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(1) 講義資料 p10 に関連する問題。以下の反応では Pd(PtBu3)2を用いるよりも、これと Pd2(dba)3を

モル比 2:1 で組み合わせる方が圧倒的に反応が速い。これはすなわち、触媒反応における活性種は

配位子が一つだけ Pd に配位した Pd(PtBu3)であることを示していると推定可能である。 

 

上記の事実から類推して、以下の鈴木・宮浦カップリングの一般的反応機構を少し改訂して記し、

改訂触媒サイクルを用いて反応速度の差を定性的に説明せよ。 

 
 

(2) 講義資料 p6, p14 に関連する問題。PdCl2を dba 存在下、MeOH 中で加熱・CHCl3から再結晶を

行うと Pd(0)である Pd2(dba)3·CHCl3を生じる。Pd(0)が発生する反応機構を推定して記せ。ヒント：

還元剤は MeOH である。 

 

 

 

 

 

 

 

 

提出方法：この用紙に解答後、その場で提出してください。時間に間に合わなかった場合はスキャ

ンまたは写真撮影して PDF ファイルに変換、以下から提出してください。締切は本日中。 

 

that, as with aryl triflates, the combination of Pd(OAc)2 and
PCy3 furnishes good yields for room-temperature Suzuki
reactions of vinyl triflates (entries 7-9, Table 9).59 Even
extremely hindered substrates cross-couple under these condi-
tions,60 although the reaction requires a higher catalyst loading
and proceeds in somewhat lower yield if the boronic acid is
also bulky (entries 8 and 9, Table 9). As far as we know, there
are only scattered examples of Suzuki couplings of vinyl triflates
that occur at room temperature.61
In a Pd(OAc)2/PCy3-catalyzed competition experiment be-

tween an aryl triflate and a vinyl triflate for reaction with
o-tolylboronic acid, we observe the “typical” pattern of aryl vs
vinyl reactivity: greater reactivity of the vinyl compound (eq
5; >100:1 selectivity).62 This result further highlights the
unusual reactivity of Pd2(dba)3/P(t-Bu)3 toward aryl halides.

Mechanistic Study of the Suzuki Cross-Coupling of Aryl
Chlorides and Aryl Bromides. An outline of the commonly
accepted mechanism for the Suzuki cross-coupling reaction is
illustrated in Figure 1.1 To gain some insight into the Pd2(dba)3/
P(t-Bu)3 catalyst system, we have pursued a series of NMR and
reactivity studies.
In our initial investigation, we focused on determining what

forms upon mixing P(t-Bu)3 with Pd2(dba)3. We found through
31P and 1H NMR studies that, for P(t-Bu)3:Pd ratios between
0.5 and 1.5:1, Pd(P(t-Bu)3)263 is the only identifiable phosphine-

containing species that is present (31P: δ 85.6; THF-d8).64
Furthermore, in the presence of excess phosphine (P(t-Bu)3:Pd
) 2-4:1), only Pd(P(t-Bu)3)2 and free P(t-Bu)3 are detected.
Thus, the bisphosphine adduct is favored over the monophos-
phine and the trisphosphine across a wide range of P(t-Bu)3:Pd
ratios.65
When we monitor the Suzuki cross-coupling of 3-chloro-

pyridine and o-tolylboronic acid by 31P NMR (2.5% Pd2(dba)3/
5% P(t-Bu)3; THF-d8), essentially the only species that we
observe during the course of the reaction is Pd(P(t-Bu)3)2.66
Since the overall P(t-Bu)3:Pd ratio is 1:1, this suggests that one-
half of the palladium is in the form of Pd(P(t-Bu)3)2 and the
other half of the palladium is in the form of a phosphine-free
complex.
Pd(P(t-Bu)3)2 does not appear to be the active catalyst in our

Suzuki cross-coupling process. Thus, the reaction of 3-chloro-
pyridine with o-tolylboronic acid in the presence of 3% Pd-
(P(t-Bu)3)2 proceeds sluggishly at room temperature (eq 6).67
However, the addition of phosphine-free Pd2(dba)3 to the
Pd(P(t-Bu)3)2 produces a marked increase in the rate of cross-
coupling (eq 6).68,69

These observations suggest that a palladium monophosphine
adduct may be the active catalyst in these Suzuki couplings70,71
and that phosphine-free palladium complexes that are present
in the reaction mixture may serve an important role by increasing
the concentration of the active catalyst. The unusual cross-
coupling activity furnished by P(t-Bu)3 may therefore be
attributable both to its size and to its electron-richness: the steric
demand favors dissociation (relative to less bulky phosphines)
to a monophosphine complex that, due to the donating ability
of P(t-Bu)3, readily undergoes oxidative addition.
For Suzuki reactions of aryl bromides, we observe behavior

similar to that of aryl chlorides. Thus, when the cross-coupling
of 1-bromo-4-ethylbenzene with phenylboronic acid is moni-
tored by 31P NMR (0.5% Pd2(dba)3/1.2% P(t-Bu)3, 3.3 equiv
of KF), Pd(P(t-Bu)3)2 is the only species that we detect. In a
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Chem. Phys. 1997, 198, 1531-1544. (e) Uenishi, J.; Kawahama, R.;
Yonemitsu, O.; Tsuji, J. J. Org. Chem. 1998, 63, 8965-8975.
(59) Pd2(dba)3 and P(t-Bu)3 are less effective catalyst components.
(60) The vinyl triflate in entries 8 and 9 has proved to be a challenging

substrate in other cross-coupling processes. For example, see: Busacca, C.
A.; Eriksson, M. C.; Fiaschi, R. Tetrahedron Lett. 1999, 40, 3101-3104.
(61) (a) Unactivated vinyl triflates: Sasaki, M.; Fuwa, H.; Inoue, M.;

Tachibana, K. Tetrahedron Lett. 1998, 39, 9027-9030. Brosius, A. D.;
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Reference 30g. (b) Activated vinyl triflates: Yasuda, N.; Xavier, L.; Rieger,
D. L.; Li, Y.; DeCamp, A. E.; Dolling, U.-H. Tetrahedron Lett. 1993, 34,
3211-3214. Fu, J.-m.; Chen, Y.; Catelhano, A. L. Synlett 1998, 1408-
1410.
(62) Farina has shown that vinyl triflates oxidatively add to Pd(PPh3)4

more rapidly than do aryl triflates: Farina, V.; Krishnan, B.; Marshall, D.
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(64) (a) In the 1H NMR spectrum, there is a small doublet at δ 1.27,
which we have not been able to identify. (b) Through 31P and 1H NMR
experiments, we have established that dba is not coordinated to Pd(P(t-
Bu)3)2.
(65) (a) For a closely related study, see: Paul, F.; Patt, J.; Hartwig, J. F.

Organometallics 1995, 14, 3030-3039. (b) The behavior of P(t-Bu)3 stands
in contrast to that of PPh3: Amatore, C.; Jutand, A.; Khalil, F.; M’Barki,
M. A.; Mottier, L. Organometallics 1993, 12, 3168-3178.
(66) A very small singlet at δ 90.7 is observed at the beginning of the

reaction, but it disappears as the reaction progresses.
(67) This is consistent with our observation that the cross-coupling of

aryl chlorides is very slow when a P(t-Bu)3:Pd ratio of 2:1 is employed.
(68) In the absence of P(t-Bu)3, Pd2(dba)3 is not an effective catalyst for

the cross-coupling of aryl chlorides.
(69) For those concerned about the oxygen sensitivity of P(t-Bu)3, the

0.5% Pd(P(t-Bu)3)2/0.25% Pd2(dba)3 catalyst system provides a practical
alternative to 0.5% Pd2(dba)3/1% P(t-Bu)3, since Pd(P(t-Bu)3)2 and Pd2-
(dba)3 are both air-stable solids. Also, P(t-Bu)3 is available as a solution in
a Sure-Seal bottle from Strem Chemicals.
(70) (a) For a related conclusion regarding a different catalyst for the

Suzuki cross-coupling of aryl chlorides, see ref 13b. (b) In contrast, for
Suzuki reactions with PPh3-based catalysts, a palladium bisphosphine adduct
is usually invoked (ref 1).
(71) For a study of palladium complexes that contain one P(t-Bu)3 ligand,

see: Krause, J.; Cestaric, G.; Haack, K.-J.; Seevogel, K.; Storm, W.;
Pörschke, K.-R. J. Am. Chem. Soc. 1999, 121, 9807-9823.

Figure 1. Outline of the catalytic cycle for the Suzuki cross-coupling
reaction.
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