Transfer of electronic excitation
from an initially formed state polarized in the direction of the
nanotube axis (z axis) to an excited state polarized in the xy
plane occurs within 200 fs, resulting in a negative fluorescence
anisotropy on excitation at 742 nm.

The synthesis of p-conjugated belts, barrels, and tubes has
become a focus of intense interest.[1–4] Increasing the dimen-
sionality of a p-system is expected to enhance the electronic
delocalization,[5] perhaps leading to exotic cooperative elec-
tronic phenomena, such as Aharonov–Bohm oscillations,[6,7]

which occur in single-walled carbon nanotubes (CNTs), but
have not yet been detected in molecular materials. The
bottom-up “total synthesis” of structurally defined CNTs or
analogous structures could bring many technological benefits,
because CNTs have highly desirable optoelectronic proper-
ties. However, the current methods for preparing them yield
mixtures of species with different chiralities, diameters, and
lengths, resulting in broad distributions of properties.[8]

Recent efforts towards the rational chemical synthesis of

CNTs focused on the use of cycloparaphenylenes as precur-
sors or templates.[1–3, 9–11] Herein, we present the synthesis and
photophysical behavior of a discrete molecular tube t-P12
(Figure 1a), consisting of twelve porphyrins, each of which is
directly p-conjugated to its three neighbors. This tube can be
viewed as a rim-to-rim dimer of the cyclic porphyrin hexamer
c-P6, shown as its complex with the T6 template in Fig-
ure 1b;[12] t-P12 is also obtained as a template complex,
t-P12·(T6)2, with the geometry of a hexagonal prism. A wide
variety of synthetic molecular and supramolecular prisms and
nanotubes have been reported previously,[13–19] but these

Figure 1. Structures of the twelve-porphyrin tube t-P12 (a) and the
previously reported six-porphyrin nanoring template complex c-P6·T6
(b).[12]

[*] Dr. P. Neuhaus,[+] Dr. A. Cnossen,[+] Prof. H. L. Anderson
Department of Chemistry
University of Oxford, Chemistry Research Laboratory
Oxford, OX1 3TA (UK)
E-mail: harry.anderson@chem.ox.ac.uk
Homepage: http://hla.chem.ox.ac.uk/

J. Q. Gong, Prof. L. M. Herz
Department of Physics
University of Oxford, Clarendon Laboratory
Parks Road, Oxford, OX1 3PU (UK)

[++] These authors contributed equally to this work.

[**] We thank the EPSRC and the ERC (grant 320969) for support, the
EPSRC Mass Spectrometry Facility in Swansea for mass spectra,
and Martin D. Peeks for assistance with molecular mechanics and
DFT calculations. P.N. acknowledges a Feodor Lynen Research
Fellowship from the Alexander von Humboldt Foundation and
a Marie Curie Individual Fellowship (PIEF-GA-2011-301336).

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201502735.

⌫ 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co.
KGaA. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly
cited.

..Angewandte
Communications

7344 ⌫ 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 7344 –7348



溝呂木・Heck反応

Richard F. Heck 
Nobel Prize 2010

Heck, R. F.; Nolley, J. P., J. Org. Chem. 1972, 37, 2320-2322.

最初の報告

I
+

Pd(OAc)2 1 mol%
nBu3N 1 equiv.

75%
neat

Tsutomu, M.; Kunio, M.; Atsumu, O., Bull. Chem. Soc. Jpn. 1971, 44, 581-581.

I
+

PdCl2 1 mol%
CH3COOK 1.2 equiv.

90%
CH3OH

120 °C, 2 h

Heck, R. F., J. Am. Chem. Soc. 1968, 90, 5518-5526.
Heck, R. F., J. Am. Chem. Soc. 1968, 90, 5538-5542.

HgCl O

OMe
+ OMe

O

60%RT, 24 h
MeOH

Li2PdCl4 2 mol%
CuCl2, NaCl
O2, HCl 最初は有機水銀を

試薬として使用
銅共触媒を添加して触媒化

ハロゲン化アリールを使うと
Hgを使わなくても良い

反応機構 Ar XLnPd(0)

LnPd
Ar

X
LnPd

H

X

LnPd
Ar

X

R

LnPd
X

Ar

R

LnPd
H

X

R
Ar

RR
Ar

base
base·H+

酸化的付加

解離

アルカロイド合成への応用

Overman, L. E.; Paone, D. V.; Stearns, B. A.
J. Am. Chem. Soc. 1999, 121, 7702-7703.

H
N

O

N

O

N
II BnBn Pd(PPh3)2Cl2

O
N

OO OO

N

O

Bn

Bn

90%

8 steps

MeN

NH
N

Me

(+)-calycanthine



カルボニル化合物のα-アリール化

Hamann, B. C.; Hartwig, J. F., J. Am. Chem. Soc. 1997, 119, 12382-12383.
Palucki, M.; Buchwald, S. L., J. Am. Chem. Soc. 1997, 119, 11108-11109.

(温和な条件の)最初の報告

エナンチオ選択的な反応への展開

Spielvogel, D. J.; Buchwald, S. L., J. Am. Chem. Soc. 2002, 124, 3500-3501.
Hamada, T.; Chieffi, A.; Åhman, J.; Buchwald, S. L., J. Am. Chem. Soc. 2002, 124, 1261-1268.

O
Br

+

Pd2(dba)3 1 mol%
(S)-BINAP 2.5 mol%
NaOtBu 2.0 equiv.

N Ph

O

N Ph

85%, 94% ee

PPh2
PPh2

(S)-BINAP

Stephen L. 
Buchwald

John F. 
Hartwig

Br +
O

Pd2(dba)3 1.5 mol%
Tol-BINAP 3.6 mol%
NaOtBu 1.3 equiv.

O

93%

Br + Ph

O

Pd(dba)2 7.5 mol%
DPTF 9 mol%
KN(SiMe3)2 2.2 equiv. Ph

O
94%

P(4-tol)2
P(4-tol)2

Tol-BINAP

Fe
P(o-tol)2

P(o-tol)2

DTPF

O

O
HO

(–)-taiwaniaquinone H

OH

OH
HO

O
H

(–)-taiwaniaquinol B

O

N
Ph

OMeMeO

Br

+

Pd(dba)2 10 mol%
(R)-Difluorophos 12 mol%
NaOtBu 2 equiv.

toluene, 80 °C

O

N
Ph

OMe

MeO
80% yield
94% ee

PPh2

PPh2

(R)-Difluorophos

O

O

O

O

F
F

F
F

全合成への応用

Liao, X.; Stanley, L. M.; Hartwig, J. F.
J. Am. Chem. Soc. 2011, 133, 2088-2091.

配位子を不斉配位子に変更



Pd(II)からPd(0)の発生
有機金属反応剤による還元反応
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