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Abstract: Ruthenium(II)-TPA-diimine
complexes, [Ru(TPA)(diimine)]**
(TPA =tris(2-pyridylmethyl)amine; di-
imine =2,2'-bipyridine (bpy), 2,2'-bipyr-
imidine (bpm), 1,10-phenanthroline
(phen)) were synthesized and charac-
terized by spectroscopic and crystallo-
graphic methods. Their crystal struc-
tures demonstrate severe steric hin-
drance between the TPA and diimine
ligands. They exhibit drastic structural
changes on heating and photoirradia-
tion at their MLCT bands, which in-
volve partial dissociation of the tetra-

incoming solvent molecules are re-
quired to have m-acceptor character,
since o-donating solvent molecules do
not coordinate. The thermal process is
irreversible dissociation to give the sol-
vent-bound complexes, which takes
place by an interchange associative
mechanism with large negative activa-
tion entropies. The photochemical pro-
cess is a reversible reaction reaching a
photostationary state, probably by a
dissociative mechanism involving a
five-coordinate intermediate to afford
the same product as obtained in the

thermal reaction. Quantum yields of
the forward reactions to give dissociat-
ed products were lower than those of
the backward reactions to recover the
starting complexes. In the photochemi-
cal process, the conversions of the for-
ward and backward reactions depend
on the absorption coefficients of the
starting materials and those of the
products at certain wavelength, as well
as the quantum yields of those reac-
tions. The reversibility of the motions
can be regulated by heating and by
photoirradiation at certain wavelength

dentate TPA ligand to exhibit a facially
tridentate mode accompanied by struc-
tural change and solvent coordination
to give [Ru(TPA)(diimine)(solvent)]**
(solvent=acetonitrile, pyridine). The

gands -

Introduction

Controlling molecular motions has been intensively investi-
gated with regard to the development of molecular devices
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for the recovery process. In the bpm
system, we could achieve about 90 %
recovery in thermal/photochemical
structural interconversion.

- N Ii-
reaction

to perform precise functions at the molecular level.l'! Molec-
ular motions play indispensable roles not only in biological
systems to achieve enzymatic functionality but also in artifi-
cial functional materials. In biological systems, as represent-
ed by ATP synthase producing ATP (adenosine triphos-
phate) as an energy source of life,”! the F1 unit of ATP syn-
thase rotates in one direction due to a concentration gradi-
ent of protons between the inside and outside of the mem-
brane in the course of ATP synthesis.’! On the other hand,
photoisomerization of retinal in rhodopsin is responsible for
the conversion of light to neuronal signaling for visualiza-
tion.[

Chemical design and synthesis allow access to functional
molecules offering great diversity, better structural and dy-
namic control, as well as feasibility of observation and anal-
ysis. Artificial molecular devices have been developed by
using mainly organic components which exhibit reversible
structural changes driven by external stimuli including
light,! heat and light® pH control (acid/base control),”!
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redox control,® and metal complexation.”!!. Among these

compounds, diaryl ethene and fulgide™ derivatives have

been shown to exhibit photochromic behavior in which the

photochemical products can be isolated and characterized.
Transition-metal complexes have also been recognized as

useful platforms for the con-

struction of molecular devices
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line (phen) in MeOH at reflux under N, gave [Ru(L)-
(diimine)]X, in good to moderate yields. After cooling to
room temperature, NH,PF; was added to precipitate the
PF¢~ salts of these complexes. Structural formulas of repre-
sentative complexes 1-3 are shown in Scheme 1.

showing mechanical motions. eqﬁam”al N “

Owing to their wide range of l 2+ » 12+ m\’ 2+
geometrical and  electronic wid )| 2P W 2R N 2<PF6>
structures, abundant functional- %R(\lb RcN— R(Jb N\R

ity can be expected for molecu- <N w;al N>

lar devices based on metal com- equatorial Ns IN

plexes. So far, structural 1/ equatorial 2/

changes of ligands in the coor-
dination spheres of metal com-
plexes have been achieved by
using redox reactions'” and
photoirradiation.™ Redox-
switchable reversible structural change of metal complexes
has been reported by using a Cu"/Cu' redox couple to
induce geometrical change in the course of the process by
Canary and co-workers,™ and a strategy using ferrocene-
containing hemilabile ligands by Mirkin and co-workers.!"!
Photochemical structural change has also been investigated
in metal complexes, especially ruthenium complexes.['’]
Meyer and co-workers described reversible cis—trans photoi-
somerization of Ru'" diimine complexes,!'”! and Sauvage and
co-workers used a ruthenium complex to construct a cate-
nane that can change its structure reversibly by photochemi-
cal ligand dissociation on addition of tetraethylammonium
chloride and thermal ligand substitution."®! However, no ex-
ample has been reported for reversible structural change ac-
companying acceptance and release of external molecules
based on different driving forces to distinguish the direction
of motion. To control the motion, perfect discrimination of
inputs as driving forces and bistability of the molecules
should be designed.

Here we describe the synthesis and characterization of
Ru" complexes bearing tris(2-pyridylmethyl)amine (TPA)
and the diimine ligands 2,2'-bipyridine (bpy),!"! 2,2'-bipyri-
midine (bpm), and 1,10-phenanthroline (phen) and their
drastic structural changes in response to external stimuli in-
cluding photoirradiation and heating. In this structural
change, the TPA ligand exhibits reversible dissociation and
binding, whereby its coordination varies between the
normal tetradentate mode and a facial tridentate mode in
association with selective binding and release of m-acceptor
molecules.

throughout this work.

Results and Discussion

Preparation of Ru-TPA-diimine complexes: Reactions of
bis-p-chloro dinuclear complexes [Ru,CL(L),](ClO,), (L=
TPA, 5-Me-TPA, 5-Me;-TPA)™ with the diimines 2.2'-bipyr-
idine (bpy), 2,2’-bipyrimidine (bpm), and 1,10-phenanthro-
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Scheme 1. Schematic description of complexes 1-3 with the definition of the positions in the complexes used

Crystal structures of Ru-TPA-diimine complexes: The mo-
lecular structures of complexes 1-3 were determined by X-
ray crystallography; ORTEP drawings of their cationic moi-
eties are depicted in Figure 1. Selected bond lengths and
angles are listed in Table 1. These complexes exhibit slightly
distorted octahedral geometries consisting of the tetraden-
tate TPA ligand and bidentate diimine ligands. The bond
lengths around the Ru" centers fall in the normal range of
Ru"-N bonds® but Rul-N2 and Rul-N6 are slightly
longer than the other Ru—N bonds.

A characteristic feature of the structures is the tilt of the
axial pyridine ring of TPA in the coordination spheres, due
to steric hindrance between the axial pyridine moiety and
the aromatic ring of the diimine ligand, which binds to the
equatorial plane of the complexes (see Scheme 1). The
C6---C19 distances are 3.29, 3.33, and 3.37 A in 1-3, respec-
tively. The dihedral angles between the axial pyridine ring
and the equatorial aromatic ring of the diimine ligands and
intraligand dihedral angles of the diimine ligands are sum-
marized in Table 2. The dihedral angles between the axial
pyridine ring of the TPA ligand and the equatorial pyridine
moiety of the diimine ligands are fairly large (42.8° in 1,
33.8° in 2, and 40.3° in 3) and the N2-Rul-N5 bond angles,
which are all larger than 100°, reflect the severe steric hin-
drance between them. In addition, this tilt eventually causes
chirality around the metal center to give racemic mixtures
of right- and left-tilted enantiomers in the monoclinic and
triclinic space groups in the solid state.

Spectroscopic characterization of Ru-TPA-diimine com-
plexes: Absorption spectra of 1-3 in CH;CN (Figure 2) ex-
hibit metal-to-ligand charge transfer (MLCT) bands at 453
(2737 eV), 480 (2.583¢eV), and 423 nm (2.931 eV). These
MLCT absorptions are similar to those of [Ru(bpy);]**
(452 nm),! [Ru(bpm);]** (454 nm),™ and [Ru(phen);]**
(422 and 447 nm),™! respectively.

In the 'H NMR spectra of 1-3, one singlet and one AB
quartet due to the methylene protons of the axial pyridyl-
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Figure 1. Crystal structures of the cationic moieties of 1 (a), 2 (b), and 3
(c) with atomic numbering schemes for non-hydrogen atoms. Hydrogen
atoms are omitted for clarity. Each atom is described with thermal ellip-
soids at 50 % probability.

methyl arm and those of the two equatorial pyridylmethyl
groups, respectively, were observed, in accordance with the
0, symmetry of the complexes in solutions.””! This indicates
that the tilt of the axial pyridine ring observed in the crystal
structures is dynamically averaged on the NMR timescale.
As a representative example, the "H NMR spectrum of 1 is
shown in Figure 3a. Peak assignments were made by peak
integration and 'H,'H COSY (see Experimental Section).
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Table 1. Selected bond lengths [A] and angles [°] of 1, 2, and 3.

1@ 2 3
Rul-N1 2.085(3) 2.093(3) 2.084(2)
Rul-N2 2.102(3) 2.101(3) 2.115(2)
Rul-N3 2.048(3) 2.068(3) 2.042(3)
Rul-N4 2.078(3) 2.091(3) 2.079(2)
Rul-N5 2.065(3) 2.086(3) 2.074(3)
Rul-N6 2.101(2) 2.092(2) 2.096(2)
N1-Rul-N2 79.1(1) 79.9(1) 79.0(1)
N1-Rul-N3 83.5(1) 82.6(1) 84.5(1)
N1-Rul-N4 80.6(1) 79.8(1) 80.0(1)
N5-Rul-N6 77.3(1) 77.8(1) 79.1(1)
N1-Rul-N5 175.9(1) 171.7(1) 172.8(1)
N2-Rul-N6 167.9(1) 168.8(2) 169.5(1)
N2-Rul-N5 100.6(1) 100.4(1) 100.9(1)

[a] See ref. [19].

Table 2. Selected dihedral angles [°] for the axial (ax) pyridine ring of
TPA and equatorial (eq) pyridine moiety of the diimines and those in the
diimine ligands.!”!

1 2 3 7 8
ax pyridine/eq pyridine 42.8 33.8 40.3
diimine 13.5 5.1 3.1 4.6 1.7

[a] Estimated by using Mercury program.
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Figure 2. Absorption spectra of 1 (solid line), 2 (dotted line), and 3
(dashed line) in CH;CN.

The singlets due to the methylene protons of the axial
pyridylmethyl arm were observed at 0=4.66, 4.70, and
4.74 ppm for 1-3, respectively. The AB quartet with large
geminal coupling of methylene protons of the equatorial
pyridylmethyl arms is observed at 6=5.07 and 5.43 ppm for
1, 0=5.11 and 5.35 ppm for 2, and 6=5.16 and 5.57 ppm for
3, respectively (Supporting Information, Figures S2 and S3).
The lowest chemical shifts were observed for the CH groups
next to the coordinated nitrogen atom of the equatorial het-
eroaromatics in the diimine ligands.

Thermal structural change: Complexes 1-3 exhibit drastic
and complete structural change in the course of heating in
CH,CN. The reactions were followed by 'H NMR and ab-
sorption spectroscopy.

Chem. Eur. J. 2008, 14, 8904 -8915
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Figure 3. '"H NMR spectra of 1 (a), 4 (b), and 7 (c) in CD,CN.

In the course of heating 1 in CD;CN, the singlet assigned
to the axial methylene protons at 6=4.66 ppm in the
"H NMR spectrum diminished and a new upfield-shifted sin-
glet emerged at d=3.22 ppm (Figure 3b). The AB quartet
at 0=5.07 and 543 ppm also shifted, to d=4.65 and
4.16 ppm. The 'H,'H COSY spectrum of the thermal prod-
uct allowed us to make complete assignments for the signals
in the aromatic region. The peaks due to the protons of the
bpy ligand showed only one set of 2-substituted pyridine
rings, that is the bpy ligand is coordinated to the Ru" center
in a symmetric mode, in sharp contrast to that in 1, in which
the asymmetrically bound bpy ligand show two sets of 2-sub-
stituted pyridine rings. This suggests that the thermal prod-
uct has a different geometry from 1 but is still o,-symmetric.
In addition, the reaction product in CH;CN exhibited a sin-
glet assignable to the methyl protons of coordinated CH;CN
at 0=2.27 ppm, which is shifted slightly downfield relative
to free CH;CN and indicates N-bound CH;CN.*Y The
ESIMS spectrum of the product exhibited a peak cluster
with an isotopic pattern at m/z 734.2. This corresponds to
{[Ru(TPA)(bpy)(CH;CN)](PF,)}* ([M—PF;]"), and its si-
mulated isotopic pattern is consistent with the observed one.
These observations suggest that the thermal product may
have an uncoordinated pyridylmethyl arm and one molecule
of coordinated acetonitrile with a symmetric plane across
the center of the bpy ligand, as shown in Scheme 2.

FULL PAPER

Coordination of a solvent molecule also proceeded in pyr-
idine at a similar rate (1.54x1077s! at 20°C) to give pyri-
dine complex [Ru(TPA)(bpy)(pyridine)]**, which was con-
firmed by ESIMS observation of a peak cluster at m/z 777.0
with a isotopic pattern corresponding to {[Ru(TPA)(bpy)-
(CsDsN)|(PF¢)} ™, generated in [Ds]pyridine.'” However, the
reaction does not occur in o-donating solvents such as H,O
and MeOH or noncoordinating solvents such as dichlorome-
thane. In DMSO, which should act as a strong o-donor in O-
bound form but a strong m-acceptor in S-bound form, no re-
action was observed up to 100°C. Thus, the incoming ligand
should have m-acceptor character and low hindrance to
attack the Ru" center (vide infra).

We could not obtain the crystal structure of the dissociat-
ed thermal product 4, but we could trap it by reaction with
an excess (50 equiv) of Et,N*Cl~ in CH;CN (Scheme 2).
The isolated product was stable and exhibited the same
NMR pattern as observed for the thermal dissociation prod-
uct (Figure 3¢), which reflects conservation of the configura-
tion in the course of ligand exchange from acetonitrile to
chloride. The ESIMS spectrum of the chlorinated product
exhibited a peak cluster at m/z 583.3 with a specific isotopic
pattern consistent with [RuCI(TPA)(bpy)]* [M*].

Recrystallization of the crude chlorinated product from
acetone afforded a single crystal suitable for determining
the crystal structure of [RuCI(TPA)(bpy)|PF (7), as shown
in Figure 4a. Selected bond lengths and angles are summar-
ized in Table 3. The crystal structure clearly demonstrates a
drastic structural change in the dissociated product. One of
the pyridylmethyl arms has dissociated from the Ru" center
and is uncoordinated. Thus, the geometry of complex 7 is to-
tally different from that of 1 and is composed of a symmetri-
cally bound bidentate bpy ligand and a facially tridentate
TPA ligand.”>* The dihedral angle between the two pyri-
dine rings of the bpy ligand in 7 is 4.6° (Table 2), which is
less than half of that observed in 1, that is, the steric tension
of the ligand is relaxed in the dissociation product. In addi-
tion, the Rul—N1 bond length (the tertiary amino group) is
longer (2.125(6) A) than those found in 1, probably due to
the strong interaction of CI~ with the Ru" center at the
trans position exerting a trans influence. The fact that N3-
Rul-N4 bond angle (85.3 (2)°) is smaller than 90° suggests

that steric effects of the 6- and
6’-CH groups push the pyridine

equatorial rings away from them.

‘\ e+ CHLCN o+ i 1+ For complexes, 2 and 3, we
N | equatorial ~ excess 4 J equatorial also observed thermal dissocia-
N | /TIJ N— g7 (Et.NICI N‘“RJ“N tion to give products with fa-

—RH — CRUL —_— ~hy# . - .
GN,RU\S 47 CH,CN N ‘/JNQ 41 CH,CN lem cially tridentate TPA ligands
N/  avial N eatidortal N P and symmetrically coordinated
|, _ _ diimine ligands. In the '"H NMR

; N N

equatorial s wuncoordinated s uncoordinated spectra of 2 and 3, we observed

1 (bpy): 2 (bpm); 3 (phen)

gN = diimine ligand

Scheme 2. Thermal reactions of 1-3 in acetonitrile.

4 (bpy); 5 (bpm); 6 (phen)
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upfield-shifted singlets and AB
quartets for the methylene pro-
tons of the uncoordinated and
equatorial pyridylmethyl arms,
respectively, and resonances in

7 (bpy); 8 (bpm); 9 (phen)
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Figure 4. Crystal structures of the cationic moieties of 7 (a) and 8 (b)
with 50 % probability thermal ellipsoids (POV-RAY program). Hydrogen
atoms are omitted for clarity.

Table 3. Selected bond lengths [A] and angles [°] of 7 and 8.

7 8
Rul—Cll 2.419(2) 2.4010(6)
Rul-N1 2.125(6) 2.143(2)
Rul—-N3 2.058(8) 2.064(2)
Rul-N4 2.051(7) 2.072(2)
Rul—-N5 2.049(8) 2.045(2)
Rul-N6 2.042(9) 2.043(2)
N1-Rul-N3 81.3(2) 81.74(8)
N1-Rul-N4 81.2(2) 79.21(8)
N5-Rul-N6 78.9(2) 79.38(8)
N3-Rul-N4 853(2) 90.49(7)

the aromatic region exhibited symmetric patterns for the
protons of the bpm and phen ligands, respectively. Singlets
due to the acetonitrile ligands in the products derived from
dissociation of 2 and 3 were observed at 6=2.27 ppm in
both bases as well as in 1; ESIMS spectra of those products
showed peak clusters corresponding to {[Ru(TPA)(bpm)-

8908
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(CH;CN)][(PF}* ([M**4+PF; %) at m/z 7362 and {[Ru-
(TPA)(phen)(CH;CN)](PF)}* ([M?*+PF; %) at m/z 758.2,
and simulated isotopic patterns completely matched the ob-
served spectra. In addition, complexes 5 and 6 also under-
went substitution of the CH;CN ligands by CI™ in reactions
with an excess of Et,NCIl to form corresponding chlorido
complexes 8 and 9 (Scheme 2), which were confirmed by
ESIMS, absorption and NMR spectroscopy, and elemental
analysis.

We obtained a single crystal of 8 by recrystallization from
acetone/hexane layered solution. The crystal structure of
[RuCI(TPA)(bpm)]PF, (8) as shown in Figure 4b. Selected
bond lengths and angles are listed in Table 3. The geometry
of the complex is almost identical to that of 7, but has a
longer Rul—N1 bond (2.143(4) A) and a larger N2-Rul-N3
bond angle (92.5(1)°) than 7. The dihedral angle between
the two pyrimidine rings in the bpm ligand of 1.7° is less
than half that in 2, as is also the case for 7 (Table 2).

The chloro complexes exhibited absorption maxima at
503 nm for 7, 539 nm for 8, and 495 nm for 9, which were as-
signed to MLCT bands from the Ru" center to the diimine
ligands.””! The redshift could be due to interaction of 3p
electrons of Cl~ with dr electrons of the Ru" center, which
elevates the energy level of the dm orbital and results in
smaller energy gaps between the dm orbital and the mt* orbi-
tals of diimine ligands.

Elucidating the thermal dissociation process: The question
arises which pyridine moiety is released from the metal
center in acetonitrile in the structural changes in the coordi-
nation sphere of the [Ru(TPA)(diimine)]** complexes ac-
companying solvent coordination on thermal dissociation.
The structural change was elucidated by introduction of one
methyl group at the 5-position of one of pyridine rings of
TPA.

First, we prepared the 5-Me;-TPA analogue of 1, [Ru(5-
Me;TPA)(bpy)](PFs), (10). This complex also exhibited
thermal structural change in acetonitrile, and the reaction
was followed by 'HNMR spectroscopy (Figure S4 in the
Supporting Information). In the 'H NMR spectrum of 10 in
CD;CN, a singlet due to the methyl group attached to the
axial pyridine ring was observed at 6 =2.28 ppm and a sin-
glet assigned to the methyl groups attached to the equatorial
pyridine ring was observed at 0 =1.97 ppm with 1:2 integra-
tion ratio of peak intensity. The sample was heated for 8 h
and the NMR spectrum measured again. The final product,
[Ru(5-Me;TPA)(bpy)(CD;CN)]** (11), exhibited two sin-
glets at 6=2.29 and 2.36 ppm with peak intensity ratio of
1:2. We assigned the former to the methyl group attached to
the uncoordinated pyridine ring and the latter to the two
equatorial pyridine rings.

Next we applied 5-Me-TPA as ligand to track the methyl-
substituted pyridine ring in the course of the thermal struc-
tural change by 'HNMR spectroscopy (Figure S5 in the
Supporting Information). We synthesized [Ru(5-Me-TPA)-
(bpy)](PF;), (12) as a 2:1 mixture of two isomers in which
the methyl-substituted pyridine moiety binds to one of the

Chem. Eur. J. 2008, 14, 8904 -8915
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two equatorial positions (12-equatorial) and the axial posi-
tion (12-axial), as shown in Scheme 3.

In the NMR spectrum of the mixture of 12-axial and 12-
equatorial, the singlet assigned to the methyl group of 12-

equatorial
P
N
l l}‘] P Ru
E—N= Jchen N
2 —
= 2z ® A

axial Me Equwuriaf

—Iz+

equatorial

4 equatorial uncoordinated

12-axial Me  43.uncoordinated
equatorial /~ —l
| 2+ CHACN _] 2+
7 3
(NFH equatorial
|
NT= s i“‘Ru
- A1 CHsCN —N.
axial N /
eq HQIOF ial
=
N
Me ok Sl AN uncoordinated

12-equatorial 13-equatorial

Scheme 3. Thermal dissociation of 12.

axial was observed at 6 =2.27 ppm, and that of 12-equatorial
at 1.97 ppm, with a peak intensity ratio of 1:2. Heating the
NMR sample containing 12-axial and 12-equatorial resulted
in new singlets at 0=2.29 and 2.35 ppm with a peak intensi-
ty ratio of 1:2. We assigned these signals to the methyl
group of the uncoordinated pyridine ring (13-uncoordinat-
ed) and the coordinated pyridine ring in one of the two
equatorial positions (13-equatorial), respectively, as shown
in Scheme 3, on the basis of the data obtained for [Ru(5-
Me,TPA)(bpy)(CD;CN)]** derived from 10. This indicates
that dissociation of the pyridine moiety occurs at the axial
position.

Kinetics and thermodynamics of thermal structural change:
To shed light on the details of the thermal structural change
of 1-3, we measured first-order rate constants in CH;CN at
various temperatures (Table 4).

Table 4. First-order rate constants k [s~!, x 10°] and activation parameters
for the thermal structural change of 1-3 in CD;CN

T 1 2 3
323K 0.87 0.47 0.43
k(328 K) 1.40 0.70 0.65
k(333K) 227 1.6 1.06
k(338 K) 4.04 2.07 1.88
k(343 K) 527 2.85 246
AH* [kJmol™] 8345 8244 8245

AS* [Jmol ' K] —85+13 —93+12 —94+14

Chem. Eur. J. 2008, 14, 8904 -8915
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The thermal structural change of each complex obeyed
first- order kinetics in the range of 323-343 K in CH;CN.
The temperature dependence of the first-order rate con-
stants afforded linear Eyring plots for the three complexes
(Figure S1, Supporting Information). The activation enthal-
pies AH™ and activation entropies AS™ of the reactions were
also determined (Table 4). These values are similar to those
observed in thermal isomerization of Ru" alloxazine com-
plexes by coordination of CH;CN (AH* =92 kImol™' and
AS*=-38 Jmol ™! K™!).”® In the case of intramolecular rear-
rangement of an Ru" TPA B-diketonato complex without
bond rupture, the activation parameters are totally different
(AH*=50kJmol™' and AS*=-213Tmol' K™).” Chang-
ing the counteranion from PF;~ to ClO,” did not have any
influence on the activation parameters. All complexes
showed similar activation parameters which indicate that
the reaction proceeds by the same reaction mechanism for
1-3. The large negative activation entropies suggest that the
reaction proceeds by an interchange associative (I,) mecha-
nism involving interaction of the acetonitrile molecule with
the Ru" center to displace the axial pyridine ring of the
TPA ligand.® This is consistent with the above observation
that in DMSO formation of the thermal dissociation product
with the S-bound form of the solvent as a m acceptor does
not occur due to its bulkiness. The lack of formation of the
DMSO complex is probably due to steric hindrance in the
associative transition state. The positive activation enthal-
pies suggest compensation of dissociation of the strongly
bound pyridine moiety and weaker solvent coordination in
the transition state.

Photochemical reversible structural change: Photoirradia-
tion of solutions of 1-3 in acetonitrile was examined by
monochromated light with a fluorescence spectrophotome-
ter at room temperature. The complexes exhibited photo-
chemical structural change on irradiation at MLCT bands
that allowed us to observe spectral change in their absorp-
tion and NMR spectra. In the course of the photochemical
structural change of 1-3, their NMR spectra showed the
same, albeit incomplete, spectral change that was observed
in the thermal reactions. The photochemical reactions result
in mixtures of starting complexes 1-3 and products 4-6, re-
spectively, as photostationary states. In contrast to the irre-
versible thermal process to give the dissociation products,
the photochemical reaction is reversible.

In the course of the photoirradiation, we observed UV/
Vis spectral change (Figure 5). The spectral change was not
complete, in contrast to that in thermal reactions, and this is
consistent with NMR observations. The incompleteness of
the reaction should stem from the fact that the starting com-
plexes and the products have the same Ru" diimine moieties
as chromophores. As can be seen in the absorption spectra,
photoexcitation at the MLCT bands results in excitation of
both species. However, since we can isolate the photochemi-
cal dissociation products as the thermal reaction products in
pure form, we can determine the quantum yields of both the
forward and backward reactions separately.
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Figure 5. Absorption spectral change in the photochemical structural changes of 1 (a), 4 (b), and 2 (c) and of 5 (d), 3 (e), and 6 (f) in CH;CN at room

temperature.

The photochemical conversion of starting complexes 1-3
to the photostationary states consisting of these complexes
and photoproducts 4-6 was monitored by absorption spec-
troscopy. The course of the concentration of each compo-
nent with time in the forward and backward reactions for
the three diimine systems are summarized in Figure 6. The
concentrations of the two components converge to the same
value from both sides.

Quantum yields of the photochemical reversible structural
change of 1-3 in CH;CN were determined for both forward
and backward reactions by using [Fe(oxalato),]>~ as an acti-
nometer at room temperature with monochromated photoir-
radiation at 423 nm. The quantum yields and conversions of
the backward reactions are summarized in Table 5.

For bpy complexes 1 and 4, the quantum yields of 1—4
and and 4—1 are 0.0021 and 0.0057; for bpm complexes 2
and 5, the quantum yields of 2—5 and 5—2 are 0.0017 and
0.028; and for phen complexes 3 and 6, the quantum yields
of 3—6 and 6—3 are 0.0027 and 0.011, respectively. In all
cases, the quantum yields of the backward reactions (@)
are higher than those of the forward reactions (@;). The
conversions of the backward reactions are related to quan-
tum yields by Equation (1), in which &4 stands for the
absorption coefficient of the original complex (1-3) with the
absorption coefficients. Based on Equation (1), we calculat-
ed the conversions of the backward reaction for the three
systems as listed in Table 5.

D¢ d
Conversion coord = e 1
uncoord--coord ¢h8uncoord + QZSfgmord ( )
The calculated conversions are fairly consistent with those
observed in the NMR measurements. Complex 5§ exhibited
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the highest conversion of 89 % for the backward reaction to
form 2. This indicates that the thermal and photochemical
interconversion between 2 and 5 can be achieved to 89 %
for the 2—5—2 pathway, accompanying the drastic structur-
al change involving acceptance and release of external mole-
cules with m-acceptor character.

Together with the results of both thermal and photochem-
ical reactions, we propose the reversible interconversion of
the Ru TPA diimine complexes in CH3;CN shown in
Scheme 4, which describes that of complexes 2 and 5 as a
representative example. In the one-way thermal structural
change, the nucleophilic attack of a less bulky solvent mole-
cule at the Ru" center occurs to form an associative transi-
tion state and displace the axial pyridine moiety of the tetra-
dentate TPA ligand. The transition state would be followed
by structural change to give the dissociation product with fa-
cially tridentate TPA ligand and a solvent molecule such as
CH;CN or pyridine.

The photochemical process is started by photoexcitation
of the complexes to form triplet MLCT excited states
*(MLCT)*, which can be converted to metal-centered triplet
states *(MC)*.’” The 3(MC)* states are d-d transition states
of the complexes, and one of the d electrons is located in d,
orbitals to facilitate thermal ligand dissociation due to the
electric repulsion between the photoexcited electron in the
d, orbital and o-donated lone pair of the pyridine moiety to
form five-coordinate transition states in a dissociative (D)
mechanism.*%! This five-coordinate transition state under-
goes solvent coordination concomitant with the structural
change. This proposal is also supported by DMSO coordina-
tion in photochemical process to give two kinds of photo-
products [Ru(TPA)(bpy)(DMSO)]**,* in sharp contrast to
the lack of observation of thermal structural change in

Chem. Eur. J. 2008, 14, 8904 -8915
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Figure 6. Time course of the concentrations of the starting complexes and
the photoproducts in CH;CN. a) 1—-1+4. b) 4—1+4. ¢c) 2—2+5.d) 5—
2+45. ¢) 3—3+6. f) 6—3+6. Photoirradiation was performed at 423 nm
for the bpy complexes (1 and 4), 453 nm for the bpm complexes (2 and
5), and 423 nm for the phen complexes (3 and 6).

Table 5. Quantum yields and conversions of structural change and recov-
ery.

Diimine @& @, (unco-  Wave- Calcd Obsd
ligand  (coord— ord— length conversion conversion
uncoord+ coord+ [am]  (uncoord—  (uncoord—
coord)®  uncoord)® coord + coord+
uncoord)®  uncoord)"!
bpy 0.0021 0.0057 423 63 40
453 50 35
480 40 20
bpm 0.0017 0.028 423 89 78
453 92 89
480 91 85
phen 0.0027 0.011 423 70 65
453 57 56
480 48 45

[a] Determined at 423 nm. [b] Calculated on the basis of Equation (1).

[c] Determined by peak integration of '"H NMR signals.
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Scheme 4. Proposed reaction mechanism of thermal and photochemical
interconversion between 2 and 5 in CH;CN.

DMSO up to 100°C: The bulky DMSO molecule can coor-
dinate to the five-coordinate Ru" center without any steric
hindrance.

Chloro complex 7 also exhibited photochemical reaction
in CH;CN at room temperature on photoirradiation at
580 nm, where apparently no absorption was observed for 1
and 4. The reaction was followed by absorption spectrosco-
py, and we observed initially an increase of the absorption
at 453 nm due to 1 over 30 min, as shown in Figure 7a, with

a) l Time/min

Absorbance
-
—-

0
300 400 500 600
Wavelength / nm
b) Time/min
J 34
2
° 420
o
f=
©
2
2
a8 17
<
0
300 400 500 600
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Figure 7. Absorption spectral change of 7 in the course of photoirradia-
tion at 580 nm in CH;CN at room temperature. a) 0-29 min. b) 34—
420 min.
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isosbestic points at 476, 396, and 352 nm. Further reaction
was observed to give a mixture of 1 and acetonitrile com-
plex 4 on prolonged photoirradiation (Figure 7) with an iso-
sbestic point at 352 nm, and slight amount of 7 could also be
observed in the ESIMS spectrum of the mixture. This result
clearly indicates that the photoproduct is pyridine-coordi-
nated product 1, rather than the dissociated complex 4
(Scheme 5). Thus, photodissociation of ClI is followed by in-
tramolecular pyridine coordination to recover the staring
complex, rather than intermolecular CH;CN coordination.

CHLCN, RT \

Scheme 5. Photoreaction of 7 in the course of photoirradiation at 580 nm in CH;CN.

Conclusion

We have described the synthesis and characterization of
Ru"™-TPA-diimine complexes which exhibit photochromic
behavior involving clear and dramatic structural change.
Thermal reaction of [Ru(TPA)(diimine)]** with thr tetra-
dentate TPA ligand affords [Ru(TPA)(diimine)(solvent)]**,
which contains a facially tridentate TPA ligand and a less
hindered solvent molecule with m-acceptor character. This
thermal process completely and irreversibly proceeds via an
associative transition state by an I, mechanism. The starting
materials and dissociation products undergo photochemical
structural change reversibly to reach the photostationary
states, which demonstrates the bistability of the two compo-
nents. The photochemical process is proposed to proceed by
a dissociative mechanism involving a five-coordinate inter-
mediate with a vacant site. The quantum yields of forward
and backward reactions could be determined to evaluate the
efficiency of the photochemical structural change from both
sides. This is the first example of isolation of the photoprod-
uct and evaluation of the photochemical reactions of metal
complexes from both the starting complexes and the photo-
products involving intermolecular reactions. Since the pho-
tochemical conversion is governed by the quantum yields
and absorption coefficients, the amounts of components in
the photostationary states can be regulated by means of the
photoirradiation wavelength. Thus, we could achieved about
90 % reversible regulation of the structural change by taking
advantage of the complete thermal process and well-con-
trolled photochemical process, as shown in Scheme 4. The
process allows us to achieve acceptance and release of a
guest molecule by molecular recognition in terms of its elec-
tronic character and bulkiness. Our systems on the basis of
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transition metal complexes could provide a new strategy to
construct novel photofunctional molecular devices.

Experimental Section

Materials: Methanol in extra-pure grade was used without further purifi-
cation. Diimine ligands were purchased from commercial sources and
used without further purification. [{RuCI(TPA derivative)},](ClO,), were
synthesized as reported previously®! and their PF,~ salts were prepared
by ion exchange by adding an excess
of nBuNPF; in methanol. N-(5-

—| 24 Methyl-2-pyridylmethyl)-N,N-bis(2-

C
- N\{“ N, 580nmi \|4|
/Tu F’{u
N N

pyridylmethyl)amine (5-Me-TPA) was
synthesized by reaction of 5-methyl-2-
chloromethylpyridine with bis(2-pyri-
dylmethyl)amine in CH,Cl, in the
presence of NEt;. 5-Me;-TPA-3HCIO,
was synthesized as reported.’!
[Ru(TPA)(bpy)1(PFg), (1):  Solid
[RuCI(TPA)],(ClO,), (0.15 g,
0.14 mmol) was added to a degassed
solution of bpy (0.15 g, 0.96 mmol) in
MeOH (20 mL) under N,. The mixture
was heated to reflux for 8 h and then
cooled to room temperature. NH,PF¢
(91 mg, 0.56 mmol) was added to the
solution to give an orange precipitate, which was washed well with dieth-
yl ether and then dried in vacuo. Yield: 73%. Elemental analysis (%)
caled for C,gHyNgP,F,Ru: C 40.13, H 3.13, N 10.03; found: C 40.16, H
3.16, N 10.09; 'HNMR (CD;CN): 6=9.56 (d, 1H, J=6Hz; bpy-
Hé6(equatorial)), 9.03 (d, 1H, J=6 Hz; bpy-H6(axial)), 9.00 (d, 1H, J=
6 Hz; pyr-H6(axial)), 8.49 (d, 1H, J=8 Hz; bpy-H3(equatorial)), 8.38 (d,
1H, J=8 Hz; pyr-H3(axial)), 8.21 (td, 1H, /=7, 1 Hz; bpy-H4(equatori-
al)), 7.94 (t, 1 H, J=6 Hz; bpy-H5(equatorial)), 7.91 (t, 1 H, J=7 Hz; pyr-
H4(axial)), 7.68 (t, 2H, J=7 Hz; pyr-H4(equatorial)), 7.66 (d, 2H, J=
6 Hz; pyr-H6(equatorial)), 7.63 (td, 2H, /=7, 1 Hz; py-H4(equatorial)),
7.47 (td, 1H, J=7 Hz, 1 Hz; pyr-H5(axial)), 7.38 (d, 1H, J=8 Hz; bpy-
H3(axial)), 7.34 (d, 2H, J=38; pyr-H3(equatorial)), 7.27 (t, 1H, J=7 Hz;
bpy-H5(axial)), 6.99 (t, 2H, J=7 Hz; pyr-H5(equatorial)), 5.43 and 5.07
(ABq, 4H, J,g =18 Hz; CH,(equatorial)), 4.66 ppm (s, 2H; CH,(axial));
ESIMS: m/z: 693.2 [M*]; absorption maximum: A,,,, =453 nm.
[Ru(TPA)(bpm)](PF), (2): Solid [RuCl(TPA)[,(ClO,), (0.15g,
0.14 mmol) was added to a degassed solution of bpm (0.15 g, 0.96 mmol)
in MeOH (20 mL) under N,. The mixture was heated to reflux for 8 h
and then cooled to room temperature. NH,PF, (91 mg, 0.56 mmol) was
added to the solution to give a brown precipitate, which was washed well
with diethyl ether and then dried in vacuo. Yield: 69 %. Elemental analy-
sis (%) caled for CysH,,NgP,F,Ru-H,O: C 36.35, H 2.77, N 13.03; found:
C 36.41, H 2.82, N 13.07; '"H NMR (CD;CN): 6=9.88 (dd, 1H, /=5 Hz,
1 Hz; bpm-H6(equatorial)), 9.26 (d, 1H, J=4 Hz; bpm-H6(axial)), 9.25
(d, 1H, J=5Hz; bpm-H4(equatorial)), 8.97 (d, 1H, J=5 Hz; pyr-H6-
(axial)), 8.93 (dd, 1H, J=5, 1 Hz; bpm-H4(axial)), 8.03 (t, 1H, /=5 Hz;
bpm-H5(equatorial)), 7.77 (d, 2H, J=5 Hz; pyr-H6(equatorial)), 7.70 (t,
1H, J=8 Hz; pyr-H4(axial)), 7.64 (t, 2H, /=7 Hz; pyr-H4(equatorial)),
7.58 (t, 1H, J=6Hz; bpm-H5(axial)), 7.38 (d, 2H, J=8Hz; pyr-
H3(equatorial)), 7.35 (d, 1H, J=5 Hz; pyr-H3(axial)), 7.30 (t, 1H, J=
6 Hz; pyr-H5(axial)), 7.03 (t, 2H, J=6 Hz; pyr-H5(equatorial)), 5.35 and
5.11 (ABq, Jag=17, 4H; CH,(equatorial)), 4.70 ppm (s, 2H, CH,(axial));
ESIMS: m/z: 695.1 [M*]; absorption maximum: 4,,,, =480 nm.
[Ru(TPA)(phen)](PFy), (3): Solid [RuCl(TPA)],(ClO,), (0.15g,
0.14 mmol) was added to a degassed solution of phen (0.15 g, 0.83 mmol)
in MeOH (20 mL) under N,. The mixture was heated to reflux for 8 h
and then cooled to room temperature. NH,PF¢ (91 mg, 0.56 mmol) was
added to the solution to give an orange precipitate, which was washed
well with diethyl ether and then dried in vacuo. Yield: 75%. Elemental
analysis (%) calcd for C;H,(N¢P,F,Ru: C 41.82, H 3.04, N 9.75; found:

580 nm

CH.CN, RT
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C 41.80, H 3.13, N 9.74; 'HNMR (CD;CN): 6=9.98 (d, 1H, J=5Hz;
phen-H2), 9.40 (d, 1H, J=6 Hz; phen-H9), 9.22 (d, 1H, /=6 Hz; pyr-H6-
(axial)), 8.77 (d, 1H, J=8 Hz; phen-H4), 8.49 (d, 1H, /=8 Hz; phen-
H7), 8.28 (q, 1H, J=6 Hz; phen-H3), 8.26 (d, 2H, /=6 Hz; phen-H5),
8.14 (d, 1H, J=9 Hz; phen-H6), 7.81 (q, 1H, J=5 Hz; phen-HS8), 7.71
(td, 1H, J=8, 1 Hz; pyr-H4(axial)), 7.57 (t, 2H, J=5 Hz; pyr-H4(equa-
torial)), 7.55 (d, 2H, J=4 Hz; pyr-H6(equatorial)), 7.39 (d, 1H, /=8 Hz;
pyr-H3(axial)), 7.36 (d, 2H, J=4 Hz; pyr-H3(equatorial)), 7.33 (t, 1H,
J=5Hz; pyr-H5(axial)), 6.85 (t, 2H, J=7 Hz; pyr-H5(equatorial)), 5.57
and 5.16 (ABq, Jag=17, 4H; CH,(equatorial)), 4.74 ppm (s, 2H, CH,-
(axial)); ESIMS: m/z: 717.1 [M*]; absorption maximum: A, =423 nm.
[Ru(TPA)(bpy)(CH;CN)1(PF), (4): A solution of [Ru(TPA)(bpy)](PFs),
(50 mg) in CH;CN (100 mL) was heated to reflux for 24 h and evaporat-
ed to dryness to obtain a light orange powder. The powder was washed
with diethyl ether and then dried in vacuo. Elemental analysis (%) calcd
for C3H,N,P,F;,Ru: C 41.01, H 3.33, N 11.16; found: C 40.73, H 3.31, N
11.14; '"HNMR (CD;CN): 6=8.92 (d, 2H, J=6 Hz; bpy-H2), 8.52 (d,
2H, J=8 Hz; pyr-H6(equatorial)), 8.52 (d, 1H, J=8 Hz; pyr-H6(free)),
8.34 (d, 2H, J=5 Hz; pyr-H3(equatorial)), 8.13 (td, 2H, /=8, 2 Hz; pyr-
H5(equatorial)), 7.80 (td, 2H, J=8, 1 Hz; bpy-H4), 7.70 (td, 1H, J=38,
2 Hz; pyr-H4(free)), 7.56 (td, 2H, J=7, 1 Hz; pyr-H4(equatorial)), 7.37
(d, 1H, J=8 Hz; pyr-H5(free)), 7.35 (d, 2H, J=8 Hz; bpy-H5), 7.34 (t,
2H, J=6 Hz; bpy-H3), 7.09 (d, 1H, J=8 Hz; pyr-H3(free)), 4.65 and 4.15
(ABq, 4H, J,z=17Hz; CH,(equatorial)), 3.22 (s, 2H, CH,(free)),
2.27 ppm (s, 3H; CH;); ESIMS: m/z: 734.2 [M*]; absorption maximum:
Amax =426 nm.

[Ru(TPA)(bpm)(CH;CN)](PF;), (5): A solution of [Ru(TPA)(bpm)]-
(PFs), (50 mg) in CH;CN (100 mL) was heated to reflux for 24 h and
evaporated to dryness to obtain a brownish orange powder. The powder
was washed with diethyl ether and then dried in vacuo. Elemental analy-
sis (%) caled for C,sH,N,P,F,Ru: C 38.19, H 3.09, N 14.32; found: C
37.87, H 3.09, N 14.08; '"H NMR (CD;CN): 6=9.16 (dd, 2H, J=5, 2 Hz;
bpm-H6), 8.89 (d, 2H, J=7 Hz; pyr-H6(equatorial)), 8.51 (dd, 2H, J=6,
2 Hz; bpm-H4), 8.49 (d, 1H, J=4 Hz; pyr-H6(free)), 7.85 (td, 2H, J=7,
1 Hz; pyr-H4(equatorial)), 7.69 (t, 1H, J=6 Hz; pyr-H4(free)), 7.65 (t,
2H, J=5Hz; bpm-HS), 741 (t, 2H, J=8 Hz; pyr-H5(equatorial)), 7.41
(t, 2H, J=8 Hz; pyr-H3(equatorial)), 7.33 (t, 1 H, J=7 Hz; pyr-H5(free)),
7.08 (d, 1H, J=8 Hz; pyr-H3(free)), 4.74 and 4.24 (ABq, J,z=17 Hz,
4H; CH,(equatorial)), 3.48 (s, 2H, CH,(axial)), 2.27 ppm (s, 3H; CH);
ESIMS: m/z: 736.2 [M*]; absorption maximum: A,,,,=453 nm.
[Ru(TPA)(phen)(CH;CN)](PFy), (6): A solution of [Ru(TPA)(phen)]-
(PFs), (50 mg) in CH;CN (100 mL) was heated to reflux for 24 h and
evaporated to dryness to obtain a light orange powder. The powder was
washed with diethyl ether and then dried in vacuo. Elemental analysis
(%) caled for C;,H,0N;P,F,Ru: C 42.58, H 3.23, N 10.86; found: C 42.38,
H 3.27, N 10.83; '"H NMR (CD;CN): 6=9.00 (d, 2H, J=5 Hz; phen-H2),
8.68 (d, 2H, /=7 Hz; pyr-H6(equatorial)), 8.60 (d, 2H, J=5 Hz; pyr-
H3(equatorial)), 8.40 (d, 1H, J=5 Hz; pyr-H6(free)), 8.24 (s, 2H; phen-
HS), 7.88 (t, 2H, J=6 Hz; pyr-H5(equatorial)), 7.83 (t, 2H, J=8 Hz;
phen-H4), 7.55 (t, 1H, J=8 Hz; pyr-H4(free)), 7.44 (t, 2H, J=6 Hz; pyr-
H4(equatorial)), 7.42 (t, 2H, J=4 Hz; phen-H3), 7.21 (t, 1H, /=7 Hz;
pyr-H5(free)), 6.82 (d, 1H, /=8 Hz; pyr-H3(free)), 4.77 and 4.18 (ABq,
Jag=17 Hz, 4H; CH,(equatorial)), 3.09 (s, 2H, CH,(free)), 2.15 ppm (s,
3H; CH;); ESIMS: m/z: 7582 [M*]; absorption maximum: Agy, =
423 nm.

[RuCI(TPA)(bpy)]PF¢ (7): Solid [(C,H;s),N]Cl (0.28 g, 1.7 mmol) was
added to a degassed solution of [Ru(TPA)(bpy)(CH;CN)](PF;), (30 mg,
0.034 mmol) in CH;CN (30 mL). The mixture was heated to reflux for
24 h, and the color of the solution changed from orange to dark purple.
After removing the solvent by rotary evaporator, a small volume of
water was added, and insoluble materials were filtered off to obtain a
purple solution. A purple powder of 7 was obtained by removing the sol-
vent. The powder was washed with a small amount of water and then dis-
solved in acetone. Hexane was added onto the acetone solution to form a
two-layered system. Dark purple crystals of 7 formed. Elemental analysis
(%) caled for C,sH,(N4CIPF,Ru: C 45.63, H 3.69, N 11.40; found: C
45.69, H 3.83, N 11.14; '"HNMR (CD;CN): 6=9.48 (d, 2H, J=6 Hz;
bpy-H2), 8.51 (d, 1H, J=5 Hz; pyr-H6(free)), 8.49 (d, 2H, /=7 Hz; pyr-
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Ho6(equatorial)), 8.44 (d, 2H, J=7 Hz; pyr-H3(equatorial)), 7.94 (td, 2H,
J=17, 1 Hz; pyr-H5(equatorial)), 7.69 (td, 2H, /=8, 1 Hz; bpy-H4), 7.66
(td, 1H, J=8, 1Hz; pyr-H4(free)), 7.43 (td, 2H, J=8, 1Hz; pyr-
H4(equatorial)), 7.32 (d, 2H, J=6 Hz; bpy-H3), 7.30 (t, 2H, J=7 Hz;
pyr-H5(free)), 7.29 (d, 2H, J=8 Hz; bpy-H5), 7.05 (d, 1H, J=8 Hz; pyr-
H3(free)), 4.50 and 3.98 (ABq, Joz=16 Hz, 4H; CH,(equatorial)),
3.20 ppm (s, 2H; CH,(free)); ESIMS: m/z: 583.3 [M*]; absorption maxi-
mum: A,,,, =503 nm.

[RuCI(TPA)(bpm)]PF, (8): Solid [(C,H;),N]Cl (0.28 g, 1.7 mmol) was
added to a degassed solution of [Ru(TPA)(bpm)(CH;CN)](PF), (30 mg,
0.034 mmol) in CH;CN (30 mL). The mixture was heated to reflux for
24 h, and the color of the solution changed from orange to dark purple.
After removing the solvent by rotary evaporator, a small volume of
water was added and insoluble materials were filtered off to obtain a
purple solution. A purple powder of 8 was obtained by removing the sol-
vent. Elemental analysis (%) caled for C,sH,NyCIPF(Ru: C 42.78, H
3.31, N 15.35; found: C 42.66, H 3.35, N 15.17; '"HNMR (CD;CN): 6=
9.41 (d, 2H, J=6 Hz; pyr-H6(equatorial)), 8.98 (dd, 2H, /=7, 2 Hz;
bpm-H6), 8.57 (dd, 2H, J=7, 2 Hz; bpm-H4), 8.47 (d, 1H, J=4 Hz; pyr-
Ho6(free)), 7.76 (td, 2H, J=7, 2 Hz; pyr-H4(equatorial)), 7.65 (td, 1H,
J=17, 2 Hz; pyr-H4(free)), 7.51 (t, 2H, J=5 Hz; bpm-H5), 7.35 (t, 2H,
J=17Hz; pyr-H5(equatorial)), 7.35 (t, 1H, J=7 Hz; pyr-H3(equatorial)),
7.28 (t, 1H, J=7 Hz; pyr-H5(free)), 7.03 (d, 1H, J=8 Hz; pyr-H3(free)),
4.66 and 4.11 (ABq, Jag=17 Hz, 4H; CH,(equatorial)), 3.52 ppm (s, 2H;
CH,(axial)); ESIMS: m/z: 585.1 [M*]; absorption maximum: A, =
539 nm.

[RuCI(TPA)(phen)]PF, (9): Solid [(C,H;),N]Cl (0.28 g, 1.7 mmol) was
added to a degassed solution of [Ru(TPA)(phen)(CH;CN)](PF;), (30 mg,
0.033 mmol) in CH;CN (30 mL). The mixture was heated to reflux for
24 h, and the color of the solution changed from orange to dark purple.
After removing the solvent by rotary evaporator, a small volume of
water was added and insoluble materials were filtered off to obtain a
brown solution. A brown powder of 9 was obtained by removing the sol-
vent. Elemental analysis (%) calcd for C;HyNCIPF(Ru-0.5H,0: C
4791, H 348, N 11.17; found: C 47.74, H 4.03, N 10.92; 'HNMR
(CD;CN): 6=9.56 (d, 2H, /=6 Hz; phen-H2), 8.67 (d, 2H, /=7 Hz; pyr-
Hé6(equatorial)), 8.47 (d, 2H, J=7 Hz; pyr-H3(equatorial)), 8.37 (d, 1H,
J=17Hz; pyr-H6(free)), 8.16 (s, 2H; phen-HS), 7.78 (td, 2H, J=8, 1 Hz;
pyr-H5(equatorial)), 7.76 (td, 2H, /=8, 1 Hz; phen-H4), 7.50 (t, 1H, J=
8 Hz; pyr-H4(free)), 7.38 (t, 2H, J=6 Hz; pyr-H4(equatorial)), 7.36 (t,
2H, J=7 Hz; phen-H3), 7.18 (td, 1H, J=7, 1 Hz; pyr-H5(free)), 6.77 (d,
1H, J=8Hz; pyr-H3(free)), 4.64 and 4.03 (ABq, J,pg=18Hz, 4H;
CH,(equatorial)), 3.11 ppm (s, 2H; CH,(free)); ESIMS: m/z: 607.3 [M*];
absorption maximum: 4, =495 nm.

[Ru(5-Me;-TPA)(bpy)1(PF¢), (10): Solid [RuCl(5-Me;TPA)],(ClO,),
(50 mg, 0.057 mmol) was added to a degassed solution of bpy (36 mg,
0.23 mmol) in MeOH (20 mL)under N,. The mixture was heated to
reflux for 8 h and then cooled to room temperature. NH,PF, (18 mg,
0.11 mmol) was added to the solution to give an orange precipitate,
which was washed well with diethyl ether and then dried in vacuo. Yield:
73%. Elemental analysis (%) caled for C;HsNgP,F,Ru: C 42.33, H
3.67, N 9.55; found: C 42.53, H 3.68, N 9.57; '"H NMR (CD;CN): § =9.58
(d, 1H, J=5 Hz; bpy-H6(equatorial)), 8.99 (d, 1H, J=6 Hz; bpy-H6-
(axial)), 8.85 (s, 1 H; pyr-Hé6(axial)), 8.49 (d, 1H, J=8 Hz; bpy-H3(equa-
torial)), 8.38 (d, 1H, J=8 Hz; bpy-H3(axial)), 8.21 (t, 1H, /=7 Hz; bpy-
H4(equatorial)), 7.97 (t, 1H, J=6 Hz; bpy-H5(equatorial)), 7.92 (t, 1H,
J=7Hz; bpy-H4(axial)), 7.48 (s, 2H; pyr-H6(equatorial)), 7.47 (d, 1H,
J=17Hz; pyr-H3(axial)), 7.44 (t, 1H, J=7 Hz; bpy-H5(axial)), 7.41 (d,
2H, J=6; pyr-H3(equatorial)), 7.23 (d, 1 H, J=5 Hz; pyr-H4(axial)), 7.20
(d, 2H, J=6Hz; pyr-H4(equatorial)), 5.37 and 4.99 (ABq, 4H, Jy\z=
17 Hz; CH,(equatorial)), 4.57 (s, 2H; CH,(axial)), 2.28 (s, 3H; CH;-
(axial)), 1.97 ppm (s, 6H, CHs(equatorial)); ESIMS: miz: 7353
[M—PF,"]T; absorption maximum: A,,,, =453 nm.
[Ru(5-Me;-TPA)(bpy)(CD;CN)](PFy), (11): A solution of [Ru(5-Me;-
TPA)(bpy)](PF;), in CD;CN (0.6 mL) was heated at 70°C for 30 h in an
NMR sample tube. 'H NMR (CD;CN): §=8.72 (s, 2H; pyr-H4(equatori-
al)), 8.50 (d, 2H, J=8 Hz; bpy-H6), 8.29 (s, 1H; pyr-H6(free)), 8.28 (d,
2H, /=6 Hz; bpy-H3), 8.11 (td, 2H, J=8, 2 Hz; bpy-H5), 7.61 (d, 2H,
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J=17Hz; pyr-H3(equatorial)), 7.54 (td, 1H, J=6, 2 Hz; bpy-H4), 7.49 (d,
1H, J=6 Hz; pyr-H3(free)), 7.21 (d, 2H, J=8 Hz; pyr-H4(equatorial)),
6.94 (d, 1H, J=8 Hz; pyr-H4(free)), 4.87 and 3.75 (ABq, 4H, Jz=
17Hz; CH,(equatorial)), 3.15 (s, 2H, CH,(axial)), 2.36 (s, 6H;
CHj(equatorial)), 2.29 ppm (s, 3H; CHs(axial)); ESIMS: m/z: 778.7 [M*
].

[Ru(5-Me-TPA)(bpy)1(PF), (12): NaOH (2.0equiv) and solid
RuCl;3H,0 (260 mg, 1.00 mmol) were added to a degassed solution of
N,N-bis(2-pyridinylmethyl)-N-(5-methyl-2-pyridylmethyl)amine ~ triper-
chlorate (5-Me-TPA-3HCIO,, 266 mg, 1.00 mmol) in EtOH (75 mL)
under N,. The mixture was heated to reflux for 12 h and then filtered to
obtain a brownish orange solid. Solid bpy (112 mg, 0.72 mmol) was added
to a degassed solution of the powder (100 mg) in MeOH (20 mL) under
N,. The mixture was heated to reflux for 8 h and then cooled to room
temperature. NH,PF, (91 mg, 0.56 mmol) was added to the solution to
obtain an orange precipitate, which was washed well with diethyl ether
and then dried in vacuo. Yield: 32 % (as a mixture of isomers). Elemental
analysis (%) calcd for C,0H,sN¢P,F,Ru: C 40.90, H 3.31, N 9.86; found:
C 41.10, H 3.47, N 9.87; '"H NMR (CD;CN): 6=2.27 (s, 3H; CHj(axial)),
1.97 ppm (s, 6 H; CHj(equatorial)); ESIMS: 707.2 [M*].
[Ru(5-Me-TPA)(bpy)(CD;CN)1(PF), (13): A solution of [Ru(5-Me-
TPA)(bpy)](PF;), in CD;CN (0.6 mL) was heated at 70°C for 30 h in an
NMR tube; 'HNMR (CD;CN): 0=235 (s, 6H; CHs(equatorial)),
2.29 ppm (s, 3H; CHj(axial)); ESIMS: m/z: 751.2 [M*].

X-ray crystallography: 1: A single crystal of 1 suitable for X-ray analysis
was obtained by recrystallization of its PF¢~ salt. The crystal was mount-
ed on a glass capillary with epoxy resin. Diffraction data were collected
on a Rigaku R-AXIS RAPID Imaging Plate diffractometer with graph-
ite-monochromated Moy, radiation (1=0.7107 A) at 23°C. Using o
scans of 44 exposures with 5.0° step at 3 min per degree up to 26,,,.=
54.7°, a total of 26599 reflections were collected and then merged to pro-
vide unique 7310 data (R;,,=0.049), of which 7304 (all data) were used to
solve the structure. The structure was solved by direct methods (SIR 92)
and refined by full-matrix least-squares methods on F°. All non-hydrogen
atoms were refined anisotropically. All calculations were done with the
teXsan program package.*® The final differential Fourier map showed a
maximum peak of 0.95e¢A~* and a minimum of —0.68 e A=, Crystallo-
graphic data for 1 are summarized in Table 6.

2 and 3: Single crystals of 2 and 3 were obtained by recrystallization of
crude product from methanol. The crystals were mounted on a glass ca-
pillary with silicon grease and diffraction data were collected on a
Rigaku Mercury CCD diffractometer with a rotating anode X-ray tube at
—150°C with graphite-monochromated Moy, radiation (1=0.7107 A).

Table 6. X-ray crystallographic data for 1-3, 7, and 8.

The structure was solved by direct methods (SIR 97) and refined by full-
matrix least-squares methods on F? by using the CrystalStructure pro-
gram package.””! The final differential Fourier map for 2 showed a maxi-
mum peak of 4.57 e A~ near a severely disordered PF~ ion and a mini-
mum of —1.95 ¢ A=, For 3, the final Fourier map exhibited a maximum
peak of 1.63 e A~ and a minimum peak of —0.89 e A=, Crystallographic
data for 2 and 3 are summarized in Table 6.
[RuCI(TPA)(bpy)]PF(CH;),CO (7-(CH3),CO) and [RuCl(TPA)-
(bpm)]PF; (8): Single crystals were obtained by recrystallization of the
crude product from acetone by vapor diffusion of diethyl ether for 7,°*
and from acetone by vapor diffusion of hexanes for 8. The crystals were
mounted on a glass capillary with silicon grease, and diffraction data
were collected on a Rigaku Mercury CCD diffractometer with a rotating-
anode X-ray tube at —150°C with graphite-monochromated Moy, radia-
tion (4=0.7107 A). The structure was solved by direct methods (SIR 97)
and refined by full-matrix least-squares methods on F* by using the Crys-
talStructure program package.”” All non-hydrogen atoms were refined
anisotropically. The final Fourier map exhibited a maximum peak of
1.36 e A~ and a minimum peak of —1.62 e A~ for 7-(CH;),CO, and 0.82
and —0.72 e A=, respectively, for 8. Crystallographic data for 7-(CH,),CO
and 8 are summarized in Table 6.

CCDC 686782 (2), 686783 (3), 686785 (7) and 686784 (8) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Spectroscopic measurements: Absorption spectra were measured on
Jasco V-570 and Shimadzu UV-3100 spectrophotometers in CH;CN at
room temperature. '"H NMR spectra were obtained on JEOL EX-270
and AL-300 spectrometers, and chemical shifts were determined by using
the residual solvent peak as a reference. ESIMS spectra were recorded
on a Perkin-Elmer API-150 spectrometer.

Photochemical reactions: Photoirradiation of the samples was performed
by using the light source of a Shimadzu RF-5300PC fluorescence spectro-
photometer at monochromated wavelengths (423, 453, and 480 nm) in
CH;CN at room temperature. The reaction was done in an NMR tube or
a 10 mm quartz cell to monitor the progress of the reaction by NMR and
absorption spectroscopy, respectively.

Quantum yield determination: Quantum yields of the forward and back-
ward reactions were determined by a standard method using an actino-
meter (potassium ferrioxalate) in CH;CN at room temperature with pho-
toirradiation at 423 nm. Absorptions of the complexes and the actinome-
ter were uniformed at 423 nm to determine the quantum yields. The reac-
tions were monitored at appropriate wavelengths to observe the time

1 2 3 7 8
formula CysHysNGF,P,Ru CysHauNgF,P,Ru C3H3,NGO;F,P,Ru C;,H;,NOCIFsPRu C,sH,NgCIF;PRu
Fw 837.55 839.53 915.62 786.1 730.0
crystal system monoclinic triclinic monoclinic orthorhombic monoclinic
space group P2\/n Pl P2i/n Pnma P2i/n
T[K] 296 123 123 123 123
a[A] 13.0220(9) 11.487(4) 12.406(2) 18.82(1) 14.186(14)
b [A] 18.463(1) 12.284(1) 20.150(4) 23.64(1) 10.288(12)
c[A] 13.8049(9) 13.424(1) 13.927(3) 15.473(8) 19.679(18)
al’] 73.48(7)
A 101.116(1) 69.63(7) 97.772(2) 102.62(2)
y[°] 63.09(6)
VA 3256.8(4) 1565.2(8) 3449.4(1) 6883(6) 2803(5)
z 4 2 4 8 4
no. of reflns 26599 11332 26677 45523 21048
no. of obsd reflns 7310 6342 7841 8072 6383
no. of parameters 442 443 488 441 389
R1¥ [1>2.00(D)] 0.050 0.050 0.052 0.130 0.035
wR2" (all data) 0.128 0.128 0.151 0.329 0.077
GOF 1.09 1.05 1.13 1.06 1.04

[a][a] Ri=3 || F| = | F| /5] F, |. [b] wRy=[Sw(Fo~Fo)* Sw(F,)’]'™.
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course of the increase or decrease of the absorptions, and the data in the
initial stage during which the time course exhibited linear change was
used to determine the quantum yields.
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