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Metal-metal bonded Rif(u-OR)LRU3T and R#5H(u-OR)LRU3T (R = CHz and CHCH,) compounds with
tetrachlorocatecholate (§at) have been synthesized in the corresponding alcohol, MeOH and EtOH, from a
nonbridged R&*—Rw* compound, NgRux(Cl,Caty(THF)]-3H,0-7THF (1). In alcohol solvents, compourid

is continuously oxidized by oxygen to form Ru-OR,Ru*" and R&5"(u-OR),RWE5" species. The presence of

a characteristic countercation leads to selective isolation of eith&(ROR),RUT or RS (u-ORLRWS" as

a stable adduct species. In methanol,AZI and dibenzo-18-crown-6-ether afford R@-OMe)LRU" species,

[A] 2[Rux(ClsCatly(u-OMe)Nap(MeOH)] ([A] T = PP (2), [Na(dibenzo-18-crown-6)(#D)(MeOH)]" (3)), while
benzo-15-crown-5-ether provides a Ru(u-OMe)xRu*>" species, [Na(benzo-15-crownfRux(ClsCath(u-
OMe),Nax(MeOH)] (4). The air oxidation ofL in a MeOH/EtOH mixed solvent (1:1 v/v) containing benzo-15-
crown-5-ether provides a R (u-OMe),RU5" species, [Na(benzo-15-crown-5}B)][Rux(Cl,Cath(u-OMe)Nap-
(EtOH)(H20)2(MeOH)] - (benzo-15-crown-5)5). Similarly, the oxidation ofl in ethanol with PHPCI provides

a RS (u-OEtpRWS" species, (PHP)[Rw(ClsCaty(u-OEtpNap(EtOH)] (7). A selective formation of a R (u-
OEtLRUI" species, (PAP)[Ruy(ClsCat)(u-OEtpNax(EtOH)(H20);] (6), is found in the presence of pyrazine or
2,5-dimethylpyrazine. The crystal structures of these compounds, eXeapl7, have been determined by X-ray
crystallography, and all compounds have been characterized by several spectroscopic and magnetic investigations.
The longer Ru-Ru bonds are found in the Ri(u-OR)LRW* species (2.606(1) and 2.628(2) A farand 6,
respectively) compared with those of ¥(u-OMe)Rw35" species (2.5260(6) A and 2.514(2) A férand5,
respectively). These structural features and magnetic and ESR data revealed the electronic configurations of
0%m%0*20%7* 2 ando?m20*20%* 1 for RBT(u-OR)RWT and RS (u-OR),RUE5H, respectively, in which the former

is diamagnetic and the latter is paramagnetic V@t 1/, ground state. Compourtsiforms a one-dimensional
chain with alternating arrangement of a®Rt(u-OMe)RUE°" unit and a free benzo-15-crown-5-ether molecule
by intermolecular hydrogen bonds (Q)-+-O(crown-ether)= 2.91-3.04 A). The cyclic voltammetry in DMF
affords characteristic metal-origin voltammograms; two reversible and two quasi-reversible redox waves were
observed. The feature of cyclic voltammograms for théRu-OR)LRU" speciesZ, 3, and6) and the R&%" (u-
OR)RUE" species4 and7) are similar to each other, indicating that both species are electrochemically stable.
The isolation of the pyrazingans-coordinated species, [FP|[Ru(CLCatk(L)2] (L = pyrazine 8), 2,5-
dimethylpyrazine 9)), revealed the selective isolation 6ffrom pyrazine-containing solution. UWis spectral
variation by ethanolysis f&® demonstrated the selective conversion from the pyrazares-coordinated species

to the R& (u-OEtLRUET species without an oxidation to the i (u-OEt,RU5" species. This result suggests
the presence of equilibrium between [RufCaty(L),]~ and RF (u-OEtLRUH species in the synthetic condition

for 6.

Introduction in understanding the redox chemistry of polynuclear ruthenium
cores because of not only the variety of geometric and electronic

Dinuclear ruthenium complexes with o 178 hydroxo . ! S
P Xo-0) y structures but also the catalytic reactivity for oxidation of water

(u-OH),? and alkoxo 4-OR) bridge4? are of substantial interest
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and organic substrates. A series of mono-oxo-bridged diruthe- OR),RU>" compounds by alcoholysis without an addition of

nium compounds (A) with 2;2bipyridine has been synthesized,

any deprotonation reagents. We found the utility of sodium

and their catalytic mechanism for the oxidation of water has crown ether complex and phosphonium cations for the isolation

been energetically studiéd®1+17 Regarding djz-oxo (B) and

of these type D compounds: Riju-OMe)xRU*" species, [A}-

di-u-hydroxo (C) diruthenium cores, several instances have been[Ruy(Cl,Caty(u-OMe)Nay(MeOH)] ([A] * = PP (2), [Na-

revealed by using an anionic tripod ligandy;¥CsHs)Co-
{(CH30),P=0} 3] -, where the homovalent series R(1-OH),-
Ru** of type (C) and Rt (u-O),Ru*t and RG*(u-O),RWPT of
type (B) were structurally characteriz&8.
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(dibenzo-18-crown-6)(kD)(MeOH)I" (3)); RU5"(u-OMe),-
RSt species, [Na(benzo-15-crowniRuy(ClsCaty(u-OMe),-
Nax(MeOH)] (4) and [Na(benzo-15-crown-5)g0)][Ru(Cl-
Catl(u-OMelNax(EtOH)(H20)2(MeOH)] - (benzo-15-crown-

5) (5); RUH(u-OEthRU" species, (PHP)[RuUx(ClsCat)(u-
OEtpNay(EtOH),(H20);] (6); and RE>(u-OEtLRU5t species,
(PhP)[Ru(ClsCaty(u-OEtpNa(EtOH)] (7). This paper de-
scribes their synthetic reactions, structural characterization, and
physicochemical properties together with the characterization
of the mononuclear ruthenium compounttens (PhyP)[Ru-
(ClyCatp(L),] (L = pyrazine 8), 2,5-dimethylpyrazine9)).

Results and Discussion

Syntheses and Isolations of 27. The equilibrium between
the RFT(u-OMe)xRU*" and RE5 (u-OMe)RU35" species is
established in MeOH, and either of those species, which is more
stabilized by forming an ion pair with a characteristic counter-
cation, is isolated selectively as a crystalline solid. An addition
of PhyPCI affords a R&M(u-OMe)xRW*" species2, in which
two PhP*t cations are involved. Sodiurtrown-ether com-
plexes sometimes become a good countercation for anionic
assembly compounds, so we attempted the selective isolation
of each species by using several crown-ether molecules; an
addition of dibenzo-18-crown-6-ether affords a®Rx-OMe),-

The isolation and characterization of each oxidation state in g g+ species of3 with two [Na(dibenzo-18-crown-6)(0)-
successive redox steps are necessary to understand and expanfhie OH)J* countercations. The choice of benzo-15-crown-5-
diruthenium chemistry. However, bridging cores of types B and gther affords a RtF+(u-OMe)RUE5* species of containing
C tend to undergo changes between themselves depending ogne [Na(benzo-15-crown-g§) countercation (Scheme 1). In a
solution conditions such as pH and oxidation states of ruthenium yixed solution of MeOH/EtOH, a R (u-OMe)R35" spe-

ions, making the Ru{-O),Ru core chemistry complicated. For

cies,5, is obtained as a salt with [Na(benzo-15-crown-21h]*

the purpose we have focused on type D. To date only one sortgimilar to 4 (Scheme 2). A remarkable structural aspech of

of Ri?T(u-ORLRW" compound (R= CHz and CHCH,) has
been reported by Ward et ®lRecently, we have synthesized
a nonbridged dirutheniumtetrachlorocatecholate ({Gat) com-
pound, Ng[Ruyx(ClsCaty(THF)]-3H,O-7THF (1), and its one-
electron-oxidized compound, W&u,(ClsCaty(THF),]-3H,0-
3THF 18 Here, we wish to report that compounds relevant
to prepare a series of type D cores.
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The oxidation products ol in MeOH and EtOH can be
obtained as the corresponding®R(u-OR),RU* and R&->(u-

3 Na*

(11) Weaver, T. R.; Meyer, T. J.; Adeyemi, S.; Brown, G. M.; Eckberg,
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that a free benzo-15-crown-5-ether molecule contained in the
crystal unit forms a 1-D hydrogen bonded chain with?&ju-
OMe)RW5" moieties (see structural description).

On the other hand, in EtOH, an addition of,PEI affords a
RW5H(u-OEtRRWP5" species?, as a salt with the BR* cation.

The selective isolation of a Rb(u-OEtpRU" species ob is
successful when pyrazine or 2,5-dimethylpyrazine (more than
2 equiv per Ru) exists in solution (Scheme 3).

Structural Descriptions of Diruthenium Cores of Ru3*-
(u-OR);RU3T (3, R = Me; 6, R = Et) and Ru®%"(u-
OR)2Ru®%" (4 and 5, R= Me). The formulated molecules of
3 and 6 consist of an anionic cluster and two countercations
(two Na“-dibenzo-18-crown-6-ether cations fdand two PhP*
cations for6). On the other hand, compoundsand5 consist
of an anionic cluster and one Ndenzo-15-crown-5-ether
cation. It should be first mentioned that the structural features
of the anionic moieties of all compounds are very similar to
each other, except fd& (vide infra), forming a NgRw, double
cuboidal cluster which is composed of two ruthenium ions
bridged by two OMe or OEt ligands and two sodium ions as
shown in Figure 1. The overall features of the anionic moieties
of 3—5 are depicted in Figure 23(and 4) and Figure 3 %)
(Figure S1 as Supporting Information, showing an ORTEP

(16) Lei, Y.; Hurst, J. Knorg. Chem.1994 33, 4460.

(17) Lei, Y.; Hurst, J. KInorg. Chim. Actal994 226, 179 and references
therein.

(18) Kondo, M.; Hamatani, M.; Kitagawa, S.; Pierpont, C.; UnouraJK.
Am. Chem. Sod 99§ 120, 455.
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Ru(1-O(5)-Ru(2) = 77.5(1F, Ru(1)-O(6)-Ru(2) =
77.4(1), O(5)~Ru(1)-0(6) = 102.4(1}, and O(5)-Ru(2)—
O(6) = 102.7(1). The average RuOowme distance of4, 2.019
A, is shorter than 2.035 A &3 (A = 0.016 A). Interestingly, a
notable difference in the diruthenium cores betw&eand 4
appears in the RuRu bond. The RtRu bond distance & is
2.606(1) A, which is compatible with that of Riu-OEt)-
RW* (6, 2.628(2) A) and R¥ (u-OH);RW** compounds re-
ported previously:1°On the other hand, the bond distancetof
is 2.5260(6) A, which is compatible with that of & (u-
OMe)RW35t (5, 2.514(2) A) and R#5H(u-OH)RW5" com-
pounds.? It is noteworthy that the RaRu bond distances of
R (u-ORLRW" species3 and 6 are longer than those of
RW5T(u-OMexRU5 speciedt and5 (Figure 1). The electronic

drawing of6). Selected bond distances and angles are listed in configuration in a diw-bridging core having a metametal bond

Tables 3, respectively. So, the descriptions fdand4 are

has been minutely investigated by Hoffmann efalnd Cotton

mainly described in details here. Each ruthenium ion is assumedet al2021 The electronic configurations for Rt(u-OR)2R#+
to be in a pseudooctahedral coordination geometry, where twoand R&>(u-OR)RW5" cores are interpreted to b&r20*202r*2

Cl4Cs0O; ligands and two OMe (OEt foB) ligands coordinate
to each ruthenium ion in a cis-fashion. All LLkO, ligands
exhibit a catecholate form with the-€ distance in the range
1.28-1.35 A. The Ru-Ocicarbonds are distinguishable as two
groups, being in a positiotransto the OMe bridging ligands
and perpendicularto the OMe bridging ligands, where the

and o2726*26%1*1, respectively?%1%21 The shorter RaRu
distances it and5 compared with those iB and6 occur for
electronic reasons rather than steric ones in the bridging core;
the Ru-Ru bond order in the Rt(u-OR)RW" compounds3
and6 is 1.0 @%120*20%7*2), and, on the other hand, that in the
RS (u-OR)LRU5" compoundgt and5is 1.5 @2120* 2021+ 1),

former distance is shorter than the latter one. This trend is found which is caused by one-electron oxidation from an anti-

in all compounds o8, 4, 5, and6. Two OMe groups fo3—5
and two OEt groups fo8 bridge Ru ions. For the bridging core
of 3, the bond distance of Ru@D(3) = 2.035(4) A and the
bond angles of Ru(f)O(3)—Ru(l) = 79.6(2f and O(3)-
Ru(1)-0O(3) = 100.4(2y are found. The bridging part afis
constructed with the RuOome bond distances of Ru(1)O(5)

= 2.017(3) A, Ru(1>0(6) = 2.024(4) A, Ru(2}-0(5) =
2.016(4) A, and Ru(2)0(6) = 2.018(3) A and the bond angles

bondingz* orbital. The Ru-Oopwe distances also decrease in
A = 0.016 A from3 to 4: the average bond distances ®r
and4 are 2.035 and 2.019 A, respectively. Similarly a decrease

(19) Shaik, S.; Hoffmann, R.; Fisel, C. R.; Summervill, R.JHAm. Chem.
Soc.198Q 102, 4555.

(20) Cotton, F. A.Polyhedron1987, 6, 667.

(21) Cotton, F. A.; Walton, R. AMultiple Bonds Between Metal Atoms
2nd ed.; Clarendon Press: Oxford, 1993.
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Scheme 3 3.04(2) A. As mentioned above, the OMe bridging mode in
: 5 is a u»-bridging mode, while other compounds, @, and

o MeOH\H?O 2 6) have aus-bridging mode (Figure 1). The intermolecular
ex. i cl Nla ol % ai hydrogen bonds prevent the coordination of Na ion to the OMe
- " ) O\\\\“ I o, o 4 oxygen atom. o _

\f l o 5, /40 Spectral Characterization of 2-4, 6, and 7.Figure 5 shows
- R UV-—vis spectra of3, 4, 6, and 7 in MeCN under an N
N o/ v/ \""o atmosphere. The spectrum 2fis essentially identical to that
R=H, Me “ O\?/O Cl of 3. The observed absorption parameters are summarized in
CICI cl Nla\HOMe Ci Cl Table 4. For2 and 3, the absorption bands at 474 nm =€
Ph4PCI H;0 d 12600 M*cm™) and 470 nm { = 12600 Ml-cm™),
34 34 respectively, are assigned to a Cat-to-Ru charge transfer (LMCT)
Ru™(u-OEt),Ru band?? No other absorption bands are observed in the longer
wavelength region. Fot, three characteristic absorption bands
2Ph4P* 6 at 575 nm é = 12800 Mlcm™1), 765 nm ¢ = 6900
. ] M~1.cm1), and 1400 nmd = 2500 M~1-cm1) are observed,

1 in EtOH, under Air in which the former two bands are assigned to Cat-to-Ru LMCT
bands?® The broad weak absorption band at 1400 nm is
observed only in the Rt (u-OR),RU35" compounds oft and

PhyPCI .y 7 (vide infra). Similar absorption bands have been found in
cl EIOH_ | HOEt ol previously reported dinuclear compounds in which two metal
¢ o Nla Cl, A4 Ci centers are supported byoxo or u-alkoxo bridges without

o 0 A direct metat-metal bonds: [Ri(dtne)-O)(u-COs)]PFs-5H,0

O\\ SR //0 (dtne = 1,2-bis(1,4,7-triazacyclononan-1-yl)ethane) with a
O,.‘\yﬁu EyR“'Y,\ RS (u-0),RU*>" core shows a band at 1224 nm = 406
cl o (') o q o M~1.cm~1),22 while the electrochemically generated fRU-
o o \Nla/ (bpy)x(u-OMexRW?5(bpy)]®* (bpy = 2,2-bipyridine) cation
a gon” | “hoer ¢, also demonstrates the absorption band at 1750enm 000
EtoH M~L-cm 1) which was not detected in the homovalent com-
Ru3'5+(/,t-OEt)2Ru3'5+ pounds, [Rﬁ*(bpy)zw-OMe)zRLPﬂbpy)z]Zf and [R.L?Jr(bpy)z-.
(u-OMeRRW (bpy)]*t. 1% Ward et al. assigned this absorption
PhsaP* 7 band to ar—x* transition, which is associated with orbitals

fully electron delocalized over R-OMe), core (class llI
characteristic), rather than a valence-localized class Il spEties.
In the case oft and7, the lower energy absorption band is also
associated with a R(u-OR), core, attributable to an electronic
transition based on principal d-orbital contribution for ruthenium
ions because of the direct metahetal bond system. The
spectral features @ and7 are essentially identical to those of
3 and4, respectively (see Table 4).

IR Spectral Studies. The dioxolene ligand in metal com-

; ; plexes has been well characterized by IR spectroscopy, in
cutc;oll\ldalocll\xstgr (l;lgures 1 and 2), Wh]?rﬁ the—é‘daéeclzhila}te particular, the GO stretching frequencies being characteristic
and Na-OMe bonds constitute a part of the cuboidal Skeleton. ¢ ¢ gyidation state. In all a?—7, the bands are observed at

Two of three MeOH molecules coordinating to each sodium ca. 1250 cm! (C—O stretching) and ca. 1420 ci (ring

lon form an mtramolecu_lar _hyd_rogen bond with catecholate breathing), indicative of the catecholate form (Table 4). If the

oxygen. atoms (Qaghed line in Figure 2). o semiquinonate species exists, the @ stretching appear in the
Packing Description of RiP" (u-OMe),Ru*" (5). Similarly region of 1406-1500 cnt1.23f Since all dioxolene ligands in

to 3 and 4, the cluster moiety ob consists of a ruthenium  >__7 are the catecholate form, consequently, the valence of

dinuclear trianion, [(GICatRU?** (u-OMeRRU>" (ClaCath]*”, ruthenium ions is R (u-OR)LRW* for 2, 3, and 6 and

and two sodium cations, where one water and two MeOH or RW35+(u-OR),RW5* for 4, 5, and7, being compatible with the

two EtOH molecules coordinate to the sodium ions. The OMe asuits obtained from the structural aspects.

bridging ligand does not interact with the sodium ion, the

bridging mode being dissimilar to thes-bridging mode in3 (22) Geilenkirchen, A.; Neubold, P.; Schneider, R.; Wieghardt, KrKelp

and4 (Figure 1d). The MeOH and EtOH molecules coordinated U.; Haupt, H.-J.; Nuber, BJ. Chem. Soc., Dalton Tran£994 457.

i i i ith (23) (a) Bhattacharya, S.; Boone, S. R.; Fox, G. A.; Pierpont). &m.
to the sodium ions show intramolecular hydrogen bonds with Chem. Soc1090 1121088, (b) Bhattacharya, .. Pierpontorg.

in the Ru—Oclacatbond distances frorf to 4 is observed. The
deviations of Rt-Ocjacatbonds betweeB and4 areA = 0.019
A for transRu—Ocpcarand A = 0.038 A for perpendicular
Ru—Ociacat

Each sodium ion has ag@oordination environment including
two oxygen atoms of catecholates, three oxygen atoms of MeOH
molecules, and one oxygen atom of a OMe bridging ligand.
The overall bridging feature is assumed with aRia double

catecholate oxygen atoms with bond distances of ©@(]10) Chem.1994 33, 6038. (c) Bhattacharya, S.. Pierpont,iorg. Chem.
= 2.80(2) A and O(3)-0(8) = 2.84(2) A (Figure 3). Interest- 1991, 30, 1511. (d) Haga, M.; Dodsworth, E. S.; Lever, A. B. P.;
ingly, compound5 forms a one-dimensional chain along the Boone, S. R.; Pierpont, G Am. Chem. Sod 986 108 7413. (e)

Boone, S. R.; Pierpont, Morg. Chem1987, 26, 1769. (f) Lever, A.

l:_)-aX|s based on an |nte_rmolecular hydrogen bonding interac- B. P.; Auburn, P. R.; Dodsworth, E. S.: Haga, M. Liti, W.: Melnik,
tion between the coordinated water and the crown-ether oxy- M.; Nevin, A. J. Am. Chem. Socl98§ 110, 8076. (g) Haga, M.;
gen atoms in the (2,3)-folding mode. The overview of an Dodsworth, E. S.; Lever, A. B. Anorg. Chem.1986 25, 447. (h)

intermolecular hydrogen bonding chain is depicted in Fig- fg\?:rmA.PB'.le'flr?of’rgls"éagm 1%92-?336‘395%2'\.”(-;)'R'A‘gs\mJH'\_‘?l‘_’('e’beYV'Aé-?

ure 4. The intermolecular hydrogen bonds are observed as the g p:"Auburn, P. Rinorg. Chem.1991 30, 2402. (j) Boone, S. R.;
bond distances of O(wateryO(ether)= 2.91(2), 2.94(3), and Pierpont, C. GPolyhedron199Q 9, 2267.
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Ru3'5+(,u-0|\/|e)2ﬂu3'5+ (4) Ru3.5+(lu_OMe)2Ru3.5+ (5)

Figure 1. Coordination geometries of the PR, cluster cores in (a3, (b) 4, (c) 5, and (d)6, where3 and6 are classified into R (u-OR)RU*
species and and5 are classified into RiF(u-OMe)xRU5" species.

a b

02
'\fj
Ru1 ol

201,

Na2 3

016

Figure 2. ORTEP drawings of the anionic moieties of @and (b)4. The dashed lines denote hydrogen bond links. Hydrogen atoms are omitted
for clarity.

Magnetic and ESR Studies.The temperature dependence between 1.9 and 300 K, and ESR spectra were recorded at 77
of the magnetic susceptibilities for all compounds was measuredK for 4, 5, and 7. The magnetic and ESR data far-7 are



Diruthenium Compounds of Tetrachlorocatecholate Inorganic Chemistry, Vol. 40, No. 14, 2008549

o13 Intermolecular Table 2. Relevant Bond Distances (A) and Angles (deg) 4owith
/\)/}( Hydrogen Bonds the Estimated Standard Deviations in Parentheses

Ru(1)-0(1) 2.001(4) Na(1)0(2) 2.398(4)

Ru(1-0(2) 2.028(3) Na(1rO(6) 2.554(4)
Ru(1)-O(3) 2.020(3) Na(1-0(7) 2.377(4)

Ru(1-O(4) 1.999(3) Na(1rO(11) 2.338(5)

o Ru(1)-0(5) 2.017(3) Na(1-0(12) 2.458(5)

4 Ru(1)-0(6) 2.024(4) Na(1rO(13) 2.536(4)

Ru(2)-0(5) 2.016(4) Na(2}0(3) 2.371(4)

Ru(2)-0(6) 2.018(3) Na(2rO(5) 2.689(4)

C/ Ru(2)-0(7) 2.031(3) Na(2y0(9) 2.401(4)

Ru(2)-0(8) 1.998(3) Na(2yO(14) 2.531(4)

}_ri“rc?mo'ecg'af Ru(2)-0(9) 2.032(3) Na(2}O(15) 2.323(5)
ydrogen Bonds Ru(2)-0(10) 1.990(4) Na(2)O(16) 2.358(5)

Ru(1)-Ru(2) 2.5260(6)

O(1)-Ru(1)-0(2) 83.4(2) O()rRu(2-0(6)  102.7(1)
O(1)-Ru(1)-0(3) 90.1(1) O(5rRu(2-0(7) 96.6(1)
O(1)-Ru(1)-0(4)  87.7(1) O(5rRu(2)-0(8) 84.5(1)
O(1)-Ru(1)-0O(5)  84.9(1) O(5)Ru(2)-0(9) 90.2(1)
O(1)-Ru(1)-0(6) 170.8(1) O(5YRu(2-O(10) 170.4(1)
O(2-Ru(1)-0(3) 169.7(1) O(6)}Ru(2)-0(7) 90.1(1)
0(2)-Ru(1)-0(4)  88.2(1) O(6)Ru(2-0O(8)  170.7(1)
Figure 3. (a) Perspective view of the MAw, monoanionic cluster 0O(2)-Ru(1)-0(5) 97.7(1) O(6)yRu(2y-0(9) 96.5(1)
and free benzo-15-crown-5-ether molecule5of(b) Intermolecular O(2)—Ru(1)-0(6) 90.1(1) O(6)yRu(2)-0(10) 85.1(1)
hydrogen bonding mode betweenRe&, anionic cluster and free benzo- O(3)-Ru(1)-0(4) 83.5(1) O(7yRu(2)-0(8) 83.2(1)
15-crown-5-ether molecules, showing (2,3)-holding mode, where each O(3)-Ru(1)-O(5)  89.6(1) O(73Ru(2)-0O(9)  169.3(1)

hydrogen bond distance is given in Table 3. O(3)-Ru(1)-0O(6) 95.4(1) O(7yRu(2)-0O(10) 88.8(1)
O(4)-Ru(1-0(5) 169.9(1) O(BYRu(2-0(9)  89.2(1)
Table 1. Relevant Bond Distances (A) and Angles (deg) 3owith O(4)—-Ru(1)-0O(6) 85.6(1) O(8)yRu(2)-0(10) 88.3(1)
the Estimated Standard Deviations in Parentteses O(5-Ru(1}-0O(6)  102.4(1) O((9})_RU§2))—O(%0)) 83-4glg
Ru(1)-0O(5)—Ru(2 77.5(1
Ru(1)-0(1) 2.016(4) Na(50(2) 2.308(4) -
Ru(1y-0(2) 2.066(3) Na(tyO(3) 2.586(6) RU(L-O(6)-Ru2)  77.4(1)
Ru(1>-0(3) 2.035(4) Na(LrO(4) 2.372(7) Hydrogen Bonds
Ru(1)-Ru(1)* 2.606(1) Na(1}O(5) 2.506(4) O(1)+-0(16) 2.878(6) 0(4)-0(13) 2.763(6)

O-RULOW"  §7.82) O@)-RUL)-O2)* 1704@2) 0(8)+-0(14) 2.777(5) 0(10)-0(12) 2.756(5)

88:538)):883** 593&(11)) &(gﬁgﬂg)):ggg* gﬂ((z?)) Table 3. Relevant Bond Distances (A), Hydrogen Bond Distances
O(1)-Ru(1)-0(3) 172-.0 1) O@yRu(1)-0@)* 100-.4 5 I(r/?)P :rré% tﬁggéess (deg) fob with the Estimated Standard Deviations
O(-Ru(1-O(3)*  86.1(1) Ru(1}O(B)-Ru(l)* 79.6(2)

Ru(1)-0(1) 2.00(1) Na(1}0(2) 2.42(1)

Hydrogen Bonds Ru(1}-0(2) 2.03(1) Na(1}0(7) 2.36(2)

O(1)--O(5) 2.730(5) Ru(1)-0(3) 1.99(1) Na(1}0(8) 2.43(1)
aSymmetry operations:«f 1 — X, 1 —y, 1 — Z (k) 1 — X, V, Sﬂg)tgggg %83(11()10) ’N\IZ((zzgggg; %gzg;
-z Ru(1)-0(6) 2.02(1) Na(2rO(10)  2.62(1)

. . Ru(1)-Ru(1)* 2.514(2)
summarized in Table 4. Compoun@s 3, and 6 are exactly

diamagnetic. Fo#, the magnetic moments between 2:@dat 88;:238)):8% gg-ggi; 88;;38)):82‘513 gg-igfg
300 and 1.7Lg at 1.9 K, per dinuclear unit, clearly demonstrate O(1)-Ru(1y-0(4) 89:6(4) O(3)Ru(1y-0(6) 169'.0(4)
aS= 1 ground state. This magnetic data is compatible with o1} -Ru(1-0(5) 170.4(4) O(4}Ru(1)-0(5) 95.7(5)
the ESR spectrum of a powdered sample recorded at 77 K as O(1)-Ru(1}-0(6)  85.4(4) O(4}Ru(1)}-0(6) 90.5(5)
shown in Figure 6a. The ESR signal displays a rhonghialue O(2)-Ru(1)}-O(3)  90.3(4) O(5-Ru(1}-0(6) 102.5(3)

pattern withg; = 2.54, g, = 2.01, andgs = 1.80, which is O(2)-Ru(1)-O(4)  171.0(4) Ru(l—}O(S)—Ru(l): 77.9(5)
consistent with those of R (u-O),Ru*5" compounds having 8%:238)):8% gg'ég RU(tyO@)-Ru(1)*  77.0(6)
a Ru—-Ru bond reported previous®.The magnetic behavior '

for 5 is essentially the same as thatdfdemonstrating & = Intramolecular Hydrogen Bonds

1/, ground state (1.75g at 1.9 K and 2.02s at 300 K), and O(1)--0(10) 2.80(2) O(3)-0(8) 2.84(2)
no apparent interdimer interaction was detected through the Intermolecular Hydrogen Bonds

hydrogen bonds. The ESR spectrum of a powder sampte of O(7)+-0(11) 3.04(2) O(7)-0(13) 2.94(3)
is shown in Figure 6b, in which the signal pattern is more O(9)--0(12) 2.91(2)

complicated than that @f, but similar in rhombic pattern. For
7, the effective magnetic momentis 1.89 at 1.9 K and 1.72
ug at 300 K. The value oftesr at room temperature is slightly ~ was observed (Figure 6¢). These magnetic data, in addition to
smaller than the values observed 4caind5 and the previously structural characterization, well demonstrate the electronic
reported values (1-92.70ug).>?2 This is because the presence configurationso?m26*26%1*2 and ¢%126*26%m*1 for Rt (u-

of a small amount of Rl (u-OEtpRU" diamagnetic species  OR)RRUFT and R (u-ORLRUES", respectively, where the
could cause a slight deviation from the expected one. @he former is diamagnetic and the latter is paramagnetic wigh a
values are also consistent with the results from $he /> = 1/, ground state.

ground state for RiP"(u-OMe)RW>t species, where a rhombic Cyclic Voltammetry. Cyclic voltammetry for2—4, 6, and7
signal withg values atg; = 2.43,g, = 2.04, andgs = 1.86 was performed in DMF solution in a potential range fret®.0

a Symmetry operation: ) —X, Y, z
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Figure 5. The electronic spectra of the Riju-OMe)RU** species3,
the R#SH(u-OMelRUP 5" speciest, the RE#T(u-OEtpRUT speciess,
and the R&%"(u-OEtLRWS species?, in MeCN under N.

Table 4. IR, Electronic Spectral Parameters, Magnetic Moments,
andg Values Detected from ESR MeasurementsZoi7

Amax, NM
compd Vc—o, Vo-c, CMT L (e =M~tcmtin MeCN)
2 1258, 1436 474 (10300)
3 1254, 1435 470 (12600)
4 1255, 1422 575 (12800), 765 (6900) sh,
1450 (2500) sh
5 1255, 1423
6 1257, 1435 472 (12500)
7 1255, 1422 575 (10500), 765 (6000) sh,
1400 (2000) sh
compd magnetic momenisgg ESR,gvalue at 77 K
2 diamagnetic
3 diamagnetic
4 1.71 (1.9 K), 2.04 (300 K) 2.54,2.01,1.80
5 1.75 (1.9 K), 2.02 (300 K) 2.57,1.90,1.73
6 diamagnetic
7 1.30 (1.9 K), 1.72 (300 K) 2.43,2.04,1.86

to +1.0 V vs Ag/AgCl reference electrode. Figure 7 shows the

cyclic voltammograms for3, 4, 6, and 7. The features of

Miyasaka et al.
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Figure 6. ESR spectra of powder samples of theé*Riu-OMe),Ru35*
species, (ay and (b)5, and the R&5(u-OEtLRU>5" species, (c),
which were measured at 77 K,(microwave frequency 9.194 GHz,
power 8.03 mW5, microwave frequency 9.196 GHz, power 8.02 mW;
and 7, microwave frequency 9.192 GHz, power 8.03 mW).

two reversible and two quasi-reversible redox waves were
clearly observed. Each redox wave was assigned to a metal-
origin one-electron process because of assignments of previous
work 1823 The quasi-reversible wave Bi, = —1.58 V (Ipdlpc

~ 1, AE = 70 mV) arises from the [R (u-OR)RUWT/RWZ5(u-
OR)RW?5] redox couple. The quasi-reversible waveEgh =

voltammograms for these compounds are essentially identical; —0.21 V (pdlpc & 1, AE = ca. 70 mV) and the reversible wave
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Ru®*(-OMe),Ru®* (3)

Ru3‘5+(,u-0Me)2Hu3‘5+ (4)

Ru®*(1-OEt),Ru%* (6)

Ru3'5+(u-OEt)2Ru3'5+ (7)

-0.5 -1
V vs Ag/AgCl

Figure 7. Cyclic voltammograms of (a) the Ri(u-OMe),RU** species
3, (b) the RE>"(u-OMe)RW*5" speciess, (c) the R (u-OEtpRUP"
species, and (d) the RE&*(u-OEtLRU>" species in DMF containing
(n-BwuN)CIO, = 0.1 M as a supporting electrolyte. Conditions:
[compound]= 1 x 103 M; carbon working electrode, Pt counter
electrode, and Ag/AgCI reference electrode; under N

at+0.04 V (pdlpc ~ 1, AE = ca. 60 mV) are assigned to the
[RUB5F (u-ORLRUESH/RUT(u-ORLRU'] and [RuU(u-OR),-
RU/RUST(u-OR)LRUE5] couples, respectively, on the basis
of bulk solution rest potential measurements. The redox potential
of [RUE5 (u-OR LR /RUP (u-OR)RUP ] is relatively lower,
actually, compound®, 3, and 6 are oxidized gradually in
solution (DMF and MeCN) under air. The reversible wave at
Eip = +0.86 V (pdlpc = 1, AE = ca. 61 mV) could be
associated with [RtPH(u-ORLRU*5/RU (u-ORLRU*], be-

cause the dioxolene ligand-based redox reactions were not

detected in these systems including compoladd its oxidized
compound-$23 The similar redox behavior in all compounds
indicates that substituents of the bridging ligands exert no
significant effect on the electronic states of compounds.
Spectral Investigation of Oxidation and Alcoholysis of 1.
Formation of 2—4. The oxidation ofl in MeOH under air
continuously leads to Ri(u-OMepRWP™ and RE>"(u-OMe),-
Ruw*5" species. Figure 8 shows the time course of tiNs
spectra ofL in MeOH under air for 24 h. First, the absorption
bands at 480 and 710 nm are observed in MeOH under N
atmosphere. This spectrum is accounted for by the formation
of axially MeOH coordinated species, [RGl,Caty(MeOH)]3~
(1). The absorption band fat' does not cross the isosbestic
points during the period of oxidation, because it may be due to
the rapid oxidation of’ to the R&+(u-OMe)RU" species under

Inorganic Chemistry, Vol. 40, No. 14, 2008551

air. The absorption band at 480 nm changed continuously to
the band at ca. 590 nm. These two bands are ascribed to the
LMCT bands of 2—3 and 4, respectively. In addition, the
observation of isosbestic points at 380 and 537 nm clearly
exhibits that the two species Rifu-OMe)xRu" and RE->"(u-
OMe)RU35t are in equilibrium.

Formation of 6 and 7. In EtOH, both R&"(u-OEtpRUE"
and R&-5"(u-OEtLRUE5" species are formed by the oxidation
and ethanolysis ofl. The UV—vis spectrum forl shows an
absorption maximum at 535 nm in EtOH under dlmosphere
([Rux(ClsCaty(EtOH)Y]3~ (1), with which spectral change by
air oxidation was monitored as shown in Figure 9. First, the
initial absorption intensity increased slightly and a new absorp-
tion band was observed at ca. 500 nm as a shoulder (inset of
Figure 9), which shifted finally to 585 nm with isosbestic points
at 455 and 558 nm. The absorption bands at 500 and 585 nm
correspond to LMCT bands & (472 nm) and7 (575 nm),
respectively. Such spectral variation indicates a continuous
conversion froml"” to 6 and finally to7 by the air oxidation
and structural modification due to ethanolysis. The addition of
PhyPCl as a countercation leads to the isolation of thé¥R{u-
OEtpRW>" species, which is the final product of the oxidation
reaction.

On the other hand, the air oxidation reaction in the presence
of pyrazine (or 2,5-dimethylpyrazine) afforded the 3Riu-
OEtLRU*" speciess as a solid. The addition of an excess of
pyrazine (or 2,5-dimethylpyrazine) (4 equiv per Ru) to a EtOH
solution of 1 under air causes a large shift of the band at 535
nm to 780 nm, which is attributable to the formation of
[Ru(ClsCatp(L)7]~ (L = pyrazine 8), 2,5-dimethylpyrazine9))
as shown in Figure 10. X-ray crystallographic and several
spectroscopic analyses characterized compouidand 9
(Figures S2 and S3 as Supporting Information, showing ORTEP
drawings of8 and 9, respectively}* To confirm the selective
conversion from8 or 9 to the R (u-OEtLRU" species by
ethanolysis, UV~vis spectral variation was recorded when EtOH
was added to a Ci€l, solution of9 under air (EtOH:CHCI,
= 1:5 v/v) (Figure 11). The absorption bands at 775 and 600
nm, which are assigned to LMCT and ILCT (interligand charge
transfer) bands 3, respectively, decrease, and simultaneously,
the absorption band at 475 nm increases with an isosbestic point
at 517 nm. The increasing absorption peak at 475 nm corre-
sponds to the LMCT band d§ (472 nm). After 2 h, a final
spectrum similar to that d was obtained. On this basis, it is
concluded that an equilibrium exists between [RuQak)(L)2] ~
(8 and9) and the R&(u-OEtLRUT (6) species. The presence
of pyrazine derivatives suppresses further oxidation to the
Ru5T(u-OEtpRUS (7) species. Therefore an addition of
pyrazine or 2,5-dimethylpyrazine is relevant for the selective
isolation of the R&(u-OEtpRW" species (Scheme 4).

Conclusion

In summary, a series of new edge-sharing bioctahedral
R (u-ORLRW and RE>"(u-ORpRW>" (R = CHz and C
H3CH,) compounds of tetrachloro-chatecholate have been

(24) The cyclic voltammetry foP was recorded in CkCl,, but for 8 it
failed due to the lower solubility and the occurrence of decomposition
of the compound. Fo9, two reversible redox waveg;,, = +0.24
and—0.93 V (vs Ag/AgCl), were observedh{/lpc ~ 1, AE = 60—62
mV). The redox couple at-0.24 V was assigned to the [RURU*
couple (one-electron transfer). The redox poterfigé = —0.93 V
(one-electron transfer) was assigned to the couple offiRuf*]. The
IR spectra foi8 and9 also showed the characteristic frequencies for
catecholate, where the frequencies at 1258 and 1434 fon 8 and
at 1257 and 1436 cm for 9 were observed.
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Figure 11. Spectral variation of a C#€l, solution of 9 containing

EtOH (CH.CI,:EtOH = 5:1 v/v) under air. It was recordedrf@ h and
synthesized and structurally and physicochemically character-then maintained as such.

ized. The compounds described here are the first example of ) ) )

meta-metal bonded R&f(u-ORpRW* and RE5(u-OR)y- structural conversion from the pyrazine-coordinated monoru-

RW35+ compounds in our knowledge. thenium(lll) species to the F?tl(,u-OR)zRu?’_+ species are not
Crown-ether molecules play an important role in the isolation Y&t fully understood. Probably, several intermediate species

of labile molecules and intermediates, thus promoting supramo-Such as [RU(CliCatp]~, [Ru" (Cl,Cath(EtOH)]", and [Ruy'" -

lecular complexatioR Molecular recognition by the formation ~ (ClaCatu(EtOH)]?~ could be presented in this conversion
of hydrogen bonds affords various specific oligomeric and Process.

polymeric moIeCI_JIar assemblies in a so_lld state arrangement'Experimental Section
Namely, the alkaline metalcrown-ether cations behave not only

as cations for ionic complexation but also as a crystallization ~ General Procedures and Materials.All chemicals used for the
agents by their nature as supramolecular linkers. Their packingSyntheses were reagent grade. The solvents, MeOH, MeChClgH
effects selectively isolated compour@ist, and5. In addition, and DMF, for Fhe spectroscopic measurements were purified by drying
compounds was concomitantly obtained as a novel hydrogen- 2nd @ distillation under N Nas[Ruy(CliCat)(THF)]-3H.0-7THF (1)
bonded assembly involving a R (u-OMe),RW*>"—Na cluster was synthesized by the literature metfiéd. :

I | df b 15 5-eth | | Preparation of 2. Compound can be synthesized by method A or
molecule and free benzo-15-crown-5-ether molecules. method B.

~We found that the addition of pyrazine or 2,5-dimethylpyra-  pethod A. A MeOH solution (40 crf) of 1 (200 mg, 0.14 mmol)

zine promotes selective isolation of Ru-OEt,RW" species.

was stirred under air for 1 h, where the violet solution changed to a
It should be remarked that the details of the mechanism for the dark blue one. After stirring, solid RRCI (160 mg, 0.43 mmol) was

added, and the solution was stirred further for 5 min and then filtered.
(25) Lehn, J.-M.Supramolecular Chemistry)WCH: Weinheim, 1995. The filtrate was allowed to stand in air for—3 days to form dark
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brown prismatic crystals &. They were collected by suction filtration,
washed with a minimum amount of 2-propanol, and dried in vacuo.

Method B. The MeOH solution (40 cf) of 1 (200 mg, 0.14 mmol)
was stirred in air for 30 min and then a solid of,PEI (160 mg, 0.43
mmol was added). The solution was filtered to remove an insoluble
solid, and the filtrate was stirred in air for 2 h. During this time, the
brown microcrystals precipitated from dark blue solution. They were
collected by suction filtration, washed with a minimum amount of
2-propanol, and dried in vacuo. F@r Anal. Calcd for GoH7oCiie-
NaO1P.RWw: C, 44.38; H, 3.26. Found: C, 44.32; H, 3.07. BVis
(Amafnm (€/M~1-cmt) in MeCN): 474 (10300). IR (crmt) on KBr:
(C—0), 1258;v(C=C), 1436. Diamagnetic.

Preparation of 3. Compound3 can be synthesized by method A or
method B. The single crystal for X-ray crystallographic analysis was
prepared by method A.

Method A. A MeOH solution (40 cr¥) of 1 (200 mg, 0.14
mmol) was stirred under air for 1 h, where the violet solution changed
to a dark blue one. After stirring, solid dibenzo-18-crown-6-ether

[Ru'(Cl4Cat)y(L),]

(L = pyz: 8, Meypyz: 9)

crystal was suitable for X-ray crystallographic analysis. The crystals
were collected by suction filtration, washed with a minimum amount
of 2-propanol, and dried in vacuo. Fér Anal. Calcd for GoH7¢Cize-
NasOzeRWw: C, 35.23; H, 3.45. Found: C, 34.62; H, 2.75. bVis
(Amanm (/M ~2-cm™1) in MeCN): 575 (12800), 765 (6900, shoulder),
1450 (2500). IR (cm') on KBr: »(C—0), 1255;v(C=C), 1422 ucs

= 1.71 (1.9 K) and 2.04 (300 K).

Preparation of 5. A MeOH solution (30 crf) of 1 (200 mg, 0.14
mmol) was stirred under air for 1 h. After stirring, a solid of benzo-
15-crown-5-ether (150 mg, 0.56 mmol) was added, and the solution
was stirred further for 5 min. To this MeOH solution was added 30
cm?® of EtOH, and then the solution was filtered. The filtrate was allowed
to stand for in air for 23 days to form dark blue prismatic crystals of
5. A single crystal was suitable for X-ray crystallographic analysis.
The crystals were collected by suction filtration, washed with a
minimum amount of 2-propanol, and dried in vacuo. BoAnal. Calcd
for CeoH72ClieNasORWw: C, 34.92; H, 3.52. Found: C, 35.31; H, 3.62.
IR (cm™) on KBr: »(C—0), 1255;v(C=C), 1423 uerr = 1.75(1.9 K)

(180 mg, 0.5 mmol) was added, and the solution was stirred further and 2.02ug (300 K).

for 10 min. In this time, an excess amount of dibenzo-18-crown-6-
ether remained as a white solid in solution. The mixture was fil-

Preparation of 6. An EtOH solution (30 crf) of 1 (200 mg, 0.14
mmol) was stirred under air for 1 h. Then, an excess amount of pyrazine

tered to remove an excess of dibenzo-18-crown-6-ether, and the filtrate(50 mg, 0.62 mmol) was added into this solution. The solution changed

was allowed to stand in air for-23 days to form brown prismatic
crystals of3. A single crystal was suitable for X-ray crystallographic
analysis.

Method B. A MeOH solution (40 crf) of 1 (200 mg, 0.14 mmol)
was stirred under air for 30 min, and then a solid of dibenzo-18-crown-
6-ether (160 mg, 0.44 mmol) was added. After stirring for 10 min, the
solution was filtered to remove an insoluble solid (free dibenzo-18-
crown-6-ether) and the filtration was stirred for 2 h. During this time,
bright brown microcrystals precipitated from dark blue solution. They
were collected by suction filtration, washed with a minimum amount
of 2-propanol, and dried in vacuo. F8r Anal. Calcd for G4HgoClie-
Na:OsRw: C, 37.77; H, 3.86. Found: C, 37.46; H, 3.13. BVis
(Amafnm (€/M~1-cmt) in MeCN): 470 (12600). IR (crmt) on KBr:
v(C—0), 1254;v(C=C), 1435. Diamagnetic.

Preparation of 4. A MeOH solution (40 crf) of 1 (200 mg, 0.14
mmol) was stirred under air for 1 h. After stirring, solid benzo-15-

to greenish blue, and this solution was stirred under air for 1 h. Solid
PhPCI (160 mg, 0.43 mmol) was added, and the solution was stirred
further for 5 min and then filtered. The filtrate was allowed to stand in
air for 2—3 days to form dark blue prismatic crystals @fA single
crystal was suitable for X-ray crystallographic analysis. The crystals
were collected by suction filtration, washed with a minimum amount
of 2-propanol, and dried in vacuo. The use of 2,5-dimethylpyrazine
(70 mg, 0.65 mmol) instead of pyrazine also afforded a crystalline
sample of6. For6: Anal. Calcd for GeH7¢ClieNa:O16P:RW: C, 44.38;

H, 3.26. Found: C, 44.03; H, 3.21. UWis (Ama/nm (/M ~1-cm2) in
MeCN): 472 (12500). IR (cm) on KBr: »(C—0), 1257;»(C=C),
1435. Diamagnetic.

Preparation of 7. An EtOH solution (30 crf) of 1 (200 mg, 0.14
mmol) was stirred under air for 1 h. Then, solid,P&I (160 mg, 0.43
mmol) was added, and the solution was stirred further for 5 min and
then filtered. The filtrate was allowed to stand in air for2days to

crown-5-ether (120 mg, 0.45 mmol) was added, and the solution was form dark blue prismatic crystals @f They were collected by suction

stirred further for 5 min and then filtered. The filtrate was allowed to
in air for 2—3 days to form dark blue prismatic crystals®bfA single

filtration, washed with a minimum amount of 2-propanol, and dried in
vacuo. For7: Anal. Calcd for G4HgsCligNa,O16P1RW: C, 39.67; H,
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Table 5. Crystallographic Data foB—6

Miyasaka et al.

3 4 5 6
formula Gr4HgoO3.ClisRUWNay Cs1H74027ClisRuNag CeoH72027ClisRUWNag CgoH70016ClisRWPNa,
fw 2350.84 2077.60 2063.57 2164.74
cryst syst monoclinic triclinic orthorhombic monoclinic
space group C2/m(No. 12) P1 (No. 2) Cma; (No. 36) P2:/n (No. 14)
T/ °C —-100+ 1 —100+ 1 —100+ 1 —100+ 1
MA 0.71069 0.71069 0.71069 0.71069
alA 19.511(3) 12.657(1) 21.6069(3) 12.9343(8)
b/A 18.803(2) 16.5820(5) 15.769(1) 26.275(2)
c/A 14.1254(3) 20.887(2) 24.4792(4) 15.3341(5)
o/deg 90 76.303(2) 90 90
pldeg 111.0893(5) 87.1994(8) 90 114.004(1)
yldeg 90 80.4219(7) 90 90
V/A3 4835.1(8) 4199.3(5) 8340.7(7) 4760.6(4)
z 2 2 4
Dealedgrcm—2 1.615 1.643 1.643 1.510
w(Mo Ka)/em™ 8.49 9.56 9.63 8.67
no. of reflns 42261(> 3.00s(1)) 14345 ( > 3.00s(1)) 4248 ( > 2.005(1)) 3899 ( > 3.00(1))
p-factor 0.05 0.02 0.05 0.05
Ra 0.045 0.061 0.098 0.088
R.P¢ 0.083 0.087 0.103 0.110

*R=J|IFel = [Fell/ZIFol. * Ry = [ZW(IFo| — [Fe)7ZWIFoY% ¢w = 1/[6*(Fo) + p*IFo|74].

3.43. Found: C, 40.39; H, 3.14. UWis (Ama/nm (/M~2cm) in
MeCN): 575 (10500), 765¢6000, shoulder), 140042000, shoulder).
IR (cm™) on KBr: »(C—0), 1255;»(C=C), 1422 ue; = 1.30 (1.9 K) The values for the mass attenuation coefficients are those of Creagh
and 1.72ug (300 K). and HubbeP! All calculations were performed using the teXsan
Physical Measurementsinfrared spectra were measured on KBr  crystallographic software package of Molecular Structure Corporétion.
disks with a Perkin-Elmer System 2000 FT-IR spectrophotometer- UV  Although X-ray crystallographic analyses were performed at low
vis—near-IR spectra were recorded with a Hewlett-Packard 8452A diode temperature, the fragility of the crystals and the existence of disordering
array spectrophotometer and a Hitachi U-3500 spectrophotometer.made it difficult to improve the quality of the X-ray crystallographic
General magnetic susceptibility data were measured over the temper-analysis for4 and 6. For compounds, the lack of reflections and
ature range 26300 K using an MPMS5 SQUID susceptometer isotropical refinement made it difficult to improve the quality of the
(Quantum Design, Inc.) interfaced with an HP Vectra computer system, X-ray crystallographic analysis. The crystal data and details of the
where the applied magnetic fields were 1 T. The samples for magnetic structure determinations f@&—6 are summarized in Table 5.
measurements were ground to powder in order to avoid an effect of
the anisotropy from crystal orientation. Corrections were applied for ~ Acknowledgment. This work was supported by a Grant-
diamagnetism using Pascal's const&htnd for aluminum foil and In-Aid for Scientific Research from the Japanese Ministry of
vinyl capsule wrapping samples. Effective magnetic moments were Education Science, Sports, and Culture. H.M. is grateful to the
calculated by the equationy = 2.828fwT)"2 whereyw is the mag- JSPS Research Fellowships for Young Scientists. We also
netic susceptibility per formula unit. Cyclic voltammograms were  acknowledge Professor Takashi Kawamura in Gifu University
recorded in DMF (tetrabutylammomum perchlorate [(MERIO,] = for helpful discussion in ESR measurements.
0.1 M as a supporting electrolyte) under nitrogen atmosphere with BAS
100B/W(CV-50W). At the beginning of measurement for the com-  sypporting Information Available: X-ray crystallographic files
pounds, CV's of DMF and CkCl, with only supporting electrolyte i CIF format for the structure determinations®#6, 8, and9. Fig-
were measured. To this solution were added the compounds ([com-yres S1-S3, showing the ORTEP drawings 6f 8, and 9, respec-

pound]= 1 x 107° M for 2—4, 6, and7, 1 x 10™* M for 9) and tively. This material is available free of charge via the Internet at
measured with a unit of carbon working electrode, Pt counter electrode, htp://pubs.acs.org.

and Ag/AgCl reference electrode.

X-ray Data Collection, Reduction, and Structure Determination.
Single crystals of3—6, 8, and 9 were prepared by the each method
described in the Synthetic procedure. All single Crystals for the (26) Boudreaux, E. A.; Mulay, L. NTheory and Applications of Molecular
crystallographic analysis were cut from a thin plate crystal and mounted ParamagnetismJohn Wiley and Sons: New York, 1976; pp 491
on a glass rod. Measurements were made on a Rigaku Mercury CCD 495. )
diffractometer with graphite-monochromated MaxKadiation ¢ = (27) (a) SIR92: Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, M.;
0.71069 A). The data were collected at a temperatureldf0o+ 1 °C. %azg\éaz(g())P(iT(_?\l;aggggtdrlsl(Aenz’ olgdg_rl_,gag?rr;él(:gs_tgg)ﬂrs}(%%i G.:
An empirical absorption correction based on azimuthal scans of several Bosman, W. P.; Garcia-Granda, S.: Gould, R. O.: Smits, J. M. M.:
reflections was applied. The structures were solved by direct methods Smykalla, C. (1992).
and expanded using Fourier technigéfeExcept for compound, the (28) DIRDIF94: Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman,
non-hydrogen atoms were refined anisotropically, while hydrogen atoms W. P.; de Gelder, R.; Israel, R.; Smits, J. M. M. The DIRDIF program
were refined isotropically. The refinement of all atoms Sawas done system. Technical Report of the Crystallography Laboratory; Univer-

o ; . - sity of Nijmegen: The Netherlands, 1994.
with isotropically because of the lack of reflections. Full-matrix least- (29) Cromer, D. T.; Waber, J. Taternational Tables for Crystallography
squares refinements based on 4226 {4345 @), 4248 5), 3899 ©),
8458 @), and 3727 9) (I > 3.0(1), except [ > 2.00s(1)) for 5)

The Kynoch Press: Birmingham, England, 1974; Vol. IV, Table 2.2A.
(30) Creagh, D. C.; McAuley, W. J. Imternational Tables for Crystal-
observed reflections were employed, where the unweighted and lography; Wilson, A. J. C., Ed.; Kluwer Academic Publishers: Boston,
weighted agreement factors & = 3 ||Fo| — |F¢||/Y|Fo] and Ry = )
_ 2112 L (31) Creagh, D. C.; Hubbell, J. H. Imternational Tables for Crystal-
[XW(IFol = [Fcl)o/3WIFol"]"™ were used. The weighting scheme was lography, Wilson, A. J. C., Ed.; Kluwer Academic Publishers: Boston,
reflection order in data collection, €ifi,, and various classes of indices  (32) teXsan: Crystal Structure Analysis Package, Molecular Structure
showed no unusual trends. Neutral atomic scattering factors were taken Corporation (1985 and 1992).

from Cromer and Wabef.Anomalous dispersion effects were included
in Fcalcd; the valueAf' andAf " were those of Creagh and McAuléy.

1C0010252

1992; Vol. C, Table 4.2.6.8, pp 21222.
based on counting statistics. Plots PW(|Fo| — |Fcl)? versus|Fo|, 1992; Vol. C, Table 4.2.4.3, pp 26@06.



