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Figure 2-1 Ferrocenyl groups bridged by —CH>—N(R)—CH,—.
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Scheme 2-1 Pseudorotaxane formation of dibenzylamine with DB24C8.
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Figure 2-2 Multipoint interaction of benzylamine with crown ether.
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Figure 2-4 Molecular shuttle controlled by electrochemical reaction.
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Scheme 2-2 Synthesis of guest molecules.
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Table 2-1 Selected bond distances (A)

Iy -._,a\., Ll atom atom
Y b N1 C9 1.266(4)
L 7 - “k N2  C20 1.277(4)
L S .= N1 c8 1.466(4)
/ / | ’,f N2 C21 1.469(4)
— -
\ ..-"’-.l i oy ll"

Figure2-5 ORTEP drawing of 4c with 50% ellipsoidal plotting.
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Scheme 2-3 Formation of pseudo[2]rotaxanes.
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0002200 30°CO00000000OO0O00OOOOOOOOOOOn
0000000000 0AG=-32kcalmol*00000 (R=1.987 cal
mol™* K, T = 303 K)

AG® = -RT In K, (2-2)
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Figure 2-6 'H NMR spectra of pseudo[2]rotaxanes in CDsCN
(400 MHz, 30 °C). (A) 2a + DB2C8, (B) 2b + DB24CS8.
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000000000000 0000000000 Table2-200000
000 200 DB24C8 0000000000 *HNMRODOOOODOODOO
D0000MO0000000000000000 CHN'ODO 2.89 ppm
000000000000 [200000[DB24C82b][PF0 000000
3.35ppm 0000000000000 (Figure2-6B)030°CO 00000
00000001.0:1000002a000000000000000000
0000000OTable2-2000000

6
2a + DB24C8

g 4
=
X
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2
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Figure 2-7 van't Hoff plots for pseudo[2]rotaxane formations of 2a or 2b
with DB24C8.

Table 2-2 Thermodynamic parameters of pseudo[2]rotaxanes.

Component -R KM AG/kcalemol*  AH%kcalsmol™  AS®/calemol*K™*
2a+DB24C8 4 )Me 208  -32 -24 -5.2
2b+DB24C8 A" 200  -3.2 -31 .78

(T = 303 K)

23



o220 Ooooooooooooooooooooooooong

0000000000000 00000D02a0 DB24C80 000000
Ka =208 M0 AG® = -3.2 kcal mol™*0 2b O DB24C8 0 O K, = 200 M0 AG®
=-32kcalmol*00000OStoddart 0000000000 O31°CcO0O0
00000000000000000000000 DB24C80 00000
KoaOOOAG®O Scheme2-400000000000000000O0O0OMYO
O000000 KOAGODODODODOODOO00O0OD0 2a,2b000000
0000000000000000000DB24C8000000O0OOO0
000000000000 000000000000000000000Qd
00000000000000000 2000000 (N-H...OOC-H...0)
O0000000oAH'ODOO0O0O0D00O00000000000000000
OooooAsS’000O0O0ooOn

Q
® 5° 0 31°C 9@,
e m €O g = = PENINE®

= 2 CD4CN R

PES &

R = H, p-OMe, m-OMe, p-Me, m-Me, p-Cl, m-Cl, p-Br,
m-Br, p-COOH, m-COOH, p-NO,, m-NO,

<

K, = 130-1300 Mt
AG =-2.9 ~ -4.3 kcal » moi -

Scheme 2-4 Formation of pseudo[2]rotaxanes in previous report. *?

O002a000 20000000 DB24C8UUU0ULOODOOOODODODOO
gobgbboobodoobobb FABOODOUODO0O0O0 m-0O0OO00O0O0O0
goubgoboboobgoubgobbooboobouobobooboobo
gobopRoooobboooogobbboo0oobbooogbbboooob
OO0 (DB24C8 +2a— PFs = 7681 DB24C8 + 2b — PFs =748)0 000 00
gbobgobobogboobguobobbooboobouobobdrABOUODOO
gbobogoboobooboobobooboobooboobooboobo

24



o220 Ooooooooooooooooooooooooond

0000000000000 00000000000000000000 2a,
2b 0 DB24C8 00000000000 OCOODOOOODONONONOOOOOO
00D0000000000D0O

D[200000[DB24C8-2a]0 0000000000000 OOODODOO
000 XOODDODOODOOOIROOOOO00O0D0OO0OO000000000000
0DTGOOODSCOOOOOODDDODDNOCH.CLELOODDODDDDDDDO
000000000000 D0D00O0000000000O0
O[2)00000([DB24C8«2a]0 XO OO OO OOOOO Figure2-8000
O00000000000 PROODODO0OOOOOODODODOO Table 2-3
0000000000 00D0D0D0O0O0O0 DB24c8000000000O0ODOO
00000000C9..C240000 3.34A0000000mMI 0000 van
derwaals 00 (20A)0 2000000000000000n-180000
0D0D00000000000000D0O0O0O0ONH, 0000000 H1OO
00000 06,070 2,2-23A0000MH20 010 235A0000000
000000000000000000CHNOOOOOOOODODOODO
00000000000000000000 2000000n-n00000
00000000 (N-H...OOC-H..O)00O00000000000000
0000000000000 0000000000000000 N-H..0O
O0000000IRODOOOOO0OC0COO0C*HNMROOOODODODODOO
00D00000000000D000000
'YNMROOOOOOODODODODDD2a000200000000000
0002 00000000000000m00000000000000
00D0000000000D00000

25



o220 Ooooooooooooooooooooooooond

G o= Table 2-3 Selected bond
0”‘0\?224 o7 distances (&) and angles(°).

atom atom
N1 C1 1.505(6)
N1 C2 1.499(7)

atom atom atom
Cl NI C2 110.5(4)

atom atom

H1 06 2.18

H1 o7 2.29

H2 o1 2.35
Figure 2-8 ORTEP drawing of H3 05 2.50
pseudo[2]rotaxane of [DB24C8<2a] with 30% H4 02 2.35
ellipsoidal plotting. PFs anion was omitted. c9 C24 334

Single crystal suitable for X-ray determination

was obtained by recrystallization from
CH,CI,/Et,0. (host/guest = 58.3 mg/46.5 mg,
CH,Cl, = 2 mL, yield, 65.3 mg, 0.0715 mmol,
72%)

O[2I0 00000 ([DB24C82a]0] IROD OO DD Figure 2-9a0 0000
00000000 2a0 DB24C80 0000000000000 (b)O 3500
03000 cm' 00000000000 00000000000000000
000000000000 00000C000([2]00000[DB24C8«2a]0 [
NH,.0ODOOOOODODOO0O0O0DO000000000 3166, 3067 cm™ 0 O
000000000000000 2a000 (3266, 3233 cm™) (Figure 2-9¢)
00000000000 100, 166 cm*0 0000000000000 O0
000000000000 00000000000000X0000000
0000000000000000000000000000000000
00000000DB24C80 000000000000 (N-H..O)DOOO
000000000000 0000000000000000000000
0000000 C-H.OODOOOO IROODDODOOOO0ODOOO00DO0O
0000000000 000C-HOOODOOOMOOOO0O0000O0 CH,O
CH;:000D0O000D0O00O0O
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Wavelength/cm'1

Figure 2-9 IR spectra of (a) pseudo[2]rotaxane of [DB24C8¢2a], (b)
mixture of 2a and DB24C8, (c) 2a, and (d) DB24CS8.
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Figure 2-10 TG curves of (a) pseudo[2]rotaxane of [DB24C8+2a], (b) 2a,
(c) DB24C8, and (d) mixture of 2a and DB24C8 (1:1). Heating rate = 10
°C/min.
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Scheme 2-5 Formation of pseudo[3]rotaxane.
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Figure 2-12 Partial *H NMR spectra in CDsCN (300 Hz, r. t.). (a) 2c, (b)
DB24C8 : 2C = 1:1, (c) DB24C8 : 2¢ = 5:1.
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Figure 2-13 FAB mass spectrum of pseudo[3]rotaxane.
Nitrobenzyl alchol was used for matrix.
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Figure 2-14 ORTEP drawing of pseudo[3]rotaxane [(DB24C8),°2c] with
30% ellipsoidal plotting. PFg anion was omitted. Single crystal suitable
for X-ray determination was obtained by recrystallization from
CHyCl,/acetone/"Pr,0.
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Scheme 2-6 Formation of pseudorotaxane triggered by electrochemical

oxidation.
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Figure 2-15 Schematic illustration of flow electrolysis system.
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Figure 2-16 Linear sweep voltammograms of la (2 mM) (—) in the
presence of DB24C8 (4 mM) (---) in acetonitrile solution of 10 mM
n-Bus;NPFs. Flow rate = 0.7 mL mint. Scanrate =1 mV s™.
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Figure 2-17 FAB mass spectra of (a) [DB24C8+1a-H]", (b) [DB24C8+1b-H]",
and (c) [(DB24C8),s1c-H]*". These solutions were measured after
electrochemically oxidation at 0.4 V by using of flow electrolysis system.
Mixture of glycerol and m-nitrobenzyl alchol was used for matrix.
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Figure 2-18 Cyclic voltammograms of the mixture of DB24C8 and 2a in
acetonitrile solution of 10 mM n-BusNPFg at scanning rates of 0.1 V s, (a)
before flow electrolysis, (b) after flow electrolysis at 0.4 V and kept at 20
°C for 12 h.
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after edition of 2eq DB24C8 in CD3CN (300 MH2z).
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Figure 2-21 UV-vis spectra of 1a in the presence of DB24C8 in a CH3CN
solution of 10 mM n-BusNPFes. Spectra measured soon after the
electrolysis at (a) —0.4 V (vs Ag*/Ag), (b) 0V, (c) 0.05V, (d) 0.1V, (e) 0.4 V.
Plot of absorption intensity at 630 nm versus applied potential are shown in
the inset (solid line: simulated by Nernst equation).

Nernst equation

Rd Ox+e
' Ox]
Eapp = E¥ + —RT_ | (2-4)
app nF " [Rd]

DB24C8 1 lall 00O OO OODO 0.1 Mn-BuuNPFsO OO 0.4VO OO
O0000ODOD0ODODOODODO0O000000000gg (Figure 2-22a)00 OO0
00 1la000000 TEMPOH (1I0mLOO03.2mg)0O0000O0 20000
630 nm U OO0 oooooooooooon
0 0O (Figure 2-22b)0

45



o220 Ooooooooooooooooooooooooong

0.4

Absorbance
(@]
N

0

500 600 700 800
Wavelength/nm

Figure 2-22 UV-vis spectra of 1a (2 mM) in a CH3CN solution of 10 mM
n-BusNPFs. Change of the spectra after flow electrolysis at 0.4 V (293 K)
for (A) (a) 0 s, (b) 2 s by addition of 2 mM of TEMPOH.
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Figure 2-23 'H NMR spectra of (a) 1a, by addition of (b) n-BusNPFs, (c)
n-BusNPFs and TEMPOH, and (d) n-BusNPFs, TEMPOH, and DB24C8 in
CD3CN (300 MHz).
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Figure 2-24 ESR spectra of (a) mixture of 1a (1 mM), n-BusNPFg (1 mM)
and TEMPOH (1 mM), (b) 1a (1 mM), n-BusNPFs (1 mM) after flow
electrolysis at 0.4 V and addition of TEMPOH (1 mM), and (c) TEMPO (1
mM). g =2.0059. Integral intensity ratio (b/c) = 0.92.
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Figure 2-25 UV-vis spectra of 1a (2 mM) in the presence of DB24C8 (4
mM) in a CH3CN solution of 10 mM n-BusNPFs. Change of the spectra
after flow electrolysis at 0.4 V (293 K) for (a) 0 min, (b) 6min, (c) 12min, (d)
24 min, (e) 90 min.
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Figure 2-26 (A) Pseudo-first-order plots of consumption of ferricinium of 1
presence of DB24C8 of (a) 0 mM (Kopsa = 3.4 x 10 s, (b) 2 MM (Kobsg =
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s, (e) 20 MM (Kopsa = 4.4 x 103 s, () 20 mM with H,O of 20 mM (Kopsg =
4.4 x 10° s*). (B) Plot of pseudo-first-order rate constants versus the
concentration of the DB24C8. k=2.1x10* mM™* st at 293 K.

000DB24C8 00D0ODDODOODOODD lad000OODOODOO
00O O 15 crown[5]ether (20 mM: Kopsq = 2.4 x 107 s H,0 (20 mM: Kopsa =
1.2x10°sh00000D000DB24C80 00000000 DODODOOD
0000000000000 0000000000000000000 H,0
000000000000 0000000000 DB24C80 0000000
00000000000000D00000000000000000000
000000000 0000000D0000000O00Od 15crown[5lether O
DB24C8 00000000 DN0DO0ODDO0DNDODOODODDDB24C8 0
000000000000 D0000D0O15crown[5letherD 00000000
0O00000000000DB24C8 0000000000000 DO0ODON
0000000000000 000000D000000
OODO0OOTEMPOHOOOOOOODOOOHOOO0ODOODDOODDOODOO
00000000000000D00000000000000000000
O000O0O0[-CH=N*-](m/z=319)0 0000000 FABOODOODOODO

52



o220 Ooooooooooooooooooooooooong

000000000 (Scheme2-100000000 2550000000000
000 KAIDODDOO0OO0

™
@ ©
Il e Il \
Fe HAQ\ — Fe H
() ()
Scheme 2-10

00000000Scheme2-110000000000000000000
00000000000000 Fe)DDOOODOODODOOOODOOOODOO
OFe(DOO ADDDODOOOOOOOD ADDDOOODOOOOOOOOO
0000000000000 000000000000000000000
0Fe(DDDDDOD0OBOODOOODOODODO (Scheme 2-11)00 00 B O
TEMPOHO O OODOOOOOOOOOOOOOOO[LI-H'D TEMPOOODO
0000000000000 DB24C8 000000000 DB24C8 00 [2]
0000 0[DB24C81-H'0 0000 (Scheme 2-11ii)0 0 O 0 TEMPOH O
0000000000 BO DB24C80 CH, 000D ODODOOOOODONO
O0000000O000O00[I-H'0O00O00DB24C8 002000000
00000 (Scheme 2-11ii))00 000000000 TEMPOHO O OO OO
0000000000000 00000000000000000000
[-CH=N"-]0 0000 (Scheme 2-11iv)0]

53



o220 Ooooooooooooooooooooooooong

-e o+
0 Fe" NT R =R NTR-_=o» p' NTR
= o " o |
R= - )Me
R )
o 9 )
o+ 2 03 /O ® O‘S
(i) re" N~ R i 0 N/O]\R
H + N OH E—— Fe” &O H2 O + N*OO

aee ®/\
(i) e N~ R 4+ ©excess — » <0 N O]\R + R
@ O
67 ° <
RH=b @
C o!
o

Scheme 2-11 Plausible mechanism of formation of pseudo[2]rotaxane
triggered by electrochemical oxidation.

54



o220 Ooooooooooooooooooooooooong

2-3 000

gbobobbooboobobobooboouoboboobooboboobn
gbobgoboboobooubobooboobouobobooboonbo
00000000 DB24C80 00000 DOOOOMHNMROODODODO
gbobgoboboobooubobooboobouobobooboonbo
Xguobgogooooboobooboboobooboobbooboobooo
gbooobooobobobobbobbooboDbB24Cc8 oo oong
goboooboooboobobobobooboobooboobooboobo
gbobgoboogboobooubobooboobouobobooboonbo
goboooboooboobobobobooboobooboobooboobo
goboooboooboobobobobooboobooboobooboobo
gbobgoboogboobooubobooboobouobobooboonbo
g TEMPOHU UOUOODUOOODMMOLOOUOoOooooboooooooboo
gbboobooobobobobbobooboobB24Cc8nonoonog
gooooboooboobobooorTeMmpOHOODOODODODOOODLOOODOO
gbobgobooboobooubobooboobouobobooboonbo
gboooboooboobobobobooboobooboobooboobo
gboooboooboobobobobooboobooboobooboobo
gbobgobooboobooubobooboobouobobooboonbo
gbobgobooboobooubobooboobouobobooboonbo
gboooboooboobobobobooboobooboobooboobo
gbobgobooboobooubobooboobouobobooboonbo
gobooooobogn

55



o220 Ooooooooooooooooooooooooong

goog

1)

2)

3)

4)

5)

6)

7)

(a) Alvarez, J.; Kaifer, A. E. Organometallics 1999, 18, 5733. (b)
Alvarez, J.; Ren, T.; Kaifer, A. E. Organometallics 2001, 20, 3543.

Other examples of electrochemically responsive supramolecules
containing [Fc—CH>—N(R)—CH,—] (Fc = ferrocenyl group) moiety, see: (a)
Isnin, R.; Salam, C.; Kaifer, A. E. J. Org. Chem. 1991, 56, 35. (b) Liu,
J.; Alvarez, J.; Ong, W.; Roman, E.; Kaifer, A. E. J. Am. Chem. Soc.
2001, 123, 11148. (c) Gonzélez, B.; Cuadrado, I.; Alonso, B.; Casado,
C. M.; Moran, M.; Kaifer, A. E. Organometallics 2002, 21, 3544.

(a) Balzani, V.; Gobmez-Lopez, M.; Stoddart, J. F. Acc. Chem. Res. 1998,
31, 405. (b) Molecular Catenanes, Rotaxanes and Knots; Sauvage, J.
—P., Dietrich-Buchecker, C., Eds.; Wiley-VCH: Weinheim, 1999. (c)
Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, J. F. Angew. Chem. Int.
Ed. 2000, 39, 3348.

(a) Ashton, P. R.; Chrystal, E. J. T.; Glink, P. T.; Menzer, S.; Schiavo, C.;
Spencer. N.; Stoddart, J. F.; Tasker, P. A.; White, A. J. P.; Williams, D. J.
Chem. Eur. J. 1996, 2, 709. (b) Ashton, P. R.; Ballardini, R.; Balzani, V.;
Baxter, I.; Credi, A.; Fyfe, M. C. T.; Gandolfi, M. T. G.; Gébmez-Lbépez, M.;
Martinez-Diaz, M. —V.; Piersanti, A.; Spencer. N.; Stoddart, J. F.; Venturi,
M.; White, A. J. P.; Williams, D. J. J. Am. Chem. Soc. 1998, 120, 11932.
(a) Chang, T.; Heiss, A. M.; Cantrill, S. J.; Fyfe, M. C. T.; Pease, A. R.;
Rowan, S. J.; Stoddart, J. F.; Williams, D. J. Org. Lett. 2000, 2, 2943.

(b) Balzani, V.; Clemente-Leon, M.; Credi, A.; Lowe, J. N.; Badjic, J. D.;
Stoddart, J. F.; Williams, D. J. Chem. Eur. J. 2003, 9, 5348. (c) Gibson,
H. W.; Yamaguchi, N.; Jones, J. W. J. Am. Chem. Soc. 2003, 125, 3522.
(a) Harada, A.; Li, J.; Kamachi, M. Nature 1992, 356, 325. (b) Harada,
A.; Li, J.; Kamachi, M. Nature 1993, 364, 516. (c) Harada, A.; Li, J.;
Kamachi, M. Nature 1994, 370, 126.

(a) Ooya, T.; Mori, H.; Terano, M.; Yui, N. Macromol. Rapid Commun.
1995, 16, 259. (b) Ooya, T.; Eguchi, M.; Yui, N. Biomacromolecules
2001, 2, 200.

56



o220 Ooooooooooooooooooooooooong

8) (a) Spencer, N.; Stoddart, J. F. J. Am. Chem. Soc. 1991, 113, 5131. (b)
Bissell, R. A.; Cordova, E.; Kaifer, A. E.; Stoddart, J. F. Nature 1994, 369,
133. (c) Balzani, V.; Credi, A.; Mattersteig, G.; Matthews, O. A.; Raymo,
F. M.; Stoddart, J. F.; Venturi, White, A. J. P.; Williams, D. J. J. Org.
Chem. 2000, 65, 1924. (d) Altieri, A.; Gatti, F. G.; Kay, E. R.; Leigh, D.
A.; Martel, D.; Paolucci, F.; Slawin, A. M. Z.; Wong, J. K. Y. J. Am. Chem.
Soc. 2003, 125, 8644.
9) For examples of molecular shuttles, see: (a) Ashton, P. R.; Ballardini, R.;
Balzani, V.; Baxter, I.; Credi, A.; Fyfe, M. C. T.; Gandolfi, M. T. G.;
Gbmez-Lbépez, M.; Martinez-Diaz, M. -V.; Piersanti, A.; Spencer. N.;
Stoddart, J. F.; Venturi, M.; White, A. J. P.; Williams, D. J. J. Am. Chem.
Soc. 1998, 120, 11932. (b) Murakami, H.; Kawabuchi, A.; Kotoo, K.;
Kunitake, M.; Nakashima, N. J. Am. Chem. Soc. 1997, 119, 7605. (c)
Brouwer, A. M.; Francesco, G. G.; Leigh, D. A.; Mottier, L.; Paolucci, F;
Roffia, S. Wurpel, G. W. H. Science 2001, 291, 2124.
10) (a) Joachim, C.; Gimzewski, J. K.; Aviram, A. Nature 2000, 408, 541.
(b) Cavallini, M.; Biscarini, F.; Ledn, S.; Zerbetto, F.; Bottari, G.; Leigh,
D. A. Science 2003, 299, 531.

11) Collier, C. P.; Wong, E. W.; Belohradsky, M.; Raymo, F. M.; Stoddart, J.
F.; Kuekes, P. J.; Williams, R. S.; Heath, J. R. Science 1999, 285, 391.

12) Ashton, P. R.; Fyfe, M. C. T.; Hickingbottom, S. K.; Stoddart, J. F.; White,
A. J. P.; Williams, D. J. J. Chem. Soc., Perkin Trans. 2, 1998, 2117.

13) Gibson, H. W.; Liu, S.; Lecavalier, P.; Wu, C.; Shen, Y. X. J. Am. Chem.
Soc. 1995, 117, 852.

14) (a) Keana, J. F. W. Chem. Rev. 1978, 78, 37. (b) Roth, J. P.; Yoder, J.
C.; Won, T. =J.; Mayer, J. M. Science 2001, 294, 2524.

15) (a) Menger, F. M.; Sherrod, M. J. J. Am. Chem. Soc. 1988, 110, 8606.

(b) Matsue, T.; Evans, D. H.; Osa, T.; Kobayashi, N. J. Am. Chem. Soc.
1985, 107, 3411.
16) Winter, R.; Wolmershéauser, G. J. Organomet. Chem. 1998, 570, 201.

57



0 304

gbbbooogtdbobboooodbooood

Doooooood



o330 oooooooooooooooooooooooooooooon

3-1 OO0

gbobgogbboboobgogbboobouboboobooboboobd
goubgoboboobgoubgobbooboobouobobooboobo
gbobogobooobooboobobooboobooboobooboobo
goubgoboboobgoubgobbooboobouobobooboobo
goubgoboboobgoubgobbooboobouobobooboobo
0000000000000 0'0000000000000000000
gbobogoboboobooboobobooboobooboobooboobo
goubgoboboobgoubobbooboobouobobooboobo
gbobogoboboobooboobobooboobooboobooboobo
gbobogoboboobooboobobooboobooboobooboobo
goubgoboboobgoubobbooboobouobobooboobo
goubgoboboobgoubobbooboobouobobooboobo
gbogbobobdooooboobobobobmmbobobobonbo
gbobogoboboobooboobobooboobooboobooboobo
goubgoboboobgoubobbooboobouobobooboobo
gbobogoboboobooboobobooboobooboobooboobo
gbobogoboboobooboobobooboobooboobooboobo
goubgoboboobgoubobbooboobouobobooboobo
000000000000000000000000?

00000000000000000000** 00000000 200
o0o0o0oQ0o0obo0oDb0 ((N=N-)OOOOOooooootbz200b00oooobon
gobgo 3ZzonmUnrml 000000 googuooogoooogonog
gobbogoboobooboobooobbooob - O0b00oboonO
od @G5S mmiboddbooooooooooobooobooboooo
ooooboobooboobooooboobooobobobobobDboDbO (scheme 3-1A)0
goubgoboboobgoubgogbbooboobouobobooboobo
gboooboobooboboboob@muoboobooboobooboobn
00000000000000000000000000o00o0o0>®

59



o330 oooooooooooooooooooooooooooooon

(A)

O == 00

k=6.0x 107
in benzene at 35 °C

oo g

R=R'= -NH2, CH3, 2H5, NOz, etc.

k=40x102st(R= CoHs, R'=-NO>y)
in benzene at 25 °C, E, = 14 kcal/mol

Scheme 3-1

gooooooooobobobobbugnogooooooooodg 40
goooooooooobobobbougnogoooooooooooad
O000O0ODO0ODODODODOOO000000000000000d0OooooO
goooooooooobobobbougnogoooooooooooad
goooooooooobobobbougnogoooooooooooad
O000O0ODO0ODODODODOOO000000000000000d0OooooO
00000 od0dddopoooooDooOooObODbOOoODbODmOoOOoDooDooOO
goooooooooobobobbougnogoooooooooooad
00000000000000000000000 (Scheme 3-1B)0 °
000000000000 000000000000® 00000000
goooooooo (Cp)DDDDDDDDDDDDDDDDDDD9DD
0000000 MLCT (metal to ligand charge transfer)D 0 0 0 0 00O O
0000O0ODODODOO0O0000000doooDooDooobbooog
(Figure 3-1)m-0 000000 DODOOODOOOOOOOOO0OOOOdFe()
Od000oooooooodrch(DO0OD:00 =65:350 00000000
Fe(INODOODODODODODODOODOODDDOODODDODDOOOOOOOOOOOOO
O000O0O0ODODOO0O00000000d00d0oooooooobOboooog
gooooooooooooooooooooLobULLbLULbLLbLboLoo

60



o330 oooooooooooooooooooooooooooooonn

gbooboboboboboobooboobooboobuoobogoboogroecT
1.3x10* st THho=mIzxilL, 0000000000000 0000000

0070°C T8.7x10* s QYR EMEAIF®O 000000000000
gbobgoboogboobooubobooboobouobobooboonbo
gboboboboobooboobooboob

=y S o
re NS Fe Fe
Fe
S-S @Q—NN@
N=N

Figure 3-1

000000000000000000000000000000000
000 Figure3-2000000000000000000O00O0O0OOOO
0000000000000 0D00D00D000000000D0-00000
00000000000000D00000000000000000000
00000000000000D00000000000000000000
00000000000 (Figure 3-2)01°

Figure 3-2

61



o330 oooooooooooooooooooooooooooooonn

gboooobdgbobdgbguoubobobnooboboooon
gbooboobonoogoobogboobououbobouoobobo
gbobgoboboobooubobooboobouobobooboonbo
gbobgoboboobooubobooboobouobobooboonbo
000000000000 000000000000o0ooot oooaoo
gbobgoboboobooubobooboobouobobooboonbo
gbobgoboboobooubobooboobouobobooboonbo
bbb bogboobououboobouoobobo
bbb bogboobououboobouoobobo
gbobgoboboobooubobooboobouobobooboonbo
bbb bogboobououboobouoobobo
bbb bogboobououboobouoobobo
gbobgoboboobooubobooboobouobobooboonbo
gbobgbboobooboobooboooboobobobobboboon

gbooboobogbodbgbgbuoob Xooooooogoooooao
gboogooogbooogn

62



o330 oooooooooooooooooooooooooooooonn

3-2 OJ00booboobooboobouobobuobobo
3-2-1 N-OOOO-2-00-@-00000000bDOO

{ S —CH,0H RUCI,(PPha)s @
Fe + HZNOR Fe NOR
©—CHZOH 180 °C, NMP @_/
5 R=-OH (6a)
-NH, (6b)
ch CH3
L —CH,0H RUCL(PPhy)s &
Fe + H,N NO, Fe N NH,
S —CH,0H 180 °C, NMP @_/
5 7

Scheme 3-2 Synthesis of N-aryl-2-aza-[3]-ferrocenophane.
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Table 3-1 Selected bond

distances (A) and angles(°).

O\ 017 atom atom

C16
ot Fe Cl

NI Cli
NI  Ci3
Ohnie N2 16
C17 C19

atom atom atom
Cll1 N1 C12

Figure 3-3 ORTEP drawing of 7 with Cll1 N1 Ci3

2.001
1.468
1.424
1.415
1.493

113.8
118.7

50% ellipsoidal plotting. Single crystal
suitable for X-ray determination was
obtained by recrystallization from CHCls.

3-2-2 OJ0O0O0ODOODODDOONDDODOD-200-@B]-00OOOO0O0

god

& —CH,0H =N & Ph
Fe B R NOBri» Fe NONON\\

OS—cnon L
5

8a (70%) 9a (82%)
K Ph

n)

e Nl -a Ve thea

8b (68%) 9b (78%)

(a) 4-bromoaniline, RuCl,(PPhs3)s (5 mol%), 180 °C, NMP; (b) 3-bromoaniline,
RuClz(PPh3); (5 mol%), 180 °C, NMP; (c) 4-phenylazodiphenylamine,
Pd,(dba); (dba = dibenzylideneacetone, 1.3 mol%), NaO-t-Bu (1.5 eq.),

P(t-Bu)s (7.5 mol%), 100 °C, toluene.

Scheme 3-3 Synthesis of azaferrocenophane-containing azobenzene.
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Figure 3-4 ORTEP drawings of 9a and 9b with 30% ellipsoidal plotting.

65



o330 oooooooooooooooooooooooooooooonn

3-3 dboobooboobouobooobobobobobobb
3-3-1 N-OOOO-2-00-@-00bbobo0o0gouobbboooo

1) eal000O0ODODODOOOOO

6a, 6b 00000000 O0O0O0000 (CV)O Figure 3-50000000
0000000000 200000000000000000000000
0000000200 300000000000000000000000
000 6b (Eye, =-0.14 V)OO OO 6a(Ey,=0.01V)DJODODODODOODODOO
0000000000000000D00000000000000D00O0
0 (or°00 NH,0-0.4800H0-040)0000000000000000O0O
000000000000006b0 Fe(DD a0 000000000OOO
O00MM2000000000006a,6b000000000000000

¢ 1x10° A

(b)

Cathodic I/A Anodic

1x10° A

| | | | | |
04 02 0 02 04 06 08

E/V vs Ag'/Ag
Figure 3-5 Cyclic voltammograms in CH3CN containing 0.10 M n-Et;NBF, and
25 °C. Sweep rate: 0.10 V s™. (a) 6a (1.0 mM). Ey, = 0.01 V and 0.42 V.
(b) 6b (1 mM). E;»=-0.14V and 0.27 V.
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Figure 3-6 (A) Changes of absorption spectra of 6a (0.1 mM) in
acetonitrile solution of 0.1 M n-Et4;NBF,4 at (a) -0.4 V, (b) 0 V, (c) +0.3 V,
and (d) +0.4 V (vs Ag*/Ag). (B) Relative intensity changes of absorption
spectra of 6a induced by oxidation potentials (a) at 535 nm (E” = -0.04 V,
n = 0.6), (b) at 375 nm (E” = 0.01 V, n = 0.6), and (c) at 800 nm (E” =
0.01V,n=0.7; E” =0.41V, n=0.8).
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Scheme 3-4 Electrochemical redox mechanism of 6a.
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Figure 3-7 (A) Changes of absorption spectra of 6b (0.1 mM) in
acetonitrile solution of 0.1 M n-Et4,NBF,4 at (a) —0.4 V, (b) —-0.2 V, (c) —0.15
V, and (d) 0 V (vs Ag*/Ag). (B) Relative intensity changes of absorption
spectra of 6b induced by oxidation potentials (a) at 325 nm, (b) at 550
nm, and (c) at 870 nm.

Electron Transfer

Fe! NOLLZ
Scheme 3-5 Electrochemical redox mechanism of 6b.
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Figure 3-8 Cyclic voltammograms in CH,ClI, containing 0.10 M n-BusNPF¢
and 25 °C. Sweep rate: 0.10 V s™. (a) 9a (1.0 mM). Ey, = 0.17 V, 0.41

V,and 0.92 V. (b)9b (1 mM). Ey,=0.22V and Epa=0.73 V.

(A) (B)
15 s 1.2
*é’ b (c)
_‘2 1 F AAAM‘AA“. ﬁ.'l (a) ><><><><><
£ My X
yy d)°
81.0 5 08 o d, ™
c B | 2
g 5 06 | 5o
o 2 . ° L™
8 © n “ 'l.-
< 0.5 g 04 i 7y .l-
%‘ -.XXXX .M'..'Ocooo:
E 02 1 ~>< ‘A“
3 S
0 0 EenmmmeX L .
200 400 600 800 1000 -05 0 0.5 1 15

Wavelength/nm E/V vs Ag'/Ag
Figure 3-9 (A) Changes of absorption spectra of 9a (0.05 mM) in
acetonitrile solution of 0.1 M n-Et4,NBF, at (a) -0.4 V, (b) -0.1V, (c) 0.3V,
and (d) 1.0 V (vs. Ag*/Ag). (B) Relative intensity changes of absorption
spectra of 9a induced by oxidation potentials (a) at 375 nm, (b) at 440
nm, (c) at 550 nm, and (d) at 770 nm.

71



o330 oooooooooooooooooooooooooooooonn

AU 0o oboooobougogn
gbbooboobobboboobuoobobboobuoobuobmvdo.so
V (vs Ag*/AQ)0 O Aszs, Asso, A7 0 0000000000000 OODOOO
gbobgoboboobooubobooboobouobobooboobo
Ubo0UbdibUdbAss A0 0000000000 0Asso OO DOODOO
gboboogooobognb

Az DOOOOODOOOODODO :.N/
(Figure 3-7a)

Ago: OOOOODOODODDODO
(Figure 3-7b)

Assoo 00000000 \QGN/
/ \

(Figure 3-7c¢)

\
A DOOUOOOOOOOOO /N@N;

(Figure 3-7d)

@N\N@

Figure 3-10 Electrochemically oxidized species of 9a.
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Scheme 3-6 Electrochemical redox mechanism of 9a.
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Scheme 3-7 Electrochemical redox mechanism of 9b.
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Figure 3-11 UV-vis spectra of (A) 9a and (B) 9b. (a) Before
photoirradiation (trans-type) and (b) at the photostationary state (cis/trans
mixture) by irradiation at 420 nm from a cut-off filtered Xenon lamp for 1 h at

20 °C in toluene.
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Figure 3-12 UV-vis spectra of (A) 9a°" after flow-electrolysis at 0.3 V and
(B) 9b™ after flow-electrolysis at 0.4 V. (a) Before photoirradiation
(trans-type) and (b) at the photostationary state (cis/trans mixture) by
irradiation at 420 nm from a cut-off filtered Xenon lamp for 1 h at 20 °C in
toluene.
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Figure 3-13 First-order plots of thermal isomerization (283 K) of (A) 9a in
the photostationary state (a) without oxidation (k = 1.5 x 10° s*) and (b)
after oxidation at 0.3 V (k = 6.3 x 103 s™), (c) 0.6 V (k = 1.3 x 10% s, (d)
1.0V (k = 1.9 x 102 s™!) and (B) 9b in the photostationary state (a) without
oxidation (k = 1.0 x 10 s*) and (b) after oxidation at 0.4 V (k = 1.0 x 10
s1). A denotes the absorption at t.

ooobooboDbO o9, 0o bobobobob
OO0 Scheme 3-8,3-900000%U 10000000000 O0O0O0O0O
goboobooboobobobooboouoboboob sBbp0boooon
BUOUODOUOD1O0OOO B"OLOUODOOLOOOLOOO0ODLOODLOODO
gooboobooobobobboboobeh 1000000 DDOOUDOUUUOO
gbooobooboobooboobooobobobobbobbooboboon
gbooobooboobooboobooobobobobbobbooboboon
goubgbboobooboobgoobouoboobgogobooboboon
gboooboobmuobbmobooboobooboobouobooboo
goobobobooeadlddShooooobooobooobooobooobm
92”0 900000000 DNDO00ND0ONDN0ONDNONONDNONODNODOOn
ooobooobobboboeabobbbobbbbbOo0ooooooooon
gbobooboobooboobooboobobobobbobbooboboon
goubgbboobooboobgoobouoboobgogoboboboboon

78



o330 oooooooooooooooooooooooooooooonn

gbooodogbobouoooobobooooboboboooogn
DDDDDDDDDDDDDDDDDDDDDDQDDDDDDDDDDD
oo0oQo0oDO FeIDODODODODODDODOOOODODODODUOUODUOODODDODODDO
oo0ooooODbODbbObObO0oOoOoO0eadop bbb OoUoUoUon
OoooooooooboooobeabeshboooooooDoooon
gbobgbboobooboobooboooboobobobobboboon
gbobgbboobooboobooboooboobobobobboboon
gboobogogbobouoooobobooooboboboooogn
gboobogogbobouoooobobooooboboboooogn
googo

=
Eor OO o E RO

trans-9a trans-9a*

a Y

@+o l?h : N\ IIDh
:Fe /NONON\N —_— @Fe" / NOE‘.@ ’\{\N
A @ B
S Ph ®
e

- SN e Y iy
@/OO\\N—Q

trans-9a"

Scheme 3-8 Proposed mechanism of isomerization of 9a”.

79



o330 oooooooooooooooooooooooooooooonn

" i
o o
\ N\
@ N -€ @ N
o —&
(-
trans-9b trans-9b*

Ph Ph
O SO
Ph
|

_ -,

B' B

I?h
N@N\\
<

trans-9b*

Scheme 3-9 Proposed mechanism of isomerization of 9b”.

80



o330 oooooooooooooooooooooooooooooonn

3-5 000

ooooooOoODODbODbODbObObOO0O0000oo00o000oogd9a, 90000
oooboboDbDbODbDea, 6b0O OO0 O00O00O0O0O0O0O0OUUODOOUDLODLODDDO
gbobogoboobooboobobooboobooboobooboobo
goubgoboboobgoubgobbooboobouobobooboobo
goubgoboboobgoubgobbooboobouobobooboobo
gbobogoboobooboobobooboobooboobooboobo
gbobogobobobbooboobooboob

9a,9p 00 0000000O0ODODOODDODODODODODODDDODDDDDOOOO
gboboogoboobooboobobooboobooboobooboobo
gbobogobooboobobobobb Yadboobboobooboonbo
ooooooobobobobboboboobooooooooooboobobobboogg 9
ooooooooboobbobooobobDbbobDDbDbO 9%, 9p00ooon
00000000000000 9’000 9'00000000noooon
gbobogoboobooboobobooboobooboobooboobo
0000000000000 0000000000 9'000 9 0000
gbobogoboobooboobobooboobooboobooboobo
gbobogoboobooboobobooboobooboobooboobo
goubgoboboobgoubgobbooboobouobobooboobo
goubgoboboobgoubgobbooboobouobobooboobo
gboboogbobobbobooboobooboo

gobgogbbdobobobgbboobouboboobooboboobd
gooboobooobbobbboboobO0o shD0ooooooooooo
gbobobobobbobboobooboobooboo

81



o330 oooooooooooooooooooooooooooooon

goog

1)

2)

3)

4)

(a) Coe, B. J.; Jones, C. J.; McCleverty, J. A.; Bloon, D.; Kolinsky, P. V.;
Jones, R. J. J. Chem. Soc., Chem. Commun. 1989, 1485. (b) de Silva,
A. P.; Dixon, I. M.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Maxwell, P. R.
S.; Rice, T. J. Am. Chem. Soc. 1999, 121, 1393. (c) de Silva, A. P;;
McClenagham, N. D. J. Am. Chem. Soc. 2000, 122, 3965. (d) Lukas, A.
S.; Bushard, P. J.; Wasielewski, M. R. J. Am. Chem. Soc. 2001, 123,
2440. (d) Alvarez, J.; Ren, T.; Kaifer, A. E. Organometallics 2001, 20,
3543.

(a) Jayaprakash, K. N.; Ray, P. C.; Matsuoka, |.; Bhadbhade, M. M.;
Puranik, V. G.; Das, P. K.; Nishihara, H.; Sarkar, A. Organometallics 1999,
18, 3851. (b) Tarraga, A.; Molina, P.; Lépez, J. L.; Velasco, M. D.
Organometallics 2002, 21, 2055. (c) Murata, M.; Yamada, M.; Fujita, T.;
Kojima, K.; Kurihara, M.; Kubo, K.; Kobayashi, Y.; Nishihara, H. J. Am.
Chem. Soc. 2001, 123, 12903. (d) Imahori, H.; Guldi, D. M.; Tamaki, K.;
Yoshida, Y.; Luo, C.; Sakata, Y.; Fukuzumi, S. J. Am. Chem. Soc. 2001,
123, 6617.

For the examples of transition metal complex containing azo group, see:
(a) Barlow, S.; Bunting, H. E.; Ringham, C.; Green, J. C.; Bublitz, G. U,;
Boxer, S. G.; Perry, J. W.; Marder, S. R. J. Am. Chem. Soc. 1999, 121,
3715. (b) Miyaki, Y.; Onishi, T.; Kurosawa, H. Chem. Lett. 2000, 1334.
(c) Yutaka, T.; Kurihara, M.; Kubo, K.; Nishihara, H. Inorg. Chem. 2000,
39, 3438. (d) Kume, S.; Kurihara, M.; Nishihara, H. Inorg. Chem. 2003,
42, 2194. (e) Nihei, M.; Kurihara, M.; Mizutani, J.; Nishihara, H. J. Am.
Chem. Soc. 2003, 125, 2964.

Other examples of azobenzene connecting to ferrocene. See: (a) Lee,
S. -M.; Marcaccio, M.; McCleverty, J. A.; Ward, M. D. Chem. Mater. 1998,
10, 3272. (b) Walter, D. G.; Compbell, D. J.; Mirkin, C. A. J. Phys.
Chem. B 1999, 103, 402. (c) Kurihara, M.; Kurosawa, M.; Matsuda, T.;
Nishihara, H. Synth. Met. 1999, 102, 1517.

82



o330 oooooooooooooooooooooooooooooon

5) (a) Delaire, J. A.; Nakatani, K. Chem. Rev. 2000, 100, 1817. (b)
Ichimura, K. Chem. Rev. 2000, 100, 1847.

6) (a) Liu, Z. F.; Hashimoto, K.; Fujishima, A. Nature 1990, 347, 658. (b)
Ikeda, T.; Sasaki, T.; Ichimura, K. Nature 1993, 361, 428. (c) Ikeda, T.;
Tsutsumi, O. Science 1995, 268, 1873. (d) Jiang, D. —-L.; Aida, T.
Nature 1997, 388, 454. (e) Yu, Y.; Nakano, M.; Ikeda, T. Nature 2003,
425, 145.

7) (a) Nishimura, N.; Sueyoshi, T.; Yamanaka, H.; Imai, E,; Yamamoto, S.;
Hasagawa, S. Bull. Chem. Soc. Jpn. 1976, 49, 1381. (b) Nishimura, N.;
Kosako, S.; Sueishi, Y. Bull. Chem. Soc. Jpn. 1984, 57, 1617.

8) Kurihara, M.; Matsuda, K.; Hirooka, A.; Yutaka, T.; Nishihara, H. J. Am.
Chem. Soc. 2000, 122, 12373.

9) Kurihara, M.; Hirooka, A.; Kume, S.; Sugimoto, M.; Nishihara, H. J. Am.
Chem. Soc. 2002, 124, 8800.

10) Muraoka, T.; Kinbara, K.; Kobayashi, Y.; Aida, T. J. Am. Chem. Soc.

2003, 125, 5612.

11) Yamaguchi, I.; Sakano, T.; Ishii, H.; Osakada, K.; Yamamoto, T. J.
Organomet. Chem. 1999, 584, 213.

12) (a) Murahashi, S. —I.; Kondo, K.; Hakata, T. Tetrahedron Lett. 1982, 23,
229. (b) Tsuji, Y.; Huh, K. T.; Ohsugi, Y.; Watanabe, Y. J. Org. Chem.
1985, 50, 1365. (c) Tsuji, Y.; Huh, K. T.; Yokoyama, Y.; Watanabe, Y. J.
Chem. Soc., Chem. Commun. 1986, 1575.

13) (a) Hartwig, J. F.; Richards, S.; Baraiano, D.; Paul, F. J. Am. Chem. Soc.
1996, 118, 3626. (b) Hartwig, J. F. Synlett 1997, 329. (c) Driver, M.
S.; Hartwig, J. F. J. Am. Chem. Soc. 1997, 119, 8232. (d)
Alcazar-Roman, L. M.; Hartwig, J. F.; Rheingold, A. L.; Liable-Sands, L.
M.; Guzei, I. A. J. Am. Chem. Soc. 2000, 122, 4618.

14) (a) Guram, A. S.; Rennels, R. A.; Buchwald, S. L. Angew. Chem., Int. Ed.
Engl. 1995, 34, 1348. (b) Wolfe, J. P.; Wagaw, S.; Buchwald. S. L. J.
Am. Chem. Soc. 1996, 118, 7215. (c) Wagaw, S.; Rennels, R. A;;
Buchwald. S. L. J. Am. Chem. Soc. 1997, 119, 8451. (d) Singer, R. A,;

83



o330 oooooooooooooooooooooooooooooon

Sadighi, J. P.; Buchwald, S. L. J. Am. Chem. Soc. 1998, 120, 213. (e)
Old, D. W.; Harris, M. C.; Buchwald, S. L. Org. Lett. 2000, 2, 1403.

15) (a) Somoano, R.; Hadek, V.; Yen, S. P. S.; Rembaum, A. J. Chem. Phys.
1975, 62, 1061. (b) Yamaguchi, J.; Fujita, H. Bull. Chem. Soc. Jpn.
1990, 63, 2928.

16) (a) McDiarmid, A. G.; Chiang, J. —C.; Halpern, M.; Huang, W. =S.; Mu, S.
—B.; Somasiri, N. L. D.; Wu, W.; Yaniger, S. I. Mol. Cryst. Lig. Cryst.
1985, 125, 173. (b) Awano, H.; Murakami, H.; Yamashita, T.; Ohigashi,
H. Synth. Met. 1991, 39, 327. (c) Kang, E. T.; Neoh, K. G.; Tan, K. L.
Prog. Polym. Sci. 1998, 23, 277.

84



O 40

oodboootooodooobooobooaooad

gboooooooood



oso ooooooooooooooooooooooo
oooooooooooo

4-1 00

gobgbdz20b0bbgbd -CH=N-OUOUOO0Oouooooboobd
goubgoboboobgoubgobbooboobouobobooboobo
gbobobobobobobobboboobobobobooboon 364 nm
Um0 00000 oooboomboobooboonbgn 377 nmO n-mr*
goubgoboboobgoubgogbbooboobouobobooboobo
gboboogoboobooboobobooboobooboobooboobo
gboboogoboobooboobobooboobooboobooboobo
goooooooboobboboobobbooboog (rrKOO)Ybobboboooo

!

hv (280 nm)
@ A ATk
C
\\ ‘
) @ ks
Scheme 4-1

ooooooobobobbbbOb0O0obO0o0oo0o0o0uUUUddFrigure 4-1000
gbobogoboboobooboobobooboobooboobooboobo
goubgoboboobgoubgobbooboobouobobooboobo
0000000000000 UUL O)pUooooooooooo
O0dd (AUOUOODO (A-NHN=CH-D)UOUOObOOoOOooobobboboooog
gbobogoboboobooboobobooboobooboobooboobo
goubgoboboobgoubgobbooboobouobobooboobo
DDBDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
g

86



oso ooooooooooooooooooooond
ooooooooooon

, R = H, Me, OMe, N(CHj),
SN w
\

Figure 4-1

gbooooboobiogbogbguoogbobobnooboboooogn
DDDDDDDDDDQFigure4-2DDDDDDDDDDDDDDDDDD
gbobgoboboobooubobooboobouobobooboonbo
2000000000000 00000 DNADOUODOODOD DNADD
bbb bogboobououbobouoobobo
gboobomogboobouoogbobogoooobnoubobobod
gbobgopoboobouobobooboobouoboobooboobo
DDDDDQ

Cl. Cl Cl. Cl
S S
H‘c—N/ \N CH H\C—N/ \s—c H H‘c=N
=N N(CHj3), = , oHs |/>
Fe Fe Fe Cl
Figure 4-2

87



oso ooooooooooooooooooooond
ooooooooooon

03000 RRDODO0ODOPUOOODODDODOOOODODODOOODOODODOOO
gbooboooboobobobobooboobouoboobooboobo
gbobgoboboobooubobooboobouobobooboonbo
gbobgoboboobooubobooboobouobobooboonbo
gbooboooboobobobobooboobouoboobooboobo
gbobgoboboobooubobooboobouobobooboonbo
gbobgoboboobooubobooboobouobobooboonbo
gbooboooboobobobobooboobouoboobooboobo
gbooboooboobobobobooboobouoboobooboobo
gobogboogbooboobooobooobobobobbooboo

88



oso ooooooooooooooooooooond
ooooooooooon

4-2 OO000OO0O0bOO0O0bO0oO0obOooboooboon

S Ar—CHO, EtOH
e Ny, @
@_/ 2 reﬂux 3-5h @_/ c

6b

(e =0 O =, LD )

10a 10c 10d
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Table 4-1 Selected Bond
Distances (A) and Angles (°)

C Fe-C1 2.007(7)
o C19 N1-C11 1.463(8)

( E /%\ N1-C13 1.346(8)

C16 N2-C16 1.408(8)

N2-C19 1.260(8)
S1-C20 1.715(8)

C21

C(11)-N(1)-C(12) 112.9(6)
. _ C(11)-N(1)-C(13) 121.8(6)
Figure 4-3 ORTEP drawings of 10c C(16)-N(2)-C(19) 121.4(7)

with 50% ellipsoidal plotting. C(20)-S(1)-C(21) 91.7(4)
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Figure 4-4 Cyclic voltammograms of 10a-10d (1.0 mM) in CH3CN solution
containing EtzNBF,; (0.1 M) (scan rate = 0.1 Vs™, reference electrode:
Ag'/Ag). (a) 10a, Epa = 0.13 V and 0.68 V, (b) 10b, Ep, = 0.13 V and 0.68 V,
Epc =-1.26 V, -1.69 V, -1.89 V, (c) 10c, Epa = 0.13 V and 0.59 V, Epc = -1.39
V (b) 10d, Epa = 0.17 V and 0.87 V, Eyc = -1.50 V.
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Figure 4-6 UV-vis spectra of (a) 6b (Amax = 309 nm, &€ = 2160 M*cm™),
MLCT (Amax = 440 nm, £ = 370 M*cm™), (b) 10a (Amax = 378 nm, € = 14300
M™*ecm™), (c) 10b (Amax = 450 nm, € = 18600 M*cm™), (d) 10¢ (Amax = 391 nm,
£=19400 Mcm™), and (e) 10d (Amax = 424 nm, £ = 14000 Mtcm™).

97



oso ooooooooooooooooooooond
ooooooooooon

O00000ooO0oooooooboOoooi1ob-10dO000O0OOoO0OOOoOn
goooooooooobooboboonnonooooooooooooooad
000000 Figure 4-7 000000000000 O0ODOOOOOODOOOO
godooooooooooooooonooooooooodoooonn
O0010b 0 450 nm O 000 Anax0 000 (Figure 4-6c)0 000 0.8V O
O00O00O0oDO0oOooog (Figure4-7TAc) 000 000O0O00ODOOODOO0O
00000 1000000000000 0000O0O0000 SOMO (single
occupied molecular orbital)0 0 LUMO OO OO ODOOOOOOOOOOO
D020 0000000000000000O000 (Figure 4-7Ad)0 O 010b
o oooodoodoHOMO-LuMO O O Do ooooonoo
O MAmax=500nm)0 00000000000 OODOOODOOO0OODOO0O0O
goototdtdmmdddoooooddddooooooooogooon
oo oooDonDon
O00O00OO0oO00O0OScheme 4-6 DO00OO0O0OO0OO0ODOOODOODOOODOOO
000000 oo0oooo0o0ooobo0obobo0oobooOoOonodscheme 4-6
goooooooooobooboboonooooooooooooooooad
0000000bO00oD0oo0oo0obOoOooOoooOoooDi1doonooonoa
goooo

0000000000000 000000 10c0dAnax =391 nm0OdO0dO
gooooosviouoooooooooooooodoeo0o nmUOO0o0oddno
godoooooooooobooooonoooooooooooDooonn
O0000000D0 10d0OAnax=424anmO0000oooo.3voooono
godoooodooooec0o nm D000 OD0O0O0OODOO0OODOOOOO
godoooooooooobooooonoooooooooonoooonn
goooooooooooooo

goooooooooboooooonononooooooooooooood
godoooooooooobooooonoooooooooonoooonn
0000000000000 MO00D00o0o00oo0oDOoonooO-NO), OO0
Um0 ooooooooooooooooon

00000000000 0000D00000 AnaxdO0O0O Figure 4-80 0O
Mmoo ooodboooodnooooobboodoooognoo
gooooooooobobobobbounnoooooonoooooooooado

98



oso

ooooooooooooooooooooond

ooooooooooon

O00ooboooogbboDi1oc0dbobooOgdsScheme 4-80000000
goooboooboobobobooboobuobob 20b00bO0o0obO
gbogoguobodd 2000 300b0o0boouobooboboobobnbog
gbobogbobzugbogoboooboobobobobbobbooboann

(A)

(B)

(C)

0.5
0.4
)
=
S 03
£
2 \
a
3 0.2 ()
(©)
0.1 \\ .(d)
\
0 e T
300 400 500 600 700 800 900 1000
Wavelength/nm
0.4
8 “’\
e .
3 |
5 02 -
[%] f
Q 1
< /’\ @
N RO S
300 400 500 600 700 800 900 1000
Wavelength/nm
0.6
8 0.4
c
5]
£
o
[%]
o
<0.2
©
0 1 [y e 1 s
300 400 500 600 700 800 900 1000

Wavelength/nm
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(c) NaClO,. Scan rate: 0.10 V s

108



ged gbobooooooooooooooooobooooao
gbooooooooobooooo

00MOD0000DD0O00OO0O000O-1.6006V 00000000000
CVvOOOOODOO0OD0O00D01000000 Epe =-0.42,-092V0000
000000000000 00000000000000000000
(Figure 5-4a)0 2 000 000000000000001000000000
0000000000000 000000000000000000000
0000000000000 000000000000000000000
0D00D0O0OFigure5-400 0.AMOOOOO0O0O0OO0O00155vO000
0000 CVODOO0OODO00000000000000000000000
0000000000000 0000000 1.55v00000000000
0000000000000 0Au0)IO Au()D AuhDOOC0O0OO0O0O
0 AuNOD AOD 0000000000000 000000000000
0000000000000

2AuU + O*" . Auy0 (Epa = 1.14 V)
Au+0* - AuO (Epa=1.28V)
AuO - Au+ 0% (Ep =0.84V)

gopogooobog sodbodobooboboobboobuobobobbo
goooooobooobooboooa MO bobooboobobooob ev
ooooooobooooboooogbbbbbooboooggg (Figure
5-4c)00000ooooooon

109



g sgd gbobooooooooooooooooobooooao
gbooooooooobooooo

2) D0o00o0o0oobobobosAaMOObooooooooon

gooooooooboobobbbbobobboooogg (12a-12c)0 0.1 mM O
goubgoboboobgoubgobbooboobouobobooboobo
gbobogoboobooboobobooboobooboobooboobo
U 1z0b00d0bg0obgoubogbbooboobouobobooboooo
gbubgoboboobgooubobboobooboobo 130bogoog
gopoogoosmMUODOoooboboboooboboooooboboon

Au Electrode
Qpeg QFeg QFeg
N N gj
Au Electrode on ﬁg g
S S S

12a-12c, 13

in acetonitrile rt,12h

diameter

| I romm

Au electrode \

Figure 5-5 Preparation of SAM film

3) 0d0obobooooobbboooobobooDoo sAaMOUOUooboooO
good

gogogobooboboooboobobobobobooevobouooboobo
gbobogoboboobooboobobooboobooboobooboobo
gbobgobogboobgobgobboobdo sSAMOOgogoogoog
SAMO 00D 0oooboobogoboboobodgobobooooon
gbobogoboobooboobobooboobooboobooboobo
goubgoboboobgoubgobbooboobouobobooboobo
goubgoboboobgoubgobbooboobouobobooboobo
gbobogoboobooboobobooboobooboobooboobo

110



ged gbobooooooooooooooooobooooao
gbooooooooobooooo

0000000000000 00MO0@M30000 SAMOOOO0OOOO0O
000000000000000000000000000012¢c 0 130
0D0000000000SAMOO0O0O0000000000D0D0D013000
00000000000 0D00000000000000000
0000000000000000000000 (12¢) 0.1 mMODODOO
O0000O0AmMOOOO00ImMOOOOOOOOODOOODDOOOO
0000000000000000D00000000 130 0.06mMO00
DoO0oO0000o01mMOOODO00ImMOOOOOOODOOOOODOOO0O
0000000000000 000000000000000000000
0D0D00000000000D0 12000000000000000000
00000000000000 (Figure 5-6)0

12c, 13
+ dodecanethiol

Au Electrode

in acetonitrile rt, 12 h

ey 49

Au electrode Au electrode

S S S S S

Figure 5-6 Preparation of mixed SAM film

111



g sgd gbobooooooooooooooooobooooao
gbooooooooobooooo

5-3 Ubouboouobooobobobobobobbobb
5-3-1 UU0boobopboobobooboobobooobd

1) 12cO00000D0ODODODO

0000000000 0O0O0O0O00O00O0000 (12a-12c)000000
D00 (13)00000000000000000000000000Figure
5-7a0 0.A1MODOOO0OO000000000OCOOOD12¢000000000
00000000000 (CVYOODOOOFe()/Fe(DODOOOODODODOO
D00000000000 Epe=049VOODOOODOODO Epe = 0.42 V (vs
AgC/AQD 00 0COCODODD0O0O0O0O0000000O0ONDDOoonongd
D0MOO0MMOO00v=01VsiOOMmMOOO0DOO0O000O lya=0.47 pAQ
D00000000 lpa=-045p)A00 000V =1.0V s?00 Opa = 4.5 pAD
le=-45pyA00000Figure5-80 000000000 1,L,O00OODOOODO
00000 1,L,000000000000000MO00000000000
O000000000000000 NernstODODOOO0O0O0O0O0O0OOOOO
0 (Langmuir D00 000O000O000)0000000000 1,b0000O
0oooQ

b= = (nN°F?vI)/(4RT) (5-1)

nO00o0DFLOO0b0o0bod0vobooboooroboobobooboo
RUOOUOODOOTOOUOOOOOOoOoooboooooobD p,oboooob vd
goubgoboboobgoubgogbbooboobouobobooboobo
gbbdlzcO0bOoobooboboobooboobobooboobo
gboobobobogboboubobonouobobouoogobobo
goooon

112



ged gbobooooooooooooooooobooooao
gbooooooooobooooo

Anodic

5x107 A

I/A

(b)

Cathodic
°

|
0O 01 02 03 04 05 06 07
E/V vs AgCl/Ag

Figure 5-7 (a) Cyclic voltammogram of 12c deposited on gold electrode in
aqueous media containing 0.10 M NaClO,4 and at 25 °C. Sweep rate: 0.10
V st Epa = 0.49 V and Epc = 0.42 V. (b) Differential curve for oxidation
peak of (a). Ep = 0.44V, 0.53 V. (c) Differential curve for reduction peak
of (a). E,=0.38V, 0.46 V.
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Figure 5-8 Dependence on scan rate of I, of cyclic voltammogram of 12c
in aqueous media of 0.1 M NaClO4. For (a) anodic peak l,a and (b)
cathodic peak Ic.
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Figure 5-9 (a) Cyclic voltammogram of 12c deposited on gold electrode in
agueous media containing 0.10 M NaClO,4 and at 25 °C. Sweep rate: 0.10
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Figure 5-10 Dependence on scan rate of |, of cyclic voltammogram of 12c
in aqueous media of 0.1 M HCIO,4. For (a) anodic peak Ipa and (b) cathodic
peak lpc.
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Figure 5-11 Cyclic voltammogram of 13 deposited on gold electrode (a) in
aqueous media containing 0.10 M NaClO4 (Epa = 0.41 V, 0.49 V and E, =
0.33 V) and (b) in acidic aqueous media containing 0.10 M HCIO4 (Epa =
0.48 V and E,c = 0.42 V) at 25°C. Scan rate: 0.10 V s™.
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Figure 5-12 Dependence on scan rate of I, of cyclic voltammogram of 13;
(A) in aqueous media of 0.1 M NaClO,. For (a) anodic peak lpa1, (D) lpaz
and (c) cathodic peak l,c. (B) in acidic aqueous media of 0.1 M HCIO,.
For (a) anodic peak l,; and (b) cathodic peak Ipc.
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Figure 5-13 Cyclic voltammogram of 13 deposited on gold electrode (a) in
aqueous media containing 0.10 M NaClO4 (Epa = 0.41 V, 0.49 V and E, =
0.33 V) and (b) in acidic aqueous media containing 0.10 M HCIO4 (Epa =
0.48 V and E,c = 0.42 V) at 25°C. Scan rate: 0.10 V s™.
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Figure 5-14 Dependence on scan rate of |, of cyclic voltammogram of (A)
12c mixed SAM with dodecanethiol and (B) 13 mixed SAM with
dodecanethiol in agueous media of 0.1 M NaClO4. For (a) anodic peak lpa
and (b) cathodic peak I,.
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Table 5-1 Summary of experimental data.

Compound Diluent EpalV Epd/V rx10™
/mol cm™
12a (0.1 mM) 0.48 0.40 1.3
12b (0.1 mM) 0.49 0.41 1.3
12¢ (0.1 mM) 0.49 0.42 11
12¢ (0.1 mMM)  n-CyHpsSH (0.1 mM)  0.21 0.08 0.017
13 (0.05 mM) 0.41, 0.49 0.33 0.34
13 (0.05mM)  n-CpoHpsSH (0.1 mM)  0.22 0.04 0.18
13(0.05mM)  n-CpoHpsSH (1O mM)  0.24 0.00 0.020
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Figure 5-15 Dependence on scan rate of E, of 12a cyclic voltammogram
of 12a in aqueous media of 0.1 M NaClO4. For (a) anodic peak Ep; and (b)
cathodic peak Epc.
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Figure 5-16 Dependence on scan rate of E, of 12a cyclic voltammogram
of 12a in acidic aqueous media of 0.1 M HCIO4. For (a) anodic peak Eg,
and (b) cathodic peak Ejc.
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Table 5-2 Summary of electron transfer constant.
Length
SAM d/A  |NaClo, HCIO,
film Ko/s™ a ke/s™ a Ko/s™ a Ke/s™ a
12a 20.6 16.7 0.163 | 17.7 0.799 | 7.37 0.052 | 14.8 0.610
12b 23.6 134 0.200 | 155 0.764 | 7.32 0.072 | 11.1 0.649
12c 26.2 126 0.330 | 13.3 0.743 | 3.92 0.047 | 10.9 0.536

~

C12
d=26.4A

23.6 A
20.6 A

C10

C8

Figure 5-17 Length between ferrocenophane and mercapto group.
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General Methods.

. U

la” and 1,1'-Diformylferrocene“ were prepared according to the literature
method. DB24C8 was purchased from Tokyo Kasei Kogyo Co., Ltd.
Ferrocenecarboxaldehyde was purchased from STREM CHEMICALS. 'H and
3C{’H} NMR spectra were recorded on JEOL EX-400 or Varian Mercury 300
spectrometers where the chemical shifts were referenced with respect to CHCI; (&
7.24), CD,HCN (5 1.93) for 'H and CDCl; (& 77.0), CDsCN (8 1.30) for **C as
internal standards. IR absorption spectra were recorded with Shimadzu
FT/IR-8100 spectrometers. Elemental analyses were carried out with a Yanaco
MT-5 CHN autorecorder. Thermogravity analysis (TGA) was recorded on Seiko
TG/DTA6200R. Differential scanning calorimeter (DSC) was recorded on
SeikoDSC6200S. Fast atom bombardment mass spectrum (FABMS) was
obtained from JEOL JMS-700 (matrix, glycerol or m-nitrobenzyl alcohol). ESR
spectra were recorded on JEOL RE3X spectrometer. Cyclic voltammetry (CV)
was measured in CH3;CN solution containing 10 mM n-BusNPFg with ALS
Electrochemical Analyzer Model-600A. The measurement was carried out in a
standard one-compartment cell under inert gas equipped with Ag*/Ag reference
electrode, a platinum-wire counter electrode, and a platinum-disk working
electrode (ID: 1.6 mm). A combination of flow through electrolysis cell, peristaltic
pump SMP-11 at 0.7 mL min™t and JASCO V-530 UV/VIS spectrometer was used

for the spectroelectrochemical measurements in situ (Figure 2-15).

Preparation of 2a

A suspension la (362 mg, 1.13 mmol) in 6 N HCI (40 mL) was stirred for
12 h at room temperature. Evaporation of the solvent gave [1a-H][CI] which was
washed with water. To a suspension of [1a-H][CI] in acetone (50 mL) was added
NH4PFs (1.63 g, 10 mmol), and the mixture was stirred for 4 h at room temperature.
The precipitate was removed by the filtration. Evaporation of the filtrate gave
[la-H][PF¢] = 2a as a yellow solid (408 mg, 0.877 mmol, 78%). Anal. Calcd. for
CigH2oNFgFeP: C, 49.06; H, 4.77; N, 3.01. Found: C, 48.98; H, 4.65; N, 3.02.
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'H NMR (300 MHz, CD4CN, r. 1.):  2.34 (s, 3H, CHs), 4.04 (br, 2H, CsH,), 4.06 (br,
2H, CsH,), 4.21* (5H, CsHs), 4.28 (t, 2H, CH,, J (HH) = 1.8 Hz), 4.37 (t, 2H, CH,, J
(HH) = 1.8 Hz), 7.26 (m, 2H, CgHy,), 7.29 (m, 2H, CsH,). *C{*H} NMR spectrum
(75.5 MHz, CDsCN, . t.):  21.3 (CH3), 48.7 (CH,), 51.6(CH,), 70.1 (CsHs or CsH,),
70.7 (CsHs or CsHy), 71.7 (CsHsor CsHy), 76.5 (CsHs or CsH,), 128.4 (CgH,), 130.6
(CeHa), 131.0 (CgH.), 140.6 (CsH,). IR spectrum (KBr): v (N-H); 3266, 3233 cm™.

5% loss of temperature 217 °C.

Preparation of 1b

A toluene solution containing ferrocene carboxaldehyde (2.13 g, 10.0
mmol) and n-hexylamine (1.02 g, 10.1 mmol) was stirred for 24 h at 80 °C in the
presence of the MS4A. MS4A was removed by the filtration and the filtrate was
evaporated to give [(n-hexylimino)methyl]ferrocene (4b) as a brown oil ['*H NMR
(300 MHz, CD3CN, r t.): 6 0.92 (m, 3H, CH3), 1.32-1.35* (6H, CH,), 1.65 (m, 2H,
CH,), 3.46 (t, 2H, NCH,), 4.19 (s, 5H, CsHs), 4.36 (s, 2H, CsHa), 4.64 (s, 2H, CsHa),
8.11 (s, 1H, CH)]. The above product was dissolved in THF/MeOH (THF/MeOH =
50 mL/50 mL) at room temperature. NaBH, (766 mg, 20.5 mmol) was added to
the solution and the mixture was stirred for 2 h at room temperature. An extra
portion of NaBH, (720 mg, 19.0 mmol) was added to the reaction mixture and the
mixture was stirred for further 12 h, before being treated with 1N HCI (100 mL).
After evaporation of the solvent, the remaining solid was partitioned between 2N
KOH and CH.Cl,. Organic extract was dried over MgSO,, filtered and
concentrated under reduced pressure to give [(n-hexylamino)methyl]ferrocene (1b)
as a brown oil (2.31 g, 7.75 mmol, 78%). *H NMR (300 MHz, CDsCl, r. t.): 5 0.86
(s, 3H, CHg3), 1.26-1.28* (6H, CH,), 1.46 (m, 2H, CH,), 2.60 (t, 2H, NCH,, J (HH) =
7.5 Hz), 3.48 (s, 2H, NCH,), 4.08 (m, 2H, CsH,), 4.10 (s, 5H, CsHs), 4.16 (m, 2H,
CsHs). ™C{*H} NMR spectrum (75.5 MHz, CD5ClI, r. t.):  14.0 (CH3), 22.6 (CH),),
27.1 (CH,), 30.0 (CH,), 31.8 (CH,), 49.1 (NCH,), 49.7 (NCH,), 67.7 (CsH, or CsHs),
68.2-68.4* (2C, CsH, or CsHs), 68.4 (CsHy or CsHs).
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Preparation of 2b

A suspension of 1b (740 mg, 2.47 mmol)) in 6 N HCI (60 mL) was stirred
for 12 h at room temperature. Evaporation of the solvent gave [1b-H][CI] which
was washed with water. To a suspension of [1b-H][CI] in acetone (50 mL) was
added NH4PFs (1.63 g, 10 mmol) and the mixture was stirred for 4 h at room
temperature. The precipitate was removed by the filtration and the evaporation of
the filtrate gave [1b-H][PF¢] = 2b as a yellow solid (395 mg, 0.887 mmol, 36%).
Anal. Calcd. for C;7H,sNFgFeP: C, 45.86; H, 5.89; N, 3.15. Found: C, 45.98; H,
6.03; N, 3.20. *H NMR (300 MHz, CD;CN, r. t.): 3 0.88 (t, 3H, CH3, J (HH) = 6.9
Hz), 1.28-1.32* (6H, CH,), 1.57 (m, 2H, CH,), 2.90 (2H, NCH,CH,), 3.97 (s, 2H,
NCH,Cp), 4.20 (s, 5H, CsHs), 4.27 (t, 2H, CsHa, J (HH) = 2.1 Hz), 4.35 (t, 2H, CsHa,
J (HH) = 1.8 Hz), 6.41 (br, 2H, NH,). *C{*H} NMR spectrum (75.5 MHz, CDsCN, r.
t.): 6 14.2 (CHj3), 23.0 (CH,), 26.3 (CH,), 26.5 (CH,), 31.7 (CH,), 48.2 (NCHy), 48.7
(NCH,), 69.9 (CsHs or CsHa), 70.5 (CsHs or CsHa), 71.3 (CsHsor CsHa), 76.6 (CsHs
or CsHy).

Preparation of 1,1'-bis[[(p-methylbenzyl)imino]lmethyl]ferrocene (4c)

A solution of 1,1'-diformylferrocene (1.21 g, 5.00 mmol) and
p-methylbenzylamine (1.21 g, 9.99 mmol) in toluene (80 mL) was stirred for 3 days
at 80 °C in the presence of MS4A. MS4A was removed by the filtration and the
filtrate was evaporated to give the 1,1'-bis[[(p-methylbenzyl)imino]lmethyl]ferrocene
(4c) as a redbrick solid which was purified by recrystallization from Et,O (1.63 g,
3.64 mmol, 73%). Anal. Calcd. for CyHygN,Fe: C, 75.00; H, 6.29; N, 6.25.
Found: C, 74.60; H, 6.48; N, 6.04. 'H NMR (300 MHz, CDsCN, r. t.): 8 2.31 (s, 6H,
CHs), 4.33 (t, 4H, CsHa, J (HH) = 2.1 Hz), 4.54 (s, 4H, CH,), 4.63 (t, 4H, CsHa, J
(HH) = 1.8 Hz), 7.14 (t, 4H, 0-CgH, or m-CgHg4, J (HH) = 8.4 Hz), 7.16 (t, 4H, 0-CgH,
or m-CgHy, J (HH) = 8.1 Hz), 8.06 (s, 2H, CH). C{*H} NMR spectrum (75.5 MHz,
CD3CN, r. t.): 8 21.0 (CHg), 65.0 (CH,, CsH, or C=N), 69.4 (CH,, CsH4 or C=N),
71.3 (CH,, CsHa or C=N), 81.4 (CH,, CsH, or C=N), 127.9 (CeH.), 129.1 (CgHa),
136.3 (CeHa), 136.4 (CgHa), 161.1 (CsHa).
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Preparation of 1,1'-bis[[(p-methylbenzyl)amino]methyl]ferrocene (1c)

1,1'-bis[[(p-methylphenylmethyl)imino]methyl]-ferrocene (1.42 ¢, 3.17
mmol) was dissolved in THF/MeOH (THF/MeOH = 50 mL/50 mL). NaBH, (360
mg, 9.52 mmol) was added to the solution which was stirred for 2 h at room
temperature. An extra portion of NaBH,; (360 mg, 9.52 mmol) was added to the
reaction mixture and the mixture was stirred for further 24 h, before being treated
with IN HCI (100 mL). After evaporation of the solvent, the remaining solid was
partitioned between 2N KOH and CH,Cl,. Organic extracts was dried over MgSO,
filtered, and concentrated under reduced pressure to give
1,1'-bis[[(p-methylbenzyl)amino]methyl]ferrocene (1c) as brown oil in quantitative
yield. Anal. Calcd. For C,gHsNoFe: C, 74.33; H, 7.13; N, 6.19. Found: C, 74.07;
H, 7.39; N, 5.91. *H NMR (300 MHz, CD;Cl, 1. t.): 8 2.33 (s, 6H, CH3), 3.47 (s, 4H,
CH,), 3.74 (s, 4H, CH,), 4.03 (t, 4H, CsH4, J (HH) = 1.5 Hz), 4.10 (t, 4H, CsHa, J
(HH) = 1.8 Hz), 7.12 (d, 4H, 0-C¢Hs or m-CgH,, J (HH) = 7.8 Hz), 7.20 (t, 4H,
0-CgH,4 or m-CgHy4, J (HH) = 8.1 Hz). *C{*H} NMR spectrum (75.5 MHz, CD5CI, r.
t.): 8 21.0 (CHs), 47.8 (CH,), 52.9 (CH,), 68.1 (CsH.), 68.6 (CsH4), 86.9 (CsHa),
127.9 (CgHa), 129.0 (CHa), 136.3 (CeHa), 137.1 (CgHJ).

Isolation of [DB24C8+2a]

Yellow crystals of pseudorotaxane [DB24C8e2a] was obtained by
recrystallization from a CH,CI,/Et,O solution of 2a/DB24C8 (58.3 mg/46.5 mg).
[DB24C8+2a] was obtained in 72%. Anal. Calcd. for C43HssNFe¢FeP: C, 56.52; H,
5.96; N, 1.53. Found: C, 56.37; H, 5.80; N, 1.53. IR spectrum (KBr): v (N-H):
3067, 3166 cm™. FABMS: m/z = 768 [M—PF¢]*. 5% loss of temperature 237 °C.

General procedures for crystal structure analyses

Crystals of 1,1'-bis[[(p-methylphenylbenzyl)imino]methyl]ferrocene
pseudorotaxane, [DB24C8+4c] suitable for X-ray diffraction study were obtained by
recrystallization from Et,O, CH,CIl,/Et,O and CH,Cl,/acetone/"Pr,0, respectively,
and mounted in glass capillary tubes. The data of were collected to a maximum
260 value of 55.0 °. A total of 720 oscillation images were collected. A sweep of

data was done using wscans from -110.0 to 70.0 °in 0.5 ° step, at x =45.0° and ¢
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= 0.0°. The detector swing angle was -20.42 °. A second sweep was performed
using w scans from -110.0 to 70.0° in 0.5 © step, at x = 45.0 ° and ¢ = 90.0 °. The
crystal-to-detector distance was 44.84 mm. Readout was performed in the 0.070
mm pixel mode. Calculations were carried out by using a program package
CrystalStructure™ for Windows. The structure was solved by direct methods and
expanded using Fourier techniques. A full-matrix least-squares refinement was

used for the non-hydrogen atoms with anisotropic thermal parameters.

Thermodynamic parameters of pseudo[2]rotaxane formation

Typical thermodynamic experiment is as follows. In an NMR tube was
charged a CH3CN solution (0.7 mL) of DB24C8 (0.007 mmol) and the ammonium
salts (0.007 mmol). The sample was placed in an NMR spectrometer, the 'H
NMR spectra were recorded at the appropriate temperature. The molar ratio of
DB24C8 and ammonium salts was determined by the comparison of the peak area
of methylene hydrogens and the concentration of the uncomplexed
DB24C8/ammonium salts and their associated pseudo[2]rotaxane was calculated
from the original concentration of crown ether and salts (Figure 2-6). The
temperature dependence of association constants K shown in Figure S3 gives the
thermodynamic parameters of the reactions which were summarized in Table S1.

'H NMR of [DB24C8+2a-H][PFs] (300 MHz, CDsCN, r. t.): & 2.14 (s, 3H,
CHs), 3.60-4.20* (OCH,, CsHs, CsHs, 33H), 4.37 (m, 2H, NCH,), 4.53 (m, 2H,
NCH.,), 6.85-6.64* (10H, C¢H4, 0- or m-CgHu(host)), 7.14 (2H, o- or m-CgHy4(host)).
'H NMR of [DB24C8+2-H][PF¢] (400 MHz, CDsCN, 30 °C): & 0.89 (t, 3H, CHs, J
(HH) = 0.8 Hz), 1.03-1.11* (4H, CH,), 1.29-1.38* (2H, CH,), 1.40 (m, 2H, CH,),
3.32 (m, 2H, NCH,), 3.60-4.35* (35H, Cp, OCH,), 6.88-6.98* (8H, CsH,;). FABMS:
m/z = 748 [M- PF¢]".
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Kinetic study of pseudo[2]rotaxane formation

Typical kinetic experiment is as follows. An acetonitrile solution of 1a (2
mM) containing n-BusNPFs (0.1 M) was electrochemically oxidized at 0.4 V (vs
Ag’/Ag) by using flow electrolysis system and was soon collect to 1 cm x 1 cm
quartz cell. After addition of DB24C8 (0, 4, 10, 20, or 40 mM) to the solution, the

UV-vis absorption spectra were measured every 3 minutes.

O30

General Methods.

RUCIz(PPhg)g,D 1,1’-Ferrocenedimathanol,gl sz(dba)glé| and were prepared
according to the literature. Preparation of the complexes and ferrocenophanes
were carried out under nitrogen or argon using a standard Schlenk technique.
Solvents were distilled from CaH, and stored under argon. The IR spectra were
obtained on a JASCO-IR810 spectrophotometer. The 'H and *C NMR spectra
were recorded on a JEOL EX-400 spectrometer at 25 °C unless otherwise stated.
A YANACO MT-5 CHN Autocorder was used in the elemental analyses. Cyclic
voltammetry was recorded in a MeCN solution of 0.10 M Et;NBF,; with an ALS
Electrochemical Analyzer Model-600A. The potentials were referenced to Ag*/Ag.
Spectrochemical measurements were carried out by using a combination of a flow
through electrolysis cell, ALS Electrochemical Analyzer Model-600A and EYELA
peristaltic pump SMP-11, and JASCO V-530 UV/VIS spectrometer. Details of

apparatus were shown in Figure 2-15.°

Preparation of N-(4-hydroxyphenyl)-2-aza-[3]-ferrocenophane (6a)

To an NMP (10 mL) solution of RuCl,(PPh3); (480 mg, 0.5 mmol) was added
p-aminophenol (1.89 g, 10 mmol) and then 1,1’-ferrocenedimethanol (2.46 mg, 10
mmol) at room temperature under nitrogen atmosphere. The mixture was heated
for 16 h at 180 °C. After removal of the solvent under vacuum, the product was
extracted with CHCIl;. Column chromatography (silica gel; hexane: ethyl acetate =

1:1) of the extract gave N-(4-hydroxyphenyl)-2-aza-[3]-ferrocenophane as yellow
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powder (0.65 g, 20%). 'H NMR (400 MHz, in CDCI; at 25 °C): & 6.93, 6.80 (d, 4H,
CeHs, J =8 Hz), 4.10, 4.08 (d, 8H, Cp, J =1 Hz), 3.69 (s, 4H, Cp-CH,-N and OH).

Preparation of N-(4-aminophenyl)-2-aza-[3]-ferrocenophane (6b)

To an NMP (8 mL) solution of RuCl,(PPhs); (86 mg, 0.10 mmol) was added
p-phenylenediamine (216 mg, 2.0 mmol) and then 1,1’-ferrocenedimethanol (492
mg, 2.0 mmol) at room temperature under nitrogen atmosphere. The mixture was
heated for 12 h at 180 °C. After removal of the solvent under vacuum, the
product was extracted with CHCIl;. Column chromatography (silica gel; CHCIs) of
the extract gave N-(4-aminophenyl)-2-aza-[3]-ferrocenophane as yellow powder
(92 mg, 14%). Anal. Calcd. for CigHigFeN,: C, 68.38; H, 5.10; N, 8.86. Found
for C, 67.95; H, 5.38; N, 8.21. *H NMR (400 MHz, in CDCl; at 25 °C): & 7.32 (d,
2H, CgHa, J = 6 Hz), 7.26 (d, 2H, CeHa4, J = 6 Hz), 6.89 (s, 2H, NH,), 4.43, 4.33 (s,
8H, Cp), 4.07 (s, 4H, Cp-CH,-N). **C{*H} NMR (100 MHz, in CDsCN at 25 °C): &
140.9, 131.0, 130.6, 128.5, (CsHJ), 77.5, 72.6, 71.7 (Cp), 48.3 (Cp-CH,-N).

Preparation of N-(4-aminophenyl)-2-aza-[3]-ferrocenophane (7)

To an NMP (8 mL) solution of RuCly(PPh3); (86 mg, 0.1 mmol) was added
p-aminophenol (0.30 g, 2.0 mmol) and then 1,1’-ferrocenedimethanol (0.49 mg, 2.0
mmol) at room temperature under nitrogen atmosphere. The mixture was heated
for 12 h at 180 °C. After removal of the solvent under vacuum, the product was
extracted with CHCI;. Column chromatography (silica gel; CHCIs: methanol =
95:5) of the extract gave a dark brown solid which was recrystallized from a
dichloromethane-methanol mixture to afford N-(4-aminophenyl)-2-aza-[3]-

ferrocenophane as orange crystals (33 mg, 5%).

Preparation of N-(4-bromophenyl)-2-aza-[3]-ferrocenophane (8a)

To an NMP (5 mL) solution of RuCl,(PPh3); (139 mg, 0.15 mmol) was
added 4-bromoaniline (571 mg, 3.3 mmol) and then 1,1'-ferrocenedimethanol (817
mg, 3.3 mmol) at room temperature under nitrogen atmosphere. The mixture was
heated for 24 h at 180 °C. After removal of the solvent under vacuum, the

product was extracted with acetone. Column chromatography (silica gel; hexane:
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ethyl acetate=1:1) of the extract gave a yellow solid which was recrystallized from
a dichloromethane-methanol mixture to afford N-(4-bromophenyl)-2-aza-[3]-
ferrocenophane as yellow crystals (934 mg, 70%).  Anal. Calcd. for C;gH;sFeNBr:
C, 56.58; H, 4.22; N, 3.67; Br, 20.91. Found for C, 56.85; H, 4.06; N, 3.69; Br,
21.21. *H NMR (400 MHz, in CDCl; at 25 °C): & 7.32 (d, 2H, o-, BrCgH., J =9 Hz),
6.83 (t, 2H, m-, Br CsH4, J =9 Hz), 4.17, 4.06 (t, 8H, Cp, J =2 Hz), 3.84 (s, 4H,
Cp-CH,-N). BC{*H} NMR (100 MHz, in CDCl; at 25 °C): & 148.3 (p-, Br CgH.,),
132.1 (o-, Br CgH,4), 115.0 (m-, Br CgHy), 113.1 (ipso, Br CgHy), 84.0 (Cp-CH,-),
70.0, 69.3 (Cp), 46.1 (Cp-CH,-N).

Preparation of N-(3-bromophenyl)-2-aza-[3]-ferrocenophane (8b)

To an NMP (5 mL) solution of RuCl,(PPhs); (139 mg, 0.15 mmol) was
added 3-bromoaniline (571 mg, 3.3 mmol) and then 1,1’-ferrocenedimethanol (817
mg, 3.3 mmol) at room temperature under nitrogen atmosphere. The mixture was
heated for 24 h at 180 °C. After removal of the solvent under vacuum, the
product was extracted with acetone. Column chromatography (silica gel; hexane:
ethyl acetate=1:1) of the extract gave a yellow solid which was recrystallized from
a dichloromethane-methanol mixture to afford N-(3-bromophenyl)-2-aza-[3]-
ferrocenophane as yellow crystals (907 mg, 68%). Anal. Calcd. for CigH;sFeNBr:
C, 56.58; H, 4.22; N, 3.67; Br, 20.91. Found for C, 56.82; H, 4.31; N, 3.65. 'H
NMR (400 MHz, in CDCl; at 25 °C): & 7.09 (d, 1H, o-, BrC¢H4, J =7 Hz), 7.08 (dd,
1H, m-, Br C¢Hg4, J =7 Hz), 6.85 (s, 1H, o-, Br CsH,4), 6.84 (d, 1H, p-, Br CsHy4, J =7
Hz), 4.18, 4.06 (t, 8H, Cp, J =2 Hz), 3.84 (s, 4H, Cp-CH,-N). C{*H} NMR (100
MHz, in CDCl; at 25 °C): d 150.4 (m-, Br CgH4-N), 130.6 (m-, Br CsH,4), 123.7 (ipso,
Br CgHa), 119.8 (0-, Br CgH4), 115.9 (0-, Br CgHa-N), 111.7 (p-, Br CgHa), 83.8
(Cp-CH,-), 69.9, 69.3 (Cp), 46.0 (Cp-CH,-N).
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Preparation of N-{4-(phenylazo)phenyllaminophenyl-2-aza-[3]-
ferrocenophane (9a)

A mixture of N-(4-bromophenyl)-2-aza-[3]-ferrocenophane (8a) (382 mg,
1.0 mmol) and 4-phenylazodiphenylamine (273 mg, 1.0 mmol) was dissolved in
toluene (20 mL). NaO-t-Bu (145 mg, 1.5 mmol), Pd,(dba); (12 mg, 0.013 mmol),
and P(t-Bu); (15 mg, 0.075 mmol) were added to the solution. This solution was
stirred at 100 °C for 40 h under argon. After cooling, reaction mixture was
quenched by adding NH;OH. The product was extracted by CHCI; and purified by
column chromatography (silica gel; hexane:CHCI;=1:1) to give a red-orange solid.
Recrystallization from a CHClz/hexane mixture gave 9a as red crystals (471 mg,
82%). Anal. Calcd. for CssHszoFeN,: C, 75.26; H, 5.26; N, 9.75. Found for C,
74.99; H, 5.17; N, 9.71. *H NMR (400 MHz, in CDCl; at 25 °C): & 7.85 (d, 2H, o-,
CeHsN=N, J =9 Hz), 7.80 (d, 2H, 0-, CsH4sN=N, J =9 Hz), 7.49 (t, 2H, m-, C¢HsN=N-,
J =7 Hz), 7.41 (t, 1H, p-, CeHsN=N-, J =7 Hz), 7.31 (t, 2H, m-, C¢HsN-, J =7 Hz),
7.21 (d, 2H, m-, CsH4N=N-, J =7 Hz), 7.09 (d, 5H, o-, CH,NCgH,4, 0- and p-,
-NCgHs), 6.95 (d, 2H, m-, CH,NCeHa, J =9 Hz), 4.22, 4.11 (d, 8H, Cp, J =2 Hz),
3.86 (s, 4H, Cp-CH,-N). BC{*H} NMR (100 MHz, in CDCIl; at 25 °C): & 153.1,
151.1, 147.3, 147.0, 146.5, 136.7, 129.9, 129.3, 128.9, 128.1, 124.8, 124.2, 123.5,
122.4, 119.9, 115.1, 83.4 (Cp-CH;-), 70.0, 69.4 (Cp), 45.8 (Cp-CH,-N).

Preparation of N-{3-(phenylazo)phenyllaminophenyl-2-aza-[3]-
ferrocenophane (9b)

A mixture of N-(3-bromophenyl)-2-aza-[3]-ferrocenophane (8b) (382 mg,
1.0 mmol) and 4-phenylazodiphenylamine (273 mg, 1.0 mmol) was dissolved in
toluene (20 mL). NaO-t-Bu (145 mg, 1.5 mmol), Pd,(dba); (12 mg, 0.013 mmol),
P(t-Bu); (15 mg, 0.075 mmol) were added to the solution. This solution was
stirred at 100 °C for 40 h under argon. After cooling, reaction mixture was
quenched by adding NH,OH. The product was extracted by CHCI; and purified by
column chromatography (silica gel; hexane: CHCI;=1:1) to give a red-orange solid.
Recrystallization from a CHClz/hexane mixture gave 9b as red crystals (448 mg,
78%). Anal. Calcd. for CysHszoFeN,: C, 75.26; H, 5.26; N, 9.75. Found for C,
75.14; H, 5.13; N, 9.65. 'H NMR (400 MHz, in CDCl; at 25 °C): & 7.87-6.55
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(aromatic region), 4.17, 4.07 (d, 8H, Cp, J =2 Hz), 3.81 (s, 4H, Cp-CH,-N).
3C{*H} NMR (100 MHz, in CDCl; at 25 °C): & 153.0, 150.7, 150.4, 148.2, 147.0,
130.4, 130.1, 129.4, 129.0, 125.4, 124.2, 123.9, 122.5, 121.3, 115.5, 111.1, 109.7
(aromatic region), 84.3 (Cp-CH,-), 69.9, 69.2 (Cp), 45.9 (Cp-CH,-N).

Kinetic Measurement.

A toluene solution of 9a or 9b (0.03 mM) were oxidized by passing the flow
electrolysis system. The solution in a quartz cell was irradiated at 420 nm using
Xe lamp filtered by color glass filter for 30 min at 20 °C. The spectroscopic
change was measured by increase of the absorption at 430 nm. The results are

shown in Figure 3-12, 3-13.

g 40d

Preparation of 10a

A 6 mL of methanol solution containing 6b (32 mg, 0.1 mmol) and
2-benzaldehyde (10 pL, 0.1 mmol) was stirred for 5 h at 80 °C. The product was
evaporated to give a yellow residue and purified by column chromatography (silica
gel; CHCI;3) to give a yellow powder. Recrystallization from a CHCls/methanol
mixture gave 10a as orange crystals (30 mg, 74%). *H NMR (400 MHz, CDsCI, .
t.): 3 8.54 (s, 1H, -CH=N-), 7.88 (d, 2H, 0-CgHs), 7.43, 7.16 (m, 4H, m- or p-CeHs),
7.27 (d, 2H, 0-, Fc-N-CgHy4, J = 9), 6.98 (d, 2H, m-, Fc-N-C¢Hy4, J = 9), 4.19, 4.06 (d,
8H, Cp, J =2 Hz), 3.89 (s, 4H, Cp-CH,-N).

Preparation of 10b

A 6 mL of methanol solution containing 6b (32 mg, 0.1 mmol) and
2-benzaldehyde (15 mg, 0.1 mmol) was stirred for 5 h at 80 °C. The product was
evaporated to give a yellow residue and purified by column chromatography (silica
gel;, CHCI;3) to give a yellow powder. Recrystallization from a CHCls/methanol
mixture gave 10b as orange crystals (22 mg, 49%). 'H NMR (400 MHz, CDsCl, .
t): & 8.62 (s, 1H, -CH=N-), 8.29 (d, 2H, 0-NO,-CeH,, J = 9), 8.03 (d, 2H,
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m'NOQ'C6H4, J= 9), 7.35 (d, 2H, 0-, FC'N'C6H4, J= 9), 6.99 (d, 2H, m-, FC'N'C6H4,
1=9),4.19, 4.06 (d, 8H, Cp, J =2 Hz), 3.93 (s, 4H, Cp-CHy-N).

Preparation of 10c

A 6 mL of methanol solution containing 6b (32 mg, 0.1 mmol) and
2-thiophenecarbaldehyde (50 pL, 0.5 mmol) was stirred for 5 h at 80 °C. The
product was evaporated to give a yellow residue and purified by column
chromatography (silica gel; CHCI;) to give a yellow powder. Recrystallization
from a CHCly/methanol mixture gave 10c as orange crystals (12 mg, 29%). 'H
NMR (400 MHz, CD3ClI, r. t.): o 8.64 (s, 1H, -CH=N-), 7.26, 7.22 (d, 2H, 3- or
5-C4H3S, J = 2), 7.11 (dd, 1H, 4-C,H,S, J = 2), 6.96 (d, 2H, m-, Fc-N-CeHa, J = 9),
4.18, 4.05 (d, 8H, Cp, J =2 Hz), 3.88 (s, 4H, Cp-CH,-N).

Preparation of 10d

A methanol solution containing 6b (95 mg, 0.3 mmol) and
2-pyridinecarbaldehyde (32 mg, 0.3 mmol) was stirred for 5 h at 80 °C. The
product was evaporated to give a yellow residue and purified by column
chromatography (silica gel; CHCI;) to give a yellow powder. Recrystallization
from a CHCly/methanol mixture gave 10d as orange crystals (30 mg, 25%). 'H
NMR (400 MHz, CDsCl, r. t.): 8 8.54 (s, 1H, -CH=N-), 7.88 (d, 2H, 0-CgHs), 7.43,
7.16 (m, 4H, m- or p-Cg¢Hs), 7.27 (d, 2H, o-, Fc-N-CgHa, J = 9), 6.98 (d, 2H, m-,
Fc-N-CeHa, J = 9), 4.19, 4.06 (d, 8H, Cp, J =2 Hz), 3.89 (s, 4H, Cp-CH,-N).

148



grgd ooo

goon

1)

2)

3)
4)

5)
6)

Hess, A., Brosch, O., Weyhermuller, T.; Metzler-Nolte, N. J. Organomet.
Chem. 1999, 589, 75.

Bastin, S., Agbossou-Niedercorn, F., Brocard, J.; Pélinski, L.
Tetrahedron: Asymmetry 2001, 12, 2399.

Nakao, H. Hayashi, H.; Okita, K. Anal. Sci. 2001, 17, 545.

Hallman, P. S.; Stephenson, T. A.; Wilkinson, G. Inorg. Synth. 1970, 12,
237.

Carlstrom, A. -S.; Frejd, T. J. Org. Chem. 1990, 55, 4175.

Ukai, T.; Kawazura, H.; Ishii, Y. J. Organomet. Chem. 1974, 65, 253.

149



Appendix

Tables

Crystallographic data



Appendix

Table S-1. Crystallographic Data and Details of Refinement for 4c,
[DB24C8<2a], and [(DB24C8),+2c].
4c [DB24C8¢2a] [(DB24C8),¢2c]
chemical formula C,gHysFeN, CusHsaFsFENOgP  CogHqigsFEeN,P2F15,047
formula wt 448.39 913.71 1699.47
cryst system monoclinic triclinic triclinic
space group P21/c (No. 14) P1 (No. 2) P1 (No. 2)
a, A 5.9651(11) 10.1889(13) 10.568(7)
b, A 13.627(2) 11.050(3) 18.641(12)
c, A 27.819(8) 19.460(2) 22.41(2)
a, deg 87.09(3) 78.21(3)
B, deg 102.955(12) 98.43(2) 102.955(12)
y, deg 89.02(2) 69.27(2)
v, A® 2203.7(8) 2135.1(7) 4031.6(47)
z 4 2 2
u, cm™ 7.02 4.69 3.22
F(000) 944.00 956.00 1784.00
Dealed, § €M™ 1.351 1.421 1.400

cryst size, mm
Exposure Rate, s/°
no. of unique reflns
no. of used refins
(1> 30a(l))

no. of variables

R

Rw

GOF

0.50 x 0.20 x 0.20
30

4909

3355

308
0.037
0.050

1.00

0.50 x 0.20 x 0.15
30

8838

5174

595
0.063
0.090

0.95

0.30 X 0.10 X 0.10
60

16527

6515

1013
0.156
0.171

2.38
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Table S-2. Crystallographic Data and Details of Refinement for 7 and 10c.

7 10c
chemical formula CioHigFeN C,3HigFeN,PS
formula wt 330.204 411.32
cryst system monoclinic monoclinic

space group
a, A

b, A

c, A

a, deg

B. deg

y, deg

v, A®

y4

u, cm™

F(000)

Deatca, 9 €M™
cryst size, mm
20range, °

Scan Rate, °/min
no. of unique reflns
no. of used refins
(1> 3a(1))

no. of variables
R

Rw

GOF

P21/c (No. 14)
8.433(3)
12.058(7)
15.158(4)

102.23(3)

1506(1)

4

9.98

696

1.465

0.60 x 0.60 x 0.50
5.0-55.0

16

3622

2241

279
0.059
0.059

3.01

P21/c (No. 14)
14.598(3)
12.985(2)
19.460(2)
10.729(3)
109.84(2)

1913.0(7)
4

9.06
852.00
1.428

0.50 x 0.20x 0.10

4481
1354

244
0.047
0.034

1.64
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