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Abstract

The interaction with the second sphere of the complexes has been studied for a series of ruthenium—ammine complexes with 18-crown-6
(18C6) ether. Spectroscopic studies (UV, IR and NMR) gave the information about the nature of interaction and the interaction sites. Mononu-
clear ruthenium—ammine complexes form adducts through hydrogen bonding between the ammines coordinating to ruthenium and the ether
oxygens of crown ethers. The position of the ammines interacting with the crown ether and the stoichiometry vary depending on the valence
of central metal. The adduct formation perturbed the electronic state of the central metal ion and causes a modification of the properties
of the complexes. The adduct formation through hydrogen bonding has been investigated focusing on the electrochemical properties of
the complexes. Hydrogen bonding in the second sphere of the complex gave a prominent modification of electrochemical properties of the
ruthenium—ammine complexes. Several factors were elucidated to influence on the modification of the electrochemical properties. The adduct
formation with 18-crown-6 ether was also examined for a delocalized mixed-valence binuclear complex. The adduct formation stabilized the
mixed-valence state of Ru(Il)-Ru(lll) and thereby the delocalized valence was trapped on each ruthenium atom. This was demonstrated by
the isolation of the adducts.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction ence extends beyond their covalently—bonded first-sphere
ligands to non-covalently bound chemical species in the
Recently, non-covalent bonds have been recognized tosecond spher,3].
be important in biological processes such as substrate |igands in the first coordination sphere of a transition
binding to a receptor protein, enzymatic reactions, as- metal complex can interact non-covalently with neutral
sembling of protein—protein complexes, immunological molecules or charged species to give a second-sphere or
antigen—antibody association, intermolecular reading, etc.outer-sphere complex. The idea of second-sphere coor-
[1]. For transition metal complexes, the coordinating influ- dination was first advanced by Werngt]. On the basis
of second-sphere coordination, he explained a number
* Tel.: 4-81-92-871-6631; fax:-81-92-865-6030. of phenomena, which included the formation of addition
E-mail address: isaoando@fukuoka-u.ac.jp (I. Ando). compounds between amines and coordinatively-saturated
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Table 1 Table 2
Spectral and redox data for [Ru(N)4(4-CN-Mepy)](PF)s? in various Abbreviations for the ligands used in this study
solvent§

Ligand Abbreviation
Solvent Amax (nm) Ei2 (V) vs. SCE Pyridine oy
Nitromethane 529 0.83 4-Aminopyridine ampy
Nitrobenzene 545 4-(Dimethylamino)pyridine dmapy
Benzonitrile 558 Isonicotinamido isn
Acetonitrile 543 0.77 2,2-Bipyridine bpy
Propylene carbonate 546 0.69 4,4-Bipyridine 4,4-bpy
Cyclopentanone 562 4,4-Dimethyl-2,2-bipyridine Me-bpy
Acetone 550 0.76 5-Nitro-1,10-phenanthroline NE&phen
N-Methylformamide 577 0.47 2,2,2"-Terpyridine trpy
Tri-n-butyl phosphate 579 4-(Dimethylamino)benzonitrile dmabn
Dimethylformamide 581 0.50 Pyrazine pz
Dimethylacetamide 586 N-Methylpyrazinium Mepz
Dimethyl sulfoxide 584 0.47 N-Methylimidazole Melm
Hexamethylphosphoramide 619 Dinitrogen N2

@ 4-CN-Mepy: 4-cyandN-methylpyridinium.
b
Taken from[5]. . . .
¢ Band maxima of MLCT transitions. the ruthenium—ammine complexes, solvents sometimes

gave much greater modification in properties of complexes
relative to that by displacement of a ligand in the first
trisacetylacetonato complexes, the role of solvents (e.g.coordination-sphere by an other ligand. In solution, the
H,0) in the crystallization of complexes, and the obser- complex is surrounded by solvent molecules and the prop-
vation that the molar optical rotations of chiral complexes erties of the complex are affected by the nature and the
depend strongly on the nature of solvents and the counte-strength of the interaction of the ligands with the solvent
rion. However, the nature of the forces involved in solvation in the second sphere. If an appropriate organic substrate
was not well-understood at all at that stage. Since Wernerwould be chosen instead of a solvent, the substrate may
made the proposal, developments in optical, spectroscopic,preferentially interact only with a specific ligand in the
crystallographic, and theoretical techniques have revealedfirst coordination sphere of the complex. In this case, an
a wide range of other phenomena which can be accountedoptimal combination of a complex with a substrate leads to
for on the basis of second-sphere coordination either in a selective or specific second-sphere coordination, and be
the solid state or in solution, or indeed both. The forces followed by new properties of the complex.
responsible for the second-sphere coordination include Crown ethers are capable of hydrogen bonding with protic
the whole range of non-covalent interaction, i.e. hydrogen ligands such as N& H20, CH;CN, etc. in the first coordina-
bonding, polar and dipolar attractions, dispersion forces, tion sphere of a complg®-16]. Being inert and having a va-
and charge-transfer interactions. riety of redox potentials, ruthenium complexes are very suit-
Solvatochromism is shown in ruthenium—ammine com- able for detailed studies of redox properties of the complex
plexes with the different number of ammine ligand which caused by second-sphere coordination. This review focuses
contain pyridine, polypyridine or pyridinium ligan&-7]. on the modification of redox properties of some ruthenium
Their ruthenium(ll) complexes show the metal to lig- complexes caused by 18-crown-6 (18C6) ether and involv-
and charge-transfer (MLCT) band (transition from the ing ammines as a protic ligand. Quantitative effects caused
filled tog orbital of ruthenium(ll) to the pyridine lig- by second-sphere ligands on oxygen ligator atoms in oxidic
and LUMO) in the visible region. Their ruthenium(lll)  solids have been reviewgti7]. Table 2andScheme khow
complexes also show the ligand to metal charge-transferthe abbreviations of the ligands in ruthenium complexes and
(LMCT) band (transition from the pyridine ligand HOMO  crown ethers used in this review.
to the unfilled tog orbital of ruthenium(lll)) in visi-
ble region. Their energy was linearly dependent on the
Gutmann’s donor number (DNJ8] of a solvent and is 2. Adduct formation of mononuclear ruthenium
responsible for solvatochromisnmlable 1 summarizes  complexes with 18-crown-6 ether through hydrogen
the spectroscopic characteristics and the redox propertiesbonding
in various solvents for [Ru(Nk)s5(4-CN-Mepy)](PFk)a
(4-CN-Mepy: 4-cyandN-methylpyridinium) as an example Ruthenium—ammine complexes show a charge-transfer
[5]. band in the visible region sensitive to second-sphere co-
The absorption maxima of the MLCT band of the com- ordination[5,6,18-24] Ruthenium(ll)-ammine complexes
plex in Table 1varied from 529 nm in nitromethane to exhibit a MLCT (transition from rutheniuntg orbital to
619nm in hexamethylphosphoramide and the redox po-an aromatic ligand such as a pyridine derivative LUMO)
tential also varied about 0.4V depending on solvent. For band in the visible region and a—* band of the aro-
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Scheme 1. Schematic representation and abbreviations of crown ethers used in this study.

matic ligand in the ultraviolet regiofb,6,18-20,24] On Spectroscopic features observed above can be ra-
the other hand, ruthenium(lll)-ammine complexes exhibit tionalized as follows [25]. Both ruthenium(ll)- and

a LMCT (transition from the aromatic ligand HOMO ruthenium(ll)-ammine complexes are stabilized by for-
to the unfilledtyg orbital of ruthenium(lil)) band in the  mation of hydrogen bonds between the ammines coordi-
visible region and am—n* band of the aromatic ligand nating to ruthenium and the ether oxygens of 18C6. The
in the ultraviolet region[21-23] Adduct formation was  ammine—18C6 interaction is expected to be stronger in the
spectrophotometrically investigated for ruthenium—ammine ruthenium(lll) than in the ruthenium(ll) complex because
complexes and 18C6 systerfi2b—29] Fig. 1 shows typ- the ammine proton becomes more acidic when coordinated
ical spectroscopic changes on addition of 18C6 to the to a higher valent metal ion. Thus, in the 18C6 adduct
ruthenium(ll)- and ruthenium(lll)-ammine complexes in of the ruthenium(ll)-ammine complex, the charge-transfer
acetonitrile. [Ru(NH)s(4,4-bpy)](Pk)2 showed a MLCT state is more stabilized relative to the ground state, be-
band at 474 nm[20] andtrans-[Ru(NHz)4(dmapy}](PFe)3 cause the polarization of nitrogen—hydrogen bond of the
showed a CT band at 636 nm which was ascribed to acoordinated ammine increases with a transfer of electron
LMCT band similar to [Ru(NH)s(dmapy)](Pk)s3 [22,23] from ruthenium to an ancillary ligand. Accordingly, hydro-
The MLCT band of the ruthenium(ll)-ammine complex gen bonding with 18C6 causes a red shift of the MLCT
shifted toward longer wavelength with increasing 18C6 band of ruthenium(ll)-ammine complex. Similarly, for the
concentration. On the contrary, the LMCT band of the ruthenium(ll)-ammine complex, the ground state is more
ruthenium(lll)-ammine complex showed a blue shift by stabilized relative to the charge-transfer state in its 18C6
adding 18C6. These spectroscopic changes may be atadduct, and the ruthenium(lll)-ammine complex exhibits a
tributed to the second-sphere coordination of 18C6 to the blue shift of the LMCT band%cheme

ruthenium complex through hydrogen bonding between the  Other ruthenium—ammine complexes exhibited similar
ammines coordinating to ruthenium and the ether oxygensspectroscopic changes to those mentioned above on addition
of 18C6, as demonstrated for other ammine/crown ether of 18C6, though the complexes contain different numbers
adducts by single crystal X-ray meth@B,15,30-33] of ammine ligand$28]. This suggests that such complexes
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Fig. 1. Spectral changes of ruthenium—ammine complexes on addition of 18C6 in acetonitrile for (a) §R@INHbpy)](PR)2, and (b)
trans-[Ru(NHz)s(dmapy}](PFs)3. [complex]= 5.00 x 10~> mol dm3; [18C6]/[complex]= 0 (—), 1 (--), 10 (----), 100 (---), and 1000 (- -).

with different aromatic ligands form an adduct with 18C6 equilibrium constants could not be evaluated owing to the
through hydrogen bonding between the ammines coordi- small magnitude of their shifts. However, the magnitude of
nating to ruthenium and the ether oxygens of 18C6. The the shift can be considered as a tentative measure of the
shifts of the CT bands offer information about the equilib- stability of their adductTable 3summarizes the magnitude
ria of adduct formation with 18C34]. Unfortunately, the of the shift of their CT bandsAbmax in cm~1 units on

AE 1 > AE 1' AE 2 < AE 2'
CT state ———p—..
(R 111 L-) ) CT state ...
u - . .
— (RUII-L+) ﬂ‘_
A
' AE 2'
AEy Ground state —‘L
111 :
Ground state _‘L 1 (Ru™™-L) |
Rull.r) " —— ———
Rul! complex Adduct Rulll complex Adduct

Scheme 2. Schematic energy level diagrams of the ground state and the charge-transfer state for ruthenium(ll) and ruthenium(lll) complexes and thei
adducts.
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Table 3
Values of Amax of MLCT or LMCT bands for ruthenium—ammine complexes aktinax on addition of a 100-fold excess of 18C6 in acetonitrile
Complex LU Amax (NmM) AVmax (103cm™1)
[Ru(NHs)s(L)](PFs)s dmapy 595 (16.81) 0.76
ampy 514 (19.46) 0.62
Mepz 540 (18.52) 0
[Ru(NH3)s(L)I(PFe)2 py 408 (24.51) —-0.18
4,4-bpy 474 (21.10) -0.14
isn 468 (21.37) -0.18
pz 458 (21.83) -0.09
cis-[Ru(NH3)4(L)](PFg)2 Me,-bpy 524 (19.08) -0.33
bpy 524 (19.08) -0.32
NO,-phen 515 (19.42) -0.41
cis-[Ru(NHs)a(L)2](PFs)3 dmapy 620 (16.13) 0.56
ampy 534(18.73) 0.69
cis-[Ru(NH3)4(L)2](PFs)2 py 409 (24.45) -0.18
isn 469 (21.32) -0.09
trans-[Ru(NH3)4(L)2](PFs)3 dmapy 636 (15.72) 0.20
ampy 538 (18.59) 0.10
trans-[Ru(NH3)4(L)2](PFs)2 py 423 (23.64) —0.06
isn 482 (20.75) -0.09
mer-[Ru(NHsz)s(L)](PFe)2 trpy 541 (18.48) —0.43
cis[Ru(NHs)2(L)2](PFs)2 bpy 491 (20.37) -0.13
[RU(NHz)(L)(L)]I(PFe)2 trpy, Mex-bpy 462 (21.65) 0
trpy, bpy 458 (21.83) -0.04
[Ru(L)s](PFe)2 bpy 452 (22.12) 0

The values in parentheses dlgax in 103 cm™1 units.

adding a 100-fold excess of 18C6. Any trends Afimax fact makes the interpretation of the spectroscopic change
are not clear for individual ruthenium complexes because induced by the adduct formation more evident; that is, the
of their small values. However, it is clear that th&bmax| ruthenium—ammine complexes interact with 18C6 through

caused by the adduct formation is larger for ruthenium(lll) hydrogen bonding. The difference between the alkylnitrile
complexes than for ruthenium(ll) complexes in tetraam- and the other solvents is presumably attributable to dissim-
mine and pentaammine complexes. This is understandablalar modes of solvation.
in terms of the stronger acidity of ammine ligands coordi-  Crown ethers other than 18C6 induced similar changes
nating to the ruthenium(lll) metal center and supports the in the spectra of ruthenium—ammine complexes, but with a
rational interpretation for the spectroscopic change of the smaller magnitude than did 18¢5/]. The adduct formation
ruthenium complex upon addition of 18CB6. appears to be influenced by the flexibility of the crown ring
The magnitude of the shift of the CT bands is depen- (see inSection 3.
dent on the solvent; the CT bands of the ruthenium—ammine The stoichiometry for adduct formation was examined by
complexes showed no shift caused by the addition of 18C6 the Job’s continuous variation method, taking advantage of
in polar solvent such as DMF, DMSO, ang®!. In order the change in absorbance of the CT bands on addition of
to obtain information about the interaction of the ammine 18C6[26,29] The absorbance increments of the complex

ligands with the ether oxygen, the shiltpmax, in the pres- solution in the presence of 18CBA, were plotted against
ence of 18C6 in 100-fold excess was examined in various the mole fractions of the complex in the sum of the com-
solvents[26]. Attempts failed to correlaté\ imax with pa- plex and 18C6 molecules. The plots fig. 3 clearly in-

rameters such as the donor number, the acceptor numberdicate that the ruthenium(ll) complex forms an 1:1 adduct
Reichart'sEt-value and Kosower'g-value of the solvents. by interaction with one molecule of 18C6 but the ruthe-
However,Abmax gave linear correlations with the reciprocal nium (lll) complex further interacts with another molecule
dielectric constant of the solvents as shownFig. 2, al- of 18C6, forming an 1:2 adductable 4summarizes the
though the alkylnitriles show different relationships from the stoichiometries of adduct formation of ruthenium—ammine
other solvents examined\imax increases with decreasing complexes with 18C6. The stoichiometry of adduct forma-
dielectric constants of the solvents, indicating that the inter- tion is independent of the number of ammine ligands and
action between the complex and 18C6 becomes stronger asolvents. For the pentaammine complexes, the stoichiome-
the electrostatic field of the medium becomes weaker. This try is dependent on the valence of the metal center. Thus,
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Table 4
Stoichiometries of Adduct formation
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Complex Ratio of complex to 18C6
Acetonitrile Propionitrile Butyronitrile 2-Butanone
[RU(NHz)s(p2)](PFe)2 1:1 1:1 11 1:1
[Ru(NH3)s(isn)](PFs)2 1:1
[RU(NHz)4(bpy)](PFs)2 1:1
[RU(NHs)2(bpy)](PFe)2 1:1
[RU(NHz)s(dmapy)](Pfs)3 1:2 1:2
[Ru(NHsz)s(ampy)](Pfe)3 1:2 1:2

the composition of an adduct changes when the metal cen-spectroscopy.Fig. 4 shows thelH NMR spectrum of

ter is oxidized or reduced. However, it is sterically difficult
for ruthenium(lil)-ammine complexes with fewer ammine

ligands to interact with more 18C6 molecules than one, spe-

cially for mono- and diammine complexes.

In order to determine the positions of interaction sites,
the adduct formation of ruthenium complexes with 18C6
was investigated for representative ruthenium(ll)- and
ruthenium(lll)—pentaammine complexes, [Ru(®k(pz)]
(PFs)2 and [Ru(NH)s(dmapy)](Pk)s, by 'H NMR
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Fig. 2. Correlation betweemM\vmax (CT) and the reciprocal dielec-
tric constants of the solvents: (a) [Ru(NH(pz)](PFs)2 and (b)
[Ru(NHs)s(dmapy)](Pk)s. The open circles represent the data in alkyl-
nitriles and the filled circles are the data in alcohols and ketone.

[Ru(NHs3)s(pz2)](PFs)2 in deuterated acetong35]. Sig-
nals of ammine protons were separately observed at
2.65 and 3.48ppm and attributed to the protons of
cis and trans-ammines coordinating to ruthenium(ll),
respectively36,37] those of the aromatic protons were ob-
served at 8.22 and 8.96 ppm. The chemical shifts of their
signals were examined at various 18C6 concentrations and
the results are shown iRig. 5 The chemical shift of the
trans-ammine proton changed toward a lower magnetic
field with increasing 18C6 concentration. This downfield
shift of the trans-ammine proton signal indicates that the
adduct is formed through hydrogen bonding between the
trans-ammine proton of the ruthenium(ll) complex and the
ether oxygen of 18C6. On the other hand, the signal of the
cisammine proton shifted slightly to a higher magnetic
field with increasing 18C6 concentration. This small upfield
shift is presumably due to the partial desolvation around the
cisammines caused by the formation of a hydrogen bond
between thérans-ammine and 18C6. The change in chem-
ical shifts of the aromatic protons caused by the addition of
18C6 reflects the perturbation of theelectron density in
the aromatic ring, because the increase in electron density
on ruthenium caused by the adduct formation affects the
degree ofr-back donation of ruthenium(ll) to the aromatic
ligand as mentioned in the next section. These observations
coincide with the stoichiometry of the adduct formation
and indicate that the ruthenium(ll) complexes form an 1:1
adduct with 18C6 through hydrogen bonding between the
trans-ammine of the complex and the ether oxygen of 18C6,
as schematically depicted Bcheme 3

For the ruthenium(lll)—pentaammine complex, [Ru(®
(dmapy)](Pk)s, the signals of the ammine protons were
observed at an extremely low magnetic field and were
broad and weak due to the paramagnetic effect of the ruthe-
nium(lll) center. The signals at 117 and 157 ppm are at-
tributed to thecis- andtrans-ammine protons, respectively,
by their integral ratio. Both signals shifted toward a lower
magnetic field on adding 18C6 as shownHig. 6. The
downfield shift of thecisammine signal is much greater
than that of thetranssammine signal. This indicates that
18C6 forms stronger hydrogen bonds with thieammine
and simultaneously weaker ones with thans-ammine of
the complex. Therefore, taking the stoichiometry of adduct
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formation for the ruthenium(lll) complex into considera-
tion, we conclude that the 1:2 adduct is formed primarily
through hydrogen bonding between ttis;ammine of the
ruthenium(lll) complex and two molecules of 18C6, and
supplementarily through hydrogen bonding between the

H31Y€ NH3 H3N;_ NH3
HsN_;__R“ NN ::BH_NH3
H31V\ I—I3 H3]N\ H 3

Scheme 3. Schematic representations of crown ether adducts for
ruthenium(ll)-ammine complex, ruthenium(lll)-ammine complex, and
mixed-valence binuclear ruthenium(ll, lll)—ammine complex.

transs-ammine and the 18C6 bonded to ttissammines, as
schematically depicted iBcheme 3

The position of the ammines interacting with 18C6 and the
stoichiometry vary depending on the valence of the ruthe-
nium center. This adduct formation is somewhat dissimilar to
that of a large cyclic crown ether with tetraammineruthenium
complex. Yoon et al. reported the crystal structure of the add-
uct dibenzo-42-crown-14-tetraammine(1,10-phenanthroli-
ne)ruthenium(ll) bis(hexafluorophosphate)dichloromethane
solvate[38]. As can be seen frorfrig. 7, the ruthenium
complex is located deep within the U-shaped cavity formed
by folding of the flexible crown ether. This conformation
allows all the ammine ligands of the complex to form
multiple hydrogen bonds with the crown ether and brings
aboutm-stacking between the aromatic rings of the ruthe-
nium complex and the dibenzo-crown ether. However, 18C6
cannot form hydrogen bonds with the all ammine ligands
of the pentaammine complex because of being a small

6
5 / ppm

3

10

Fig. 4.'H NMR spectrum of [Ru(NH)s(pz)](PFs)2 in deuterated acetone
([complex]= 1.0 x 10~2 mol dm3).
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Fig. 5. Dependence of the chemical shifts of the 2,6-proton3 (
and 3,5-protons A) of pyrazine and thecisammine () and
trans-ammine protons®) of [Ru(NHsz)s(pz)](PFs)2 on 18C6 concentra-
tion ([complex]= 1.0 x 10~2 mol dm3).
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Fig. 6. Dependence of the chemical shifts of #is:ammine () and

trans-ammine protons @) of [Ru(NHz)s(dmapy)](Pk)s on 18C6 con-
centration ([complex} 1.0 x 10~2mol dm3).

cyclic ether in size. Thus, for the ruthenium-pentaammine
complexes, 18C6 exhibits adduct formation with different
stoichiometry depending on the valence of the ruthenium,
i.e., depending on the acidity of ammine of the complex.

Further evidence on the stoichiometry was obtained by
isolation of 18C6 adducts. 18C6 adducts were isolated
for [Ru(NHz)s(pz)](PFs)2, [Ru(NHz)s(dmapy)](Pk)3, and
[(NH3)sRu(pz)RUu(NR)s5](PFs)s as typical ruthenium(ll)—
and ruthenium(lll)-ammine complexes, and a mixed-valence
binuclear complex{39]. Adduct formation for a mixed-
valence binuclear complex is describedSection 5

The analytical data of the prepared adducts agreed with
the composition in solution shown 8cheme 3or the ruthe-
nium(ll) and the ruthenium(lll) complexes. These results
revealed that the ruthenium(ll)-ammine complex forms an
ordinary 1:1 (complex to 18C6) adduct with 18C6, whereas
the ruthenium(lll)-ammine complex forms an adduct with
18C6 with an unusual stoichiometry of 1:2. Furthermore,
only the asymmetric 1.3 adduct with 18C6 was isolated for
the mixed-valence binuclear complex among other adducts
proposed inScheme 5 although it is possible sterically
for the binuclear complex to form 1:1 to 1:4 adducts with
18C6. This implies that the 1:3 adduct is the stable and pre-
dominant species in solution, with distinct Ru(j)sf* and
Ru(NHz)s3* units in the complex. This is consistent with
the electrochemical behavior of the mixed-valence binuclear
complex on addition of 18C6 as describedSaction 5

The IR spectra of the complexes and their adducts were
measured and the frequencies of N-H, C-H, and C-O-C
stretching vibrations are listed ifable 5 The bands of the
N-H stretching vibration broadened and shifted to lower
frequency in every 18C6 adduct, indicating that the coor-
dinating ammines form hydrogen bonds. Furthermore, the
C—-O-C stretching vibrations of all 18C6 adducts were ob-
served at lower frequencies than that of free 1§43 indi-
cating that the ether oxygens of 18C6 patrticipate in hydro-
gen bonding. A similar reduction in frequency of the C-O-C
stretching vibration has been observed for the adduct of
tin(IV) complexes with 18C6 involving hydrogen bonding
between 18C6 and water moleculd$]. These results re-
veal that the adducts of ruthenium—ammine complexes with
18C6 involve hydrogen bonds between the coordinating am-
mines to ruthenium and ether oxygens of 18C6.

The reflectance spectra of the complexes and their
adducts were measured in the solid state and were com-
pared with the estimated spectra in 1,2-dichloroethane.
Table 6summarizes thémax values of MLCT and LMCT
bands in solid state. The spectra of the ruthenium—ammine
complexes in 1,2-dichloroethane could not be measured
due to the insolubility of the complex. The spectra of the
complexes in 1,2-dichloroethane were estimated as below,
taking advantage of the well-known solvatochromism of
ruthenium—ammine complex§s,6]. The electronic spectra
of [Ru(NHz)s(p2)](PFs)2 and [Ru(NH)s(dmapy)](PFe)s
were measured in several solvents with different donor
number (DN), andmax values of MLCT and LMCT bands
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Fig. 7. ORTEP drawing of the [Ru(N$)u(phen)ft—DB42C14 adduct reported i38].

Table 5
IR spectra of ruthenium—ammine complexes and their 18-crown-6 ether adducts
N+ (cmY) e+ (cm™) c-o— (cm™)

[RU(NH3)s(p2)](PFe)2 3350 3280

[Ru(NHz)s(pz)](PFs)2-(18C6) 3320 3215 2800 1100
[Ru(NHz)s(dmapy)](Pf)3 3340 3260

[Ru(NHs)s(dmapy)](Pk)s-(18C6) 3300 3220 2900 1100
[(NH3)sRu(pz)Ru(NH)s](PFe)s 3310 3250

[(NH3)sRu(pz)Ru(NH)s](PFes)s-(18C6)% 3250 3180 2900 1100

Table 6
The Pmax values of MLCT or LMCT bands for ruthenium—ammine complexes and their 18-crown-6 ether adducts

Vmax (1§ Cm_l) AVmad (103 cm‘l)

Solid® Solutiorf Solid Solution
[Ru(NH3)s(pz)](PFe)2 23.2 22.6
[Ru(NHs)s5(pz)](PFs)2-(18C6) 21.9 20.5 -1.3 -21
[Ru(NHz)s(dmapy)l(Pk)3 16.2 15.0
[Ru(NHz)s(dmapy)](Pk)s-(18C6} 18.9 17.3 2.7 2.3
[(NH3)sRu(pz)Ru(NH)s](PFe)s 19.8 18.0
[(NH3)sRu(pz)Ru(NH)s](PFs)s-(18C6)% 195 175 -0.3 -0.5

2 AVmax = Pmax(@dduc — Pmax (complex).
b The values are obtained from reflectance spectra.
¢ The values are in 1,2-dichloroethane and are obtained as described in text.



194 I. Ando/ Coordination Chemistry Reviews 248 (2004) 185-203

for the complexes are plotted against the donor num- We conclude as schematically represente&ameme 3

ber of the solvents irFig. 8 The plots inFig. 8 gave that a ruthenium—ammine complex forms an adduct with

straight lines and thémax of the MLCT or LMCT band crown ethers through hydrogen bonding between the am-

in 1,12-dichloroethane was evaluated from the intercept mines coordinating to ruthenium and the ether oxygens of

at DN = 0 for each complex. These values are listed in crown ethers; a ruthenium(ll)-ammine complex forms a dis-

Table 6as thevmax values of MLCT or LMCT bands for  crete 1:1 adduct by interacting with thr@ns-ammine of the

the complex in solution. On the other hand, electronic complex, whereas a ruthenium(lll)-ammine complex forms

spectra of the adducts in solution were obtained as fol- a 1:2 adduct with the crown ether by interacting with the

lows. The complex was extracted with a 1,2-dichloroethane cissammines of the complex.

containing a large excess of 18C6, and the spectra of the

extracted solution, in which the complex can exist only as

an adduct, were measured. The results are also listed in3. Modification of electrochemical properties of

Table 6 ruthenium complexes caused by formation of

In the solid state, as can be seen Table 6 the hydrogen bonds

MLCT band of [Ru(NH)s(pz)](PFs)2 showed a red

shift in their 18C6 adduct and the LMCT band of Hydrogen bonding with crown ethers should also affect

[Ru(NHz)s(dmapy)](Pf)s showed a blue shift in their the electrochemical behavior of the complexes. Therefore,

18C6 adduct. In [(NH)sRu(pz)Ru(NH)s](PFs)s, which changes in this behavior were examined with respect to

contains both Ru(NE)s%+ and Ru(NH)s3+ units but de- adduct formation for a series of ruthenium—ammine com-

localized valence, the MLCT band of the binuclear com- plexes and crown ethef&8].

plex showed a red shift in their 18C6 adduct. The spectra Adduct formation with a representative crown ether 18C6

of three complexes iriTable 6 and their 18C6 adducts was electrochemically investigated for the complexes in

in 1,2-dichloroethane exhibited a similar difference in Table 7in acetonitrile. Fig. 9 shows the typical change

wavenumber to the reflectance spectra mentioned abovein the cyclic voltammogram by adding crown ethers to

The shifts of the CT band from the complex to the adduct the complex. The cyclic voltammograms of all the com-

are essentially identical both in the solid state and in solu- plexes exhibited one redox couple in the range—df.5

tion for all complexes. These spectroscopic changes fromto +1.0V versus (AgN@Ag) which corresponds to the

the complex to the adduct are also consistent with those Ru(ll1)/Ru(ll) redox process. The redox couple is symmet-

on adduct formation of ruthenium—ammine complexes with rical and shows a peak separation of about 60 mV for all

18C6 in acetonitrile. complexes,[5,6,24,36,41-44]When 18C6 was added to
the solution of the complex, the redox couple shifted con-
tinuously toward a more negative potential with increasing

24 18C6 concentration, while maintaining its reversibility and
without an appearance of any new processes. The depen-
dence ofE;/» on the 18C6 concentration was determined

22 o
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B =20 1 i 1 L 1
14 -0.2 0 0.2 0.4 0.6 0.8
I L I E /Vvs. (Agt/Ag)
0 10 20 30
DN Fig. 9. Cyclic voltammograms of [Ru(NJs(pz)](PFs)2 in 0.10 mol dnt3
tetrabutylammonium hexafluorophosphate acetonitrile solution at a scan
Fig. 8. Correlation betweefmax of the MLCT or LMCT band of the rate of 40mVs!. Solid and dashed lines are the voltammograms
complex and the donor number of the solvent: [Rug)thz)](PFs)2 (O), in the absence and presence of 0.10 motdnmil8C6, respectively

[Ru(NH3z)s(dmapy)](Pk)s (A), and [(NHs)sRu(pz)Ru(NH)s](PFs)s (L). ([complex]= 5.0 x 10~4mol dm3).
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Limiting values of change in redox potentialE;/>(lim), for Ru(lll)-Ru(ll) redox couples of ruthenium—ammine complexes caused by addition of 18C6

in acetonitrilé

Complex L Ei1/2 (V) vs. (Agt/AQ) AEjo(lim) (mV)P
[Ru(NHsz)e](PFe)3 -0.186 (3) —169 (2)
[Ru(NHz)s(L)](PFe)3 ClI- —0.518 (2) -162 (3)
dmapy —0.142 (3) —-121 (2)
Melm —0.141 (2) —128 (3)
ampy —0.127 (4) —131 (2)
[Ru(NHz)s(L)I(PFe)2 py 0.060 (4) —129 (2)
4,4-bpy 0.096 (5) —129 (3)
isn 0.118 (5) —133 (2)
dmabn 0.146 (2) —173 (2)
pz 0.237 (3) —131 (3)
No¢ 0.830 —-110
[RU(NH3)s(L)](PFe)3 Mepz 0.661 (6) —105 (2)
cis-[RU(NHz)4(L)](PFg)2 Me;-bpy 0.174 (4) —124 (2)
bpy 0.260 (3) —122 (1)
NOy-phen 0.361 (4) —111 (2)
cis-[Ru(NHs)a(L)2](PFs)3 dmapy —0.124 (2) —96 (5)
ampy —0.077 (2) —116 (4)
cis-[Ru(NHz)4(L)2](PFs)2 py 0.280 (3) =99 (7)
isn 0.386 (5) —120 (3)
trans-[RU(NHz)4(L)2](PFg)3 dmapy —0.139 (4) —68 (3)
ampy —0.112 (3) —-97 (12)
trans-[Ru(NHz)4(L)2](PFe)2 py 0.253 (4) —91 (6)
isn 0.353 (2) —124 (5)
mer-[Ru(NHz)3(L)](PFs)2 trpy 0.486 (3) —70 (1)
cis-[Ru(NHz)2(L)2](PFe)2 bpy 0.616 (4) —57 (1)
[Ru(NHz)(L)(L)I(PFe)2 trpy, Me-bpy 0.730 (4) —-32(9)
trpy, bpy 0.786 (6) -32 (1)
[Ru(L)s](PFe)2 bpy 0.990 0

a The values in parentheses are the standard deviation in mV units. [compEg]x 104 mol dm 3.

b See text.

¢ The change in oxidation potential of the complex on adding of 200-fold excess of 18C6 to the complex solution.

in detail for the ruthenium complexes ifable 7 Fig. 10

of the ruthenium(ll) and ruthenium(lll) complexes due

shows typical examples of the dependence of the changeto adduct formation with 18C6. This shift is consistent
in redox potential, AE;,>, on 18C6 concentration. Curve with the greater acidity of ammine ligands coordinat-
fittings of several type functions were applied to the depen- ing to ruthenium(lll) making the hydrogen bond stronger
dences ofAE;,; on 18C6 concentration. The exponential than that in the ruthenium(ll) complex. In addition, the

function of Eq. (1) reproduced adequately the observed

AE12 = AEq1»(lim) + A exp(—B[18C6))

dependences okE;, for the complexes iMable 7 Thus,
the limiting change in redox potentialEy >(lim), was eval-
uated from the dependences &E;,» on 18C6 concentra-
tion by the least square analysiskEd. (1) The AE; 5 (lim)

values obtained are summarizedTiable 7

Fig. 11shows the plot oAE;(lim) against the number
of ammine ligands. In a roughly linear mannaizy>(lim)

ruthenium(lll)-ammine complex with fewer ammines can
form hydrogen bonds with 18C6 to a lesser degree than the
ruthenium(lll)—pentaammine complex in its adduct. There-
fore, the greater the number of ammine ligands, the greater
the stabilization of ruthenium(lll) complexes by adduct
formation.

On the other hand, ligands other than ammines also con-
tribute to AE; /»(lim). Because ligands such as pyridine be-
have as electron-acceptimgacids, the contribution of these
ligands toAE; />(lim) is opposite to that of the ammine; thus

decreases with the number of ammine ligands; the relation- AE;/»>(lim) becomes less negative with increasing pyridine
ship is linear for the complexes with ligands including only moieties.

pyridine moieties in addition to the amminesE;,(lim)

The plot in Fig. 11 shows thatAE;y (lim) is differ-

is proportional to the difference between the stabilities ent for the complexes with the same number of ammine
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Fig. 11. Plot of the limiting change in redox potential caused by adduct
[18C6] / mol dm-3 formation, AE;/>(lim), against the number of coordinated ammines for the
complexes inTable 7 (1) [Ru(NHs)s](PFe)s, (2) [Ru(NHs)s(C)](PFs)2,
Fig. 10. Dependence ahE;; on 18C6 concentration for [Ru(N- (3) [Ru(NHg)s(dmapy)l(Pk)s, (4) [Ru(NHs)s(Melm)](PFs)3, (5) [Ru
(P2)](PFs)2 (O) and [Ru(NH)s(trpy)l(PFs)2 (LJ). The values ofAE: 2 (NH3)s(ampy)](PR)s, (6) [Ru(NHs)s(pY)I(PFs)2, (7) [Ru(NHg)s(4,4-

were obtained from cyclic voltammograms measured at a scan rate of bpy)|(PR)2, (8) [Ru(NHs)s(isn)I(PFs)2, (9) [Ru(NHs)s(dmabn)](PF)2,
40mVs in acetonitrile. Solid lines are the exponential regression lines (10) [Ru(NHs)s(p2)](PFs)2, (11) [Ru(NHs)s(Mepz)l(PFs)s, (12) cis-
of the data. [Ru(NHz)a(Mez-bpy)I(PRs)z, (13) cis[Ru(NHs)a(bpy)I(PFe)z, (14) cis-

[RU(NH3)4(NO2-phen)](Pfs)2, (15) cis-[Ru(NHz)s(dmapy}](PFe)s, (16)

i . i ; cis[Ru(NHz)s(ampy}]l(PFe)s, (17) cis-[Ru(NHs)a(py)2I(PFe)2. (18) cis-
ligands: AEy/»(lim) varies from —105 _to —173mV and [RUNNHs)a(Sn)](PFe),  (19) trans [RU(NHs)s(dmapy}l(PFe)s.  (20)
from —68 to —124mV for pentaammine complexes and i ang [Ru(NHs)a@MPYL](PFe)s, (21) trans[RU(NHa)a(py)o](PFe)2, (22)

tetraammine complexes, respectively, and is hence depentrans[Ru(NHs)a(isn)y](PFs)2. (23) mer-[Ru(NHa)s(trpy)l(PRs)2, (24)
dent on the ancillary ligand, L. Thendelectrons of the  cis[Ru(NHz)2(bpy)](PFs)2, (25) [Ru(NHs)(trpy)(Mez-bpy)l(PFe)2, (26)
ruthenium-coordination center is distributed over the whole [RUNHs)(trpy)(bpy)I(PF)2, (27) [Ru(bpy}](PFe)2. Filled circles denote
complex to some extent. By formation of a hydrogen bond complexes with ligands including only the pyridine moiety in addition to
o : ) . th ine ligands.

of the coordinating ammine with 18C6, the electron density © ammine flgancs
on the coordination center increases. However, the increased, .
electron density is somewhat delocalized over the whole Zation energyf4s]. Thus, AHsup can be used as a qualita-
complex by redistribution throughmp-cr back donation. tive measure of ther-electr_on a_cceptablllty of L, but sych
Thus, a net increase in the electron density on the coordina-Values for the complexes in this study are rarely available.
tion center may be modified by theelectron acceptability T cKett and Pletchef6] defined the ligand constarfe,,
of L. Accordingly, AE3 2(lim), should be closely related to which stands for the contribution of L to the redox potential
the w-electron acceptability of L acting asmacid. of the complexes, as iig. (3)

The enthalpy change\Hs,p, for the substitution reaction ~ PL = E1,2{[Cr(CO)s(L)]} — E1/2{[Cr(CO)¢]} )

of Eq. (2)is known to A ligand constant likeP_ can be used instead &Hgyp.

RUNHA)= (HoOV2 + L — [RUNH)= (L2 + HoO This ligand constant is”a more favorable measure .for

[RuNH3)5(H20)1"" + [RUNHa)s(L)]™ +Hz the m-electron acceptability of L, because it is readily
(2) determined under the same conditions as those in this

study. Accordingly, such a ligand constant was defined for

correspond to the stabilization due te4ir back donation, ruthenium-pentaammine complexes a€im (4)

because the difference inH between the substitution re-
actionj of r[]R;]J(NIj)E(FZQ)]A and [Ni(WOési;@\;viLh Lk PL(RU) = E12{[RU(NH3)s(L)]}

agreed with the stabilization energy cause ac

donation as estimated from spectroscopic investigation and, ~ E1/2{[RuNH3)s(H20)]} ()
further, AHgyp, for the ruthenium-pentaammine complexes Fig. 12 shows the plot ofP_(Ru) against AHg, for
was proportional to the spectroscopically estimated stabi- [Ru(NHz)s(L)]?* (L: N, DMSO, pz, isn, py, and
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Fig. 12. Plot of P_(Ru) againstAHsyp for [Ru(NHs)s(L)]?+ (L: No,
DMSO, pz, isn, py, and imidazol).

imidazole). The values ¢ (Ru) were calculated biq. (4),
usingEy /> in water for the pentaammine complexes. These
E1/> values were estimated by

Eyj(calcd = 1.14) " E — 0.35 (5)

using the ligand parameterf, , proposed by Levef47].
The linear relationship reveals that (Ru) can be used as a

197

measure of ther-electron acceptability of L; a ligand with a
largeP| (Ru) value has a large acceptability ferelectrons.

In order to investigate the effect of theelectron accept-
ability of L upon AEy»(lim) caused by adduct formation
with 18C6,AE>(lim) was plotted againg®_(Ru). The val-
ues ofP_ (Ru) were calculated usirig, > for the complexes
in Table 7 [Ru(NH3)s(CH3CN)](PFs)2 (E12 = 0.173V
versus (AgNQ/Ag)) was used as a standard complex in the
calculation ofP_ (Ru) instead of [Ru(NH)5(H20)](PFs)2,
because the agua ligand in [Ru(B)s(H20)](PFe)2 is grad-
ually substituted by acetonitrile as the solvent. The plot for
pentaammine—ruthenium complexesHig. 13 shows that
the absolute value ohE;/>(lim) decreases with increasing
PL(Ru) in a linear manner; that is, the net change in redox
potential caused by the adduct formation is smaller for the
complex involving L with greatefr-electron acceptability.
This interpretation was supported by stability constants of
the crown ether adducts describedSaction 4

On the other hand, in order to examine the influ-
ence from the crown ether itself, the electrochemical be-
havior of a representative ruthenium—ammine complex
[Ru(NH3)s(py)](PFs)2 was investigated by cyclic voltam-
metry in the absence and presence of various crown ethers.
The AE;/2(lim) values were obtained from the dependence
of AE1/»> on the crown ether concentration, as mentioned
above, and are summarizediable 8 The absolute values
of AEy»(lim) increase with the size of the crown ether ring
in each series of crown ethers: 12C4 t018C6, DC18C6 to
DC24C8, and DB18C6 to DB30C10. For a series of crown
ethers with the same ring sizgy E1/2(lim)| decreases in
the order 18C6> DC18C6 ~ B18C6 > DB18C6 and
DC24C8 > DB24C8. When a cyclohexano and a phenyl
ring are introduced into the crown ether, the values of
|AE1/2(lim)| decrease. A large decrease |[iNEq/(lim)]

-50
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Fig. 13. Plot of AE;/2(lim) against P_(Ru) for pentaammineruthenium complexes: (1) [RuglCDI(PFs)2, (2) [Ru(NHg)s(dmapy)l(Pk)s, (3)
[Ru(NHz)s(Melm)](PFs)s, (4) [Ru(NHs)s(ampy)l(PF)s, (5) [Ru(NHs)s(py)I(PFs)2, (6) [Ru(NHs)s(4,4-bpy)l(PFe)2, (7) [Ru(NHg)s(isn)](PFs)2, (8)
[Ru(NHsz)s(dmabn)](Pk)2, (9) [Ru(NHs)s(p2)](PFs)2, (10) [Ru(NH)s(Mepz)l(PFs)s, (11) [Ru(NHs)s(N2)I(PFs)2. Datum for [Ru(NH)s(N2)I(PFs)2 is
change in peak potential of its oxidation on addition of 0.10 mot@éih8C6 to the complex solution of.&x 10~4moldm 3 in acetonitrile.
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Table 8 0
Limiting values of change in redox potential\E;/z(lim), for the
Ru(ll)—Ru(ll) redox couple in [Ru(NH)s(py)l(PFs)2 caused by addition
of crown ether in acetonitrile
Crown ether AEg/2(lim) (mV) lr
12C4 > 307
15C5 —130 (4% 50 |
18C6 —129 (2}
B18C6 —92 (2p >
DC18C6 —87 (27 i
DC24C8 ~115 (3F E
DB18Ce —15° -6 (28 3
DB24C& —29 (27 —12 (2f 3“
DB30C1(® —147F —59 (3 100
The values in parentheses are the standard deviations.

a [complex]= 5.0 x 10~*mol drm 3.

P The values wereAE;» on addition of 200-fold excess of crown
ether.

¢ These values are normalized by use of the ratio of lidH,, values
for the DB24C8 system under the conditions of footnotes ‘a’ and ‘d’.

d [complex]= 1.0 x 10~4mol dn3,

-150 1 1
2.0 2.5 3.0 3.5

. . . log(K/mol-1dm3)
was brought about by the introduction of the more rigid

phenyl ring. The ring size and the introduction of a cyclo- Fig. 14. Relation betweenE;>(lim) and logK for [Ru(NHs),(L)(L")]-
hexano and a phenyl ring affect the flexibility of crown (PFe)2 (2 =1-5; L, L py, bpy, and/or trpy).
ether rings and hence causes the variatiomifiy 2 (lim)].
A more flexible crown ether gives a greatexE1/»>(lim)| using HPLC. The stability constants were obtained from
on forming adducts, presumably because more flexible dependences of the capacity factor of the complex on 18C6
crown ethers are able to adopt a more favorable configura-concentrations. The correlation between the stability con-
tion for hydrogen bonding with the ammines coordinating stants Kj;)1, and AE;/>(lim) was examined as shown in
to ruthenium. Fig. 14 The plot shows a linear correlation and implies
Thus, hydrogen bonding brings about a prominent changethat AE;/»>(lim) reflects the stability of the adduct as to
in redox potential of the complex and the change in re- the ruthenium—ammine complexes which involve pyridine
dox potential is affected by the following factors: (i) the moieties as ancillary ligands. Unfortunately, this technique
number of ammine ligands coordinating to ruthenium, (ii) has a very restricted application, because of the strong
the w-electron acceptability of a ligand not interacting with adsorption of complexes to the packing materials.
crown ethers, and (iii) the flexibility of the crown ether Although the true stability constant of the adduct cannot
ring. be obtained from the dependences of the change in the redox
potential on crown ether concentratiofsg. 10), a relative
stability constant can be estimated.
4. Stability constants of crown ether adducts Equilibria of adduct formation with crown ethers (C) are
expressed for a rutheniun(ll) complex and a ruthenium(lll)
Stability constants offer much information about the complex on the basis of the stoichiometries of adduct for-
adduct formation of ruthenium—ammine complexes and are mation as follows Eqgs. (6)—(8).
necessary to understand the electrochemical behavior of

those complexes on addition of crown ethers as mentionedruy(l) + C = Ru(l) - C; (K1 = M

in the previous section. Some attempts were performed to [Rudb][C]

evaluate the stability constants of the 18C6 adduct. (6)
In principle, the stability constant can be evaluated from

the results of the Job’s continuous variation method men- [Ru(lll) - C]

tioned inSection 2 However, it is hard to obtain a reliable Rudlll) + C = Rudil) - C; (K = W

value because of the small change in absorbance caused by 7)

adduct formation. Partition chromatography is applicable to

determine the stability constants of the 18C6 adducts. For

the ruthenium(ll)-ammine complexes with ligands having Ru(lll) - C+ C = Ru(ll) - Cy;

only pyridine moieties as ancillary ligands, the stability [Rudll) - C]

constants were obtained by Miyajima’s meth{tB,49] (K2 = [Rudll) - CJ[C] (8)
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Table 9
Stability constants for adducts of [Ru(NM(py)](PFs)2 with crown ethers in acetonitrile
Crown ether Ki)1 (107 mol—1 dmd) (Km)1 (12 mol=t dm?) (Kim)z2 (107 mol~t dm?)
12C4 - - -
15C5 0.14+ 0.09 2.0+ 0.89 1.6+ 0.93
18C6 1.6+ 1.4 9.1+ 2.4 3.5+ 3.0
B18C6 0.32+ 0.24 2.5+ 0.13 0.49+ 0.34
DC18C6 0.21+ 0.33 5.0+ 0.88 0.12+ 0.22
DC24C8 0.50+ 0.78 3.94 0.49 0.74+ 1.1
The change in the redox potential of the metal center of the 3.4
ruthenium—ammine complex is expressedgs (9)
1 4.6
AE12 = 59(mV) log——— KlC] ©)
1+ (K- [C] a2 b
+(Ki)1 - (Ki)2[CJ? ) »L—>
Accordingly, stability constants of adducts can be evaluated g 7 44 £
from the dependence afE;/» on crown ether concentra- o 2
tions by least squares analysiskxd. (9) which was carried \& 30 [ \&
out with the data infable 8for [Ru(NH3)s(py)](PFs)2. The w® w®
stability constants obtained are listedTable 9 The val- 1 4.2
ues of ;)1 roughly parallel the values oAE;/»(lim) in (_i,
Table 8 The value of Kj;)1 in the 18C6 system is much 2.8
greater than that in the 15C5 system though both systems
exhibited similarAEy/»(lim). This implies that 18C6 adopts 4 40
a more suitable configuration for hydrogen bonding with the
ammine ligands. The values df )1 are larger than those 26 ! !
of (K1)1 in all crown ether systems and this tendency indi- () 2 4 6
cates that the ruthenium(lll)-ammine complex forms a more [18Cs], / 10”2 mol dm™

stable adduct than the ruthenium(ll)-ammine complex does,

in agreement with the acidity of the ammine ligands in their Fig. 15. Dependences of the chemical shifttieins-ammine protons for

complexes. [Ru(NHs)s(p2)l(PFs)2 (open circles) and [Ru(Ng)s(Mep2)](PFe)s (filled
trans-Ammine proton NMR signals were observed for circles) on 18C6 concentratlon._4$ol|d I|ne§ represent the regression lines

[Ru(NHs)s(p2)](PF)2 and [Ru(NH)s(Mep2))(PR)s atvar- =% (8 (compiexi=8.0xcmoldm,

ious 18C6 concentrations. The results are showridn 15

[50]. Thetrans-ammine proton signals shifted continuously

toward a lower magnetic field with increasing 18C6 con- 35
centration for both complexes. Usirtty. (5) the observed
chemical shifts in the presence of 18C6 are apparent values,

Sapp and can be expressed as follows. 3.0
_ smL[RU(D] + SagdRudll) - C] "8
e [Ru(D]T ’ % 25

[Ru(D]T = [Ru()] + [Rudl) - C] (10) ~.
wheredmL, daada and [Ru(ll)lr denote the chemical shifts a 2.0

of the ruthenium(ll) complex and their 18C6 adduct, and
the total concentration of the ruthenium(ll) complex, respec-
tively. The above expression can be replaced using the sta-

. 1.5 . L
bility constant of the 18C6 adduct &s). (11) 0 5 10
-2 3
B SML — Sadd S 1) [18C6]T/10 mol dm
a — T N~ 1 a
PP (Kll)l[c] +1 Fig. 16. Dependences of apparent diffusion coefficients for

e - . ... [RU(NH3)s(p2)](PFs)2 (open circles) and [Ru(Ngjs(Mepz)](PFs)s (filled
The diffusion coefficient also decreased continuously with jrcles) on the 18C6 concentration. Solid lines represent the regression

increasing 18C6 concentration, as shownFig. 16 Ac- lines of Eq. (3) ([complex]= 5.0 x 10~*mol dm3).
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Table 10
Stability constants, Kj)1, for the 18C6 adducts for ruthenium(ll)
comple@

[Ru(NHz)s(p2)l(PFs)2  [Ru(NHs)s(pzMe)](PFs)3

\oltammetry 3.1+ 33 (8.9+ 2.8) x 10
1H NMR (4.26+ 0.35) x 10 (1.75+ 0.10) x 1%
Chronocoulometry  (4.5% 0.49) x 10 (1.49+ 0.17) x 107

a Unit of stability constant is mof* dn.

cordingly, the apparent diffusion coefficieridap, can be
expressed b¥q. (12)

D DPmL — Dadd
PP (KilCl + 1

whereDy andDgaqq denote the diffusion coefficients of the
ruthenium(ll) complex and its 18C6 adduct, respectively.
Stability constants of 18C6 adducts were obtained for
[RU(NHz)s(p2)](PFe)2 and [Ru(NHs)s(Mepz)](PFs)3 by the
least squares analysis &fs. (11) and (12jith the data
in Figs. 15 and 16and are listed inTable 10 Table 10
also lists the stability constants obtained from the depen-
dences of the change in redox potential of metal-centered
oxidation on the 18C6 concentration. The stability constants
are in good agreement with each other and with those de-
termined by methods other than voltammetry, although the gradual decrease with increasing concentration of crown
ones estimated by voltammetry show smaller values thanether. They interpreted the dependence of the intervalence
others for the reason mentioned above. It is clear that theabsorption energy as the asymmetric binding of crown
true stability constants of a 18C6 adduct can be evaluatedether first at Ru(lll)(NH)s and then symmetrical bind-
by *H NMR spectroscopy and chronocoulometry. The dif- ing at Ru(ll)(NHs)s. The second-sphere coordination of
ference between the stability constants of 18C6 adducts for18C6 to the mixed-valence complex with localized valence
[Ru(NH3)s(p2)](PFs)2 and [Ru(NHs)s(Mepz)](PFs)3 sup- is easily predicted based on the results of mononuclear
ports the idea, that the-electron acceptability of ancillary  ruthenium(ll)— and ruthenium(lll)—pentaammine complexes
ligands is the principal difference in the properties of both in Section 2one molecule of 18C6 interacts at ruthenium(ll)

+ Dadd (12)

Scheme 4. Schematic representations for mixed-valence binuclear com-
plexes.

complexes. end and two molecules of 18C6 bind at the ruthenium(lll)
end.
The Creutz-Taube ion, [(NdsRU2(pz)R1P/2(NH3)s] >,
5. Adduct formation of mixed-valence binuclear is a typical class Ill mixed-valence binuclear complex. In
complex class 1ll mixed-valence complexes depicted on the bot-

tom of Scheme 4the valences of the metal centers are
The second-sphere coordination of crown ethers shoulddelocalized and there are no discrete Ru(ll) and Ru(lll)
influence the electron transfer properties of ammine centers, but formally only two Ru(2.5) centd®—67] It
complexes. Adduct formation of mixed-valence binu- would be interesting to learn how the crown ether interacts
clear complexes is interesting because they are importantwith the Creutz—Taube ion. The Creutz—Taube ion exhibits
species as an intermediate in electron transfer betweena charge-transfer (usually described as metal-to pyrazine
metal complexes[51-63] For a mixed-valence binu- charge transfer) band in the visible region and the IT band in
clear ammine-complex with localized valence as depicted the near-infrared region. Hupp et al. reported encapsulation
on top of Scheme 4 Hupp and co-workers reported the of the Creutz—Taube ion with dibenzo-crown ethers with
second-sphere coordination of dibenzo-24-crown-8 ethera ring size of 24-42 in nitrometharj68,69] The IT band
to [(NH3)sRu(l1)(4,4-bpy)-Ru(Il)(NH3)s]>t  (4,4-bpy: of Creutz—Taube ion showed characteristics of delocalized
4,4-bipyridine) [53]. This complex showed the Ru(ll) system; narrow bandwidth, low energy, asymmetric line
to 4,4-bpy charge-transfer (MLCT) band in the visible shape, and high intensity. In the presence of one equivalent
region and the intervalence transfer between Ru(ll) and of the crown ether, the IT band shifted to higher energy
Ru(lll) (IT) band in the near-infrared region. The en- with broadening and loss of peak intensity. By adding a
ergy of the MLCT band decreased monotonously with large amount of crown ether, the initial spectrum was es-
increasing concentration of crown ether. However, the en- sentially recovered. The IT band behavior is similar to
ergy of the IT band showed an initial sharp rise and then that of [(NHs)sRu(l1)(4,4-bpy)Ru(ll)(NHz)s]°*. A plot of
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Fig. 17.1H NMR spectrum of [(NH)sRu(pz)Ru(NH)s](PFs)s in deuter-
ated acetone ([complex} 1.0 x 10-2 mol dmi3). o
bandwidth of IT band versus crown: complex ratio showed
a maximum at 1:1 stoichiometry. This was interpreted as 20 A
the first asymmetric binding and then the second symmetric , \ \ . \
5

)
I

2 3 4
[18C6]/ 10°! mol dm™3

binding of crown ether. The asymmetric binding of a single
crown ether induces localization (or partial localization) and
the symmetric binding of a second crown ether restores de-
localization. The charge-transfer band in the visible region Fig. 18. Dependence of the chemical shifts of the pyrazine pro-
also shifted to lower energy opposite to the IT band shift. Its ©"S @) and the cisammine () and transammine protons @)
. . f [(NH3)sRu(pz)Ru(NH)s](PFs)s on 18C6 concentration ([complex]

extent was dependent on the ring size of the crown ether andoz 1.0 x 10-2mol dnr-3).
larger than those of IT band on binding of a second crown
ether. Electrochemical measurements gave a negative shift
in the formal potential of two redox couples, Ru-Ruy*+ at the cissammine with increasing 18C6 concentration. In
and Ru—R{f+/51): AEGH/4H) was larger tham E(6+/51), other words, 18C6 successively forms adducts having the

For the 18C6 system, the CT band in the visible region of complex-to-18C6 stoichiometry of 1:1, 1:2, 1:3, and 1:4
the Creutz—Taube ion shifted to longer wavelength with in- with increasing 18C6 concentration, as schematically de-
creasing 18C6 concentration in a manner similar to the cor- picted inScheme 5The behavior of thérans-ammine pro-
responding mononuclear pyrazine complex. (Seetion 2 ton signal corresponds with that of bandwidth of the IT
However, the shift of the IT band was obscured on addition band at half height for the Creutz—Taube ion on addition
of 1000-fold excess of 18C6 owing to insensitivity to 18C6 of dibenzo-crown ethers observed by Hupp and co-workers
binding. [69]. For the 18C6 system, the formation of an asymmetric

The second-sphere coordination of 18C6 to the Creutz—1:3 adduct is strongly supported by the isolation of 18C6
Taube ion was also investigated byl NMR spectroscopy ~ adduct of the Creutz—Taube ion describedSaction 2
[35]. Fig. 17shows'H NMR spectrum of the Creutz—Taube The formation of the asymmetric 18C6 adduct may in-
ion in deuterated acetone. Broad signals were observed atluce localization of delocalized valence in Creutz—Taube
19, 71, and 133 ppm, and were assigned to the ring protonsion as reported by Hupp, since it is predicted from the re-
of coordinated pyrazine and tles- andtrans-ammine pro- sults of mononuclear ruthenium pentaammine complexes
tons, respectively, according to the literat{if®,71] Fig. 18 that the mixed-valence binuclear rutheniumammine com-
shows the dependencies of the chemical shifts of those sig-plex can form an asymmetric adduct binding one molecule
nals on 18C6 concentration. Th&ns-ammine proton sig-  of 18C6 at Ru(ll) end and two molecules of 18C6 at Ru(lll)
nal initially shifted to a lower magnetic field with increasing end. The electrochemical properties of the Creutz—Taube ion
18C6 concentration and showed the shift to lowest magneticare also affected by 18C6 bindingig. 19shows the cyclic-
field at a concentration of 8 10~2mol dnm~23 18C6. In the voltammograms of the Creutz—Taube ion in acetonitrile in
concentration range of 18C6 more thar 30~2 mol dn3, the absence and presence of 18C6. Two reversible redox cou-
the trans-ammine proton signal began to go back to the ples were observed at 0.138 and 0.57 V versus (AgR@)
chemical shift of therans-ammine proton of the complex and correspond to Ru—ERd/4") and Ru-Rf+/51) redox
itself, accompanied by a downfield-shift of thiss-ammine processes, respectivgis]. On addition of 18C6, two redox
proton signal. This change indicates that 18C6 initially binds couples shifted continuously toward negative potential with
to the Creutz—Taube ion at titieans-ammine and the bind-  increasing 18C6 concentration, maintaining their reversibil-
ing at thetrans-ammine is gradually replaced by binding ity. The degree in those shifts is larger for Ru-‘Ru*)
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N AR \N
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N Ru N, N Ru—NH;
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than for Ru-R{f+/5") and the difference increased with in-
creasing 18C6 concentration. This implies that 18C6 bind-
ing stabilizes the higher oxidation state more than lower one
and the extent in stabilization is different between redox
processes.

6. Conclusions

We have demonstrated that ruthenium—ammine com-
plexes interact with 18C6 in the second sphere and form
adducts through hydrogen bonding between the coordinat-
ing ammines to ruthenium and the ether oxygen atoms of
18C6. The active sites and the stoichiometry of adduct for-
mation are dependent on the valence of the metal center:
the ruthenium(ll) complex forms an 1:1 adduct with 18CS6,
interacting with thetrans-ammine of the complex, while
the ruthenium(lll) complex forms a 1:2 adduct, with 18C6
interacting with thecissammines of the complex. This hy-
drogen bonding exhibits a significant change in the redox
potential of the complex, which is affected by the follow-
ing factors: (i) the number of ammine ligands coordinating
to ruthenium, (ii) themw-electron acceptability of a ligand
not interacting with crown ethers, and (iii) the flexibility of
the crown ether ring. Combinations of those factors make
it possible to design a supramolecular species with a de-
sired range of redox potentials. Furthermore, the binuclear
complex with a delocalized mixed-valence state forms an
asymmetric 1:3 adduct with 18C6, having 1:1 stoichiome-
try at one pentaammine moiety and 1:2 stoichiometry at the

Scheme 5. Schematic representation for stepwise adduct formation of theOther moiety, implying a valence-trap.

mixed-valence binuclear complex.

20 |

10

I/pA

-10 |

0 0.5
E/Vvs. (Agt/Ag)

Fig. 19. Cyclic voltammograms of .6 x 10~*moldm 3 [(NHa3)s
Ru(pz)Ru(NHh)s](PFs)s in 0.1 moldn3 tetrabutylammonium hexafluo-

We conclude that micro-environmental changes around
the metal complex induced by second-sphere coordination
such as hydrogen bonding can provide a device to tune the
redox potential of the metal complexes.
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