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I-7 I-8 Sn-C I-7 2.238 Å I-TS7-8 2.585Å I-8 4.900Å

Sn-C Sn-O(1)

I-7 2.749 Å I-TS7-8 2.286Å I-8 2.073Å I-7 Sn-O(1)

I-8 Sn-O(1) I-8 I-9

Pd-C(2) I-8 2.014 Å I-TS8-9 2.075Å I-9 3.963Å

Pd-C(2) I-8 -

I-9 - 7 8 9 II

III

7 8 I II III 27.1 39.1 30.1kcal/mol

I II I 12.0kcal/mol 8 7

8 8 9 I II III 12.7 12.6 3.9kcal/mol

9 8 20.0kca/mol

I II I II II-7

II-8 Si-O(1) 3.030 1.740Å I II

I-7 Sn-C II-7 Si-C 0.281 Å I-8 Sn-O(1)

II-8 Si-O(1) 0.333 Å

Si-C Si-O(1) Sn-C Sn-O(1) Sn Si

I

II

Table 1  7 9

: kcal mol-1

Path 7-8 Path 8-9

G G 

I 27.1 -8.5 12.7 -21.2

II 39.1 -7.8 12..6 -21.7

III 30.1 -19.2 3.9 -34.8
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Figure 7 III-9
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Figure 11 III-10

I I-9 Pd-C(1) Pd-C(2) 4.392 4.512Å I-TS9-10
3.333 3.888Å Pd-C(1) Pd-C(2) I-10

Pd-C(1) Pd-C(2) 2.123 2.162Å Pd-C(1) Pd-C(2)

2.0kcal/mol I-10 I-9 8.3kcal/mol

II II-9 Pd-C(1) Pd-C(2) 4.363

4.489Å II-10 Pd-C(1) Pd-C(2) 2.123 2.162Å Pd-C(1)

Pd-C(2) II-10 II-9 3.2kcal/mol

III III-10 Pd-C(1) Pd-C(2) G 1.2kcal/mol

10 9

9 10



10 10 Pd 4 4

10 Pd-O 5 11

I II III 11

Figure 12 13

I-11 II-11 III-11 Pd-O(2) 6.885 9.672 6.428Å Pd-O(2)

4 I-11 II-11 III-11 Pd-O(1) 2.375

2.396 2.357Å Pd-O(1) 5 11

I-11 II-11 III-11 I-10 II-10 III-10 13.8 11.8 7.7kcal/mol

Figure 12 11

Figure 13 I-11 II-11 III-11
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Figure14 15

I I-11 I-TS11-12 I-12 Pd-C(3) 3.012 2.848 2.177Å

Pd-C(3) 0.835 Å I-11

I-TS11-12 I-12 C(3)-O 1.466 1.941 2.920Å C(3)-O 1.454Å

TS C(3)-O C(3)-O

Pd-C(3) - 12 I-11 I-12 G

10.4kcal/mol I-12 I-11 10.5kacal/mol

III III-11 III-TS11-12 III-12 Pd-C(3) 2.987 2.770 2.126Å

Pd-C(3) II-11 III-TS11-12
III-12 C(3)-O 1.453 2.030 3.441Å C(3)-O

III-11 III-12 16.5kcal/mol III-12 III-11 3.4kacal/mol

Figure 14 I-12 II-12



Figure 15 III-12

12 12 3 6

I III 12

Figure 16 17
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I-12 I-TS11-6 I-6 Pd-O(1) 3.226 2.171 2.216Å

I-6 Pd-O(1) 10.5kcal/mol

III III-12 III-TS12-6 III-6 Pd-C(1) 2.260 2.810 6.763Å Pd-C(2)

2.260 3.027 5.871 Å III-11 III-TS11-12 III-12 C(3)-O

2.758 2.144 2.161Å III C(3)-O

9.1kcal/mol I 1.9kcal/mol

I-III 6 3

6 1 7
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Figure 17 III-6
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(Scheme 2)
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 Polymer M (3) Polymer-M X2-Cu(II) X

Scheme 2  

C. R. Becer 4 (MMA) ATRP

 (Figure 1) 

[MMA] / [EBiB] / [Cu(I)] / [Cu(II)] / [HOEGTETA] 200 : 1 : - : 1 : 1 

[MMA] / [EBiB] / [Cu(I)] / [Cu(II)] / [HOEGTETA] / [PEG300] 200 : 1 : - : 1 : 1: 1

Cu(I)

Cu(I) MMA

Cu(II)



Figure 1 MMA
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Figure 2 ATRP

Figure 2  ATRP
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(RCMP) (Scheme 4) [26]
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(TMG) (TIO) TBA TMG

TIO TBA
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(Figure 3) PMMA-I TBA MMA G 25.1kcal/mol

(Figure 4)
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Figure 3 ln([M]0/[M]) vs t/h Mn/1000, Mw/Mn conversion
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(Scheme 6)

Scheme 6
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Figure 5  
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(Figure 7)

Figure 7
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3. 

3-1. Activation 

Goto Scheme 7 ISET(inner sphere electron transfer )

SET (single electron transfer ) 2 ISET ATRP P-I

SET A P-I

P

I I- P I-A
[32] SET

2

Scheme 7  ISET SET

A a(TEA) b(TMG) c(TIO) (1)

TS Figure 9 10 11 12

Reaction I, II, III G1 39.7 53.6 93.8kcal/mol

G 34.8 58.3 43.9 kcal/mol Reaction I II III

1 Reaction I, II, III

(1)Reaction I 

P-I G1 39.7kca/mol A b c

P + I-A P-I + A 34.8kcal/mol

G G1 Reaction II III



Figure 9 TEA P-I + A TS1a P + I-A

1+TEA O-H(1) O-H(2) O-H(3) 2.640 2.890 3.633Å O-H(1)

O-H(2) TS1a O-H(1) 4.790 Å

O-H(1) 1.900 Å O-H(1) TS1a O-H(2)

O-H(3) 2.588 2.426Å 1+TEA O-H(2) O-H(3) 0.052 1.207 Å

O-H(3)

P + I-A O-H(1) O-H(2) O-H(3) 5.326 2.620 2.328Å

TS1a O-H(1) O-H(2) O-H(3) 1+TEA

0.020 1.305 Å

TS P + I-A O-H Reaction II

III G1 G

Figure 9 A TEA P-I + A TS1a P + I-A

(2)Reaction II 

P-I G1 53.6kca/mol P + I-A P-I + A

38.3kcal/mol Reaction I Reaction 

III

Figure 10 TMG TEA

P-I + A TS1b P + I-A

P-I + A O-H(1) O-H(2) 2.291 2.819 Å O-H

TS O-H(1) O-H(2) 0.355 0.353 Å

(O-H(1) : 1.936 O-H(2) : 2.466 )

P + I-A O-H(1) O-H(2) 2.153 2.133Å TS1b

0.138 0.686 Å

A TMG TEA TS P + I-A

Reaction III G1 G



Figure 10 A TMG P-I + A TS1a P + I-A

(3) Reaction III 

P-I G1 93.8kca/mol P + I-A P-I + A

43.9kcal/mol Reaction I II

TIO P-I + A O-H 2.415 Å

TEA TMG TS1c

TS 1

Reaction I II G1

Figure 11 A TIO P-I + A TS1a P + I-A



Figure 12 P-I

SET SET TS

Figure 13

C-I 4.625 Å

Figure 13

~ Activation ~ 

ISET A TEA TMG TIO

P-I + A A TEA TMG TIO

O-H TS1 A TEA TMG

O-H O-H 1 O-H

A TIO P-I + A O-H
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P-I

G1 A TEA TMG TIO 39.7

53.6 93.8kcal/mol

SET C-I 4.625

C-I
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ISET SET SET

3-2. 

P + I-A ( Scheme 8 ) P

MMA( )

Scheme 8  

Figure 14 C(1)-C(2) P + M

TS2 3.733 Å 2.241Å C(1)-C(2) 1.492Å TS2

 C(2) PM C(1)-C(2) 1.599 Å

P + M 2.174 Å C(1)-C(2)

Figure 14



3-3. Deactivation 

Deactivation I-A I-A

Scheme 9 I-A 2 I2-A2

A TEA TMG TIO Figure 15 16

17

Scheme 9  I-A I2-A2

A TEA TMG TIO 4

(1)Reaction I 

(7) G4 8.0kca/mol I2-A2 2 I-A 15.7kcal/mol

I-A N-I 2.772Å TS3a I2-A2 N(1)-I(1) 2.725 2.826 Å

I-A N-I TS3a 0.047 Å I2-A2

0.054 Å I-A

TS3a I2-A2 I(1)-I(2) 4.600 3.025Å TS3a I(1)-I(2)

I2-A2 1.575Å

Figure 15 Reaction I I2-A2



(2)Reaction II 

(7) G4 15.7kca/mol I2-A2 2 I-A 22.5kcal/mol

Reaction I G4 7.7kcal/mol I2-A2

Reaction II Reaction I

I-A N-I 2.782Å TS3b I2-A2 N(1)-I(1) 2.684 2.815 Å

I-A N-I TS3b 0.098 Å I2-A2

0.033 Å I-A

TS3b I2-A2 I(1)-I(2) 4.742 2.978Å I2-A2 1.764Å

Reaction I

Figure 16  Reaction II I2-A2



(3)Reaction III 

(7) G4 18.1kca/mol Reaction I II

I2-A2 2 I-A 26.0kcal/mol

I-A S-I 3.729Å TEA TMG 1.000Å

TS3c I2-A2 S(1)-I(1) 3.264 3.532Å I-A S-I
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I-A TS3c S(1)-I(1) Reaction I II
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I(1)-I(2) Reaction I II

Figure 17  Reaction III I2-A2

I-A I2-A2 Reaction I II III

I2-A2

I2-A2 Scheme 10 I2-A2 I-N I-S

I2-A A



Scheme 10  I2-A A

I2-A Figure 18 19 I2-A + A

Reaction I II III I2-A2 5.8 6.0 3.1kcal/mol

A TEA I2-A I(2)-N 2.519Å I2-A2 I(1)-N(1)

(Figure 15) 0.307Å A TEA I2-A I(2)-N

I2-A2 I(1)-N(1) I2-A I2-A2 I(1)-I(2)

A TMG I2-A I(2)-N 2.477Å I2-A2 I(1)-N(1)

(Figure 16) 0.338Å A TMG I2-A I(2)-N

I2-A I2-A2 I(1)-I(2)

A TIO I2-A I(2)-S 3.404Å I2-A2 I(1)-S(1) (Figure 

17) 0.128Å A TIO I2-A I(2)-S

A TEA TMG N-I

0.300Å A TIO 0.128Å

I2-A I2-A2 I(1)-I(2)

Figure 18 Reaction I II III I2-A



Figure 19  I2-A

I2-A I2 A  Scheme 11

Figure 20

Scheme 11  I2-A A

A TEA I2 + A I2-A 8.0kcal/mol

A TMG I2 + A I2-A 4.5kcal/mol

A TIO I2 + A I2-A 4.3kcal/mol

I2-A I2 A I-A

I2-A A TEA TMG I-N 2.519 2.477Å

A TIO I-S 3.404Å A TIO

A TEA I-A A TIO I-A

0.885Å A TMG I-A 0.927Å

I-S I-N A TIO

I2 + A I2-A



Figure 20  I2 + A

I-A (4)-(6) Figure 21

I2-A I2-A

Figure 21 (4)-(6)



 I-A, I2-A2, I2-A, I2 P Deactivation

I2-A2 I A (A-I-I-A)

I2-A2  I-A , I2-A, I2

P Deactivation (Scheme 11) (7)-(9)

Figure 22 (8)

TS Figure 23 24 25

(7) Reaction I, II, III G 4. 9, 15.3, 49.9kcal/mol G -34.9, -38.3, 

-43.9 kcal/mol Reaction I, II

Reaction III

Scheme 11   I-A , I2-A, I2 Deactivation 

Figure 22  I-A , I2-A, I2 Deactivation



(8) I G

(1)Reaction I 

(10) G5 7.5kca/mol P-I + I-A P + I2-A 14.7kcal/mol

Figure 23 TEA P + I2-A P-I + I-A

P + I2-A O-H(1) O-H(2) 2.298 3.012Å

P-I + I-A O-H(1) O-H(2) 2.382 2.637Å O-H(1)

P  + I2-A 0.084Å O-H(2) 0.375Å

TS

Figure 23  A TEA P + I2-A TS4a P-I + I-A

(2)Reaction II 

(10) G5 12.5kca/mol P-I + I-A P + I2-A 9.7kcal/mol

Figure 24 TMG P + I2-A P-I + I-A

TEA

P + I2-A O-H(1) O-H(2) 2.075 2.107Å

P-I + I-A O-H(1) O-H(2) 2.073 2.342Å O-H(1)

P  + I2-A 0.002Å O-H(2) 0.235 TS

A TEA



Figure 24  A TMG P + I2-A TS4a P-I + I-A

(3)Reaction III  

(10) G5 3.6kca/mol P-I + I-A P + I2-A 18.2kcal/mol

Figure 25 TIO P + I2-A TS5c P-I + I-A

O-H

Figure 25  A TIO P + I2-A TS4a P-I + I-A

(9) G -16.5kcal/mol

I2 Deactivation



~Deactivation~ 

I-A Deactivation I-A I2-A I2 I2-A2

(Figure 21) I2-A

I2-A2 I A (A-I-I-A)

I2-A2 Deactivation (Figure 22)

3-4. 

(1) TBA TBA+I2

20% Activation Deactivation

Deactivation

G 4.9 7.5kcalmol Deactivation

I-A I2-A Deactivation

(6) I2-A I2 + A 8.0

kcal/mol  I2 I2-A 

I2-A I2  Deactivation

TBA TBA I2

(2) TMG TBA

TMG Deactivation G 15.3 12.5kcal/mol

TEA TEA TMG

TMG

TEA TMG (6) I2-A I2

TEA TMG TEA 3.5kcalmol

TMG TEA I2

TEA I2 TMG

Deactivation I2 TEA Deactivation

TMG I2

(3) TIO

TIO Activation ISET G 93.8kcal/mol

(TEA : 39.7 kcal/mol, TMG : 53.6kcal/mol)

Set



4. 

(1) Activation ISET SET

(2) I2-A

(3)Deactivation I-A, I2-A, I2

(4) I2

A P
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Pd

Y = S Y = O Y = NH

2-(2'- ) Pd (1)

Heck 1

C2H2 Ph-Br 13

N-N PdII/PdIV Pd0/PdII 

Pd

Pd 6

Pd N-N, P-P P-P

22.6kcal/mol Heck Pd 6

N-N

Heck Pd P-P

N-N

(1a)

(1b) (2a) (2b)

7

RB

( 6 7 ) 7

( 7 8 ) G

Reaction IV

(P-I) (TEA)

(TMG) (TIO) (A)

Activation ISET SET

I2-A

Deactivation I-A, I2-A, I2 I2

I2

A P






