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Metal—Metal Bonded Diruthenium(ll, I1I) Assemblies with the Polycyano Anionic Linkers
N(CN)2~, C(CN)s™, and 1,4-Dicyanamido-2,5-dimethylbenzene (DM-Dicyit): Syntheses,
Structures, and Magnetic Properties
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The new metatmetal bonded diruthenium(ll, 1) compounds [RO>CCHg)4(u-L)]» (L = N(CN), ™, 1; C(CN);,

2) and [Ruw(O2CCHsz)2(mhp)}2(u-DM-Dicyd)] (3) (mhp = 2-oxy-6-methylpyridinate, DM-Dicyd= 1,4-
dicyanamido-2,5-dimethylbenzene dianion) have been synthesized and fully characterized. Corfipmdi2ls
were synthesized by the reaction of fRD,CCHg)4(NCCH;),](BF4) with NaN(CN), and KC(CN3}, respectively.
The “dimer-of-dimers”,3, was synthesized by a 2:1 reaction of PROL,CCHs)2(mhpr(MeOH)](BF,) with
[As(Ph)],[DM-Dicyd]. Compoundl crystallizes in the monoclinic space gro@a/m with a = 10.174(2) Ab

= 13.016(3) A,c = 7.0750(14) A8 = 101.83(3), andZ = 2. Compound? crystallizes in the orthorhombic
space groufrdd2 with a = 29.679(6) A,b = 31.409(6) A,c = 7.3660(15) AV = 6866(2) B, andZ = 16. In
compoundl, dicyanamide anions (N(Ch)) bridge the [Ry(O.CCH)4]™ units in an end-to-end bridging mode,
thereby forming an alternating one-dimensional chain. In comp@Jiao cyano groups of tricyanomethanide
anion (C(CN)") are coordinated to independent JRD,CCHz)4]™ units to give a chain similar to that found in
1. The Ru-Ru bond distances ih and2 are 2.2788(14) and 2.2756(5) A, respectively, which are typical values
for Ru(O2CR,CI and [Ry(O-.CR)]" compounds. The ReN distances are 2.257(8) A ihand 2.259(4) and
2.283(4) A in2. The temperature dependence of the magnetic susceptibilities of compbuBdeveals a weak
antiferromagnetic interaction between Ruits (S = 3/,) through each polycyano anionic linkeg.= 2.16,zJ=
—0.33 cnt, D =63.3 cml for 1; g = 2.15,zJ= —0.22 cn1?!, D = 58.0 cn1? for 2; andg = 2.10,zJ= —0.90
cm™i, D = 75.0 cnt? for 3.

Introduction they possesssp electronic conjugated systems that facilitate
electronic communication between metal centérs. The

The construction of multidimensional materials and the . .
neutral forms of certain polycyanide molecules, for example,

exploration of such properties as magnetistonductivity? and
gas absorptiohare active subjects of research in coordina-

7,7,8,8-tetracyanoquinodimethane (TCN®jetracyanoethylene

tion chemistry. Polycyano organic molecules are interesting lig-
ands to use with metal ions in preparing new materials because
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(TCNE) 27 and N,N'-dicyanoquinone diimine (DCNQB un- the temperature range-97 K8fand the tricyanomethanide
dergo reversible one-electron reductions to form stable anionic polymers [M C(CN)};] (M = V2*, Cr2*, and Mr?") exhibit
radicals. These open-shell molecules promote stronger magneticspin frustration due to their Kagontygpe structural topologie®:
coupling between paramagnetic metals than their neutral coun-Another application of these ligand types is illustrated by the
terparts; moreover, the local metalrganic antiferromagnetic ~ chemistry of the 1,4-dicyanamidebenzene dianion (Dicyd
coupling induces ferromagnetic coupling between the metal cen-

ters>7 In addition to polycyano radicals, anions such as dicy- ON
anamide (N(CNy") and tricyanomethanide (C(Ci) also show \\C
©
N NP I \\C
NZ Sy V2 Xy 2 AV N\
NO
© ©
N(CN),

which is the two-electron-reduced species of the aforementioned
DCNQI molecule. The dianion has been studied by Crutchley
ﬁ N et al1% who found that ruthenium(lll) compounds bridged by
Il Dicyd?~ linkers exhibit strong superexchange coupling between
metal ions; for example, i{ Ru(NHg)s} 2(¢-DM-Dicyd)](ClO4)4
the J value is greater than or equal t6400 cnr® (for H =
Ca —2J5%).10

One class of materials under investigation in our laboratories
is a network involving metatmetal bonded units and polycyano
acceptor ligands. In terms of paramagnetic systems, paddlewheel
complexes of the type RU"(O,CR), and [Ruy"!"' (O,CR)] "
promise in the design of magnetic materfatstheir conjugated  are well-documented in the literatt¥eThese molecules are
prr resonance structures provide coupling pathways for magneticgood precursors for magnetic systems because of the fact that
interactions between paramagnetic metal centers. they exhibit ground states &= 1 andS = 35, respectively.

For example, dicyanamide-based metal assemblies of the typevarious polymeric compounds consisting of these &ouclear
[M{N(CN)2}2] (M = Cr?*, Mn?*, Cc**, and N?F*) with a species bridged by organic molecules have been prepared and
rutilelike architecture exhibit a spontaneous magnetization in investigated in recent yeat%:1> Among the earliest work in
this area are studies by Swanson and co-workers who demon-
strated that electron transfer occurs between"R(©,CR),
donors and DCNQI acceptors to give what is proposed to be

C(CN)s"
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Diruthenium(ll, 1) Assemblies

an alternating chain of R (O,CR)* (S= %/,) and DCNQt~

(S= 1) units1® More recently, we reported the X-ray structure
of the novel two-dimensional networks of,M' (O,CCRs)4 (M

= Ru and Rh) bridged by partially reduced TCNQ ligands
[{M2(OCCR) 4} 2(u*TCNQ)L- (M = Ru and Rh}-" In light of

the intriguing results reported for single metal ions bridged by
cyanamide and dicyanamide ligands, it was a logical step to

Inorganic Chemistry, Vol. 40, No. 7, 2001665

acetonitrile, placed in a narrow Schlenk tube, and layered with diethyl
ether (40 mL). After 2 weeks at room temperature, a crop of reddish-
brown microcrystals was harvested. Yield: 462 mg, 76%. IR (Nujol):
2305w, 2276w, 2246w, 1639m, 1102s, 1075s, 1048s, 1021s, 693s cm
Preparation of [Rux(O2CCH3s)4{ #-N(CN)2}]. (1). An acetonitrile
solution (16 mL) of [Ry(O,CCHg)4(NCCH;)2](BF4) (61 mg, 0.1 mmol)
was separated into eight 2 mL portions, each of which was placed in
a 3 mm diameter glass tube. In the same manner, an acetonitrile solution

study the corresponding chemistry with paramagnetic dinuclear (16 mL) containing NaN(CN)(9 mg, 0.1 mmol) was separated into

metal units.

In this paper we report the use of [N(GI\) and [DM-
Dicyd]?" linkers to connect the metametal bonded complexes
[Ru"M (O,CCHa)4] ™ and [Ry"" (O,CCHg)o(mhp)]* cations
into oligomers and one-dimensional chains. The new polymeric
compounds are [RUO,CCHg)s(u-L)] (L = N(CN)~, 1;
C(CN)~, 2), and the new “dimer-of-dimers” is{Ru-
(O2CCHg)2(mhp)} 2(u-DM-Dicyd)] (3) (mhp= 2-oxy-6-meth-
ylpyridinate, DM-Dicyd= 1, 4-dicyanamido-2, 5-dimethylben-
zene dianion). The single-crystal X-ray structures as well as

eight 2 mL portions and carefully layered on top of the;Ralutions.
After 1 day at room temperature, the solutions had yielded reddish-
brown crystals. A bulk, polycrystalline sample was obtained by mixing
acetonitrile solutions (20 mL each) containing the two precursors.
Yield: 47 mg, 93%. IR (Nujol): 2412w, 2312m, 2240m, 2161s, 1680
1639w, 1049w, 691s cn. IR spectra of batches of the single crystals
and the polycrystalline samples are essentially identical.
Preparation of [Ruz(O,CCHz3){ u-C(CN)s}lw (2). An acetonitrile
solution (10 mL) of KC(CNj (13 mg, 0.1 mmol) was added to an
acetonitrile solution (10 mL) of [RYO,CCHz)4(NCCHs),](BF4) (92
mg, 0.15 mmol) and stirred for 30 min at room temperature. The

the magnetic properties of the new compounds are describedegyjting reddish-brown solution was treated with 20 mL of water and

Experimental Section

Chemicals and ReagentdUnless otherwise stated, all reactions were
carried out under a nitrogen atmosphere. All chemicals used for the

syntheses were of reagent grade quality. Sodium dicyanamide (NaN-

(CN)2) and potassium tricyanomethanide (KC(GNyere purchased
from Fluka Chemika Co. Ltd. and Alfa Aesar Co. Ltd., respectively,
and used without further purification. The diruthenium(ll,Ill) com-
pounds Ru(O,CCH)4Cl and Ru(O-.CCH;z)(mhp)Cl were synthesized
according to literature methods!°The salt [As(Ph),[DM-Dicyd] was
synthesized according to the method reported by Crutchley ¢ al.
Methanol was dried by refluxing over Mg chips and Acetonitrile
and acetone were dried by refluxing ov8 A molecular sieves.
Dichloromethane used for the cyclic voltammetric studies was dried
by refluxing over ROs. All solvents were freshly distilled under,N
before use.

Preparation of [Ruz(O2CCH3)4(NCCHy3),](BF4). To a methanol (20
mL) suspension of R{O,CCH;)4Cl (474 mg, 1.0 mmol) was added
AgBF; (195 mg, 1.0 mmol) in 20 mL of methanol. The brown

suspension turned to a reddish-brown color with the appearance of gray-

then filtered. The filtrate was allowed to slowly evaporate in air, and
after 1 day reddish-brown rectangular platelets were obtained. Yield:
40 mg, 76%. IR (Nujol): 2233w, 2190m, 2168s, 168644w, 1050w,
1025w, 691s cmt.

Preparation of [{ Rux(O,CCH3)2(mhp)2} 2(u-DM-Dicyd)] (3). To
a methanol solution (15 mL) of R(O,CCHs)>(mhp)Cl (114 mg, 0.2
mmol) was added a methanol solution (15 mL) of Ag§89 mg, 0.2
mmol). This was stirred overnight at room temperature. During this
time AgCl was observed to form as a grayish precipitate. The resulting
blue-purple solution was filtered, and the filtrate was removed in vacuo
at room temperature. The blue-purple residue was dissolved in 20 mL
of acetone and added to an acetone suspension (20 mL) of [Ak(Ph)
[DM-Dicyd] (95 mg, 0.1 mmol). The cloudy solution was stirred
overnight at room temperature to yield a red-purple precipitat®, of
which was collected by filtration, washed with>-320 mL of acetone,
and dried in vacuo. Yield: 107 mg, 85%. Anal. Calcd fopiNgO12-
Rug C, 40.12; H, 3.53; N, 8.91. Found: C, 39.72; H, 3.73; N, 8.18.
IR (Nujol): 2102s, 1709w, 1610m, 1548w, 1220w, 1145w, 806w,
782w, 760m, 690s cni.

Physical Measurementsinfrared spectra were recorded as Nujol

white AgCl. The mixture was stirred for 12 h at room temperature and mulls between KBr plates with a Nicolet 740 FT-IR spectrophotometer.
then filtered. The reddish-brown filtrate was evaporated to dryness to The magnetic susceptibility data were measured with the use of a
yield an orange-brown powder that was dissolved in 5 mL of Quantum Design SQUID magnetometer MPMS-XL (housed in the
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Architecture Bein, T., Ed.; ACS Symposium Series; American
Chemical Society: Washington, DC, 1992; Vol. 499, p 33.

(17) Miyasaka, H.; Campos, C.; C&, R.; Dunbar, K. RAngew. Chem.,
Int. Ed.200Q 39, 3831.

(18) Mitchell, R. W.; Spencer, A.; Wilkinson, G. Chem. Soc., Dalton
Trans.1973 846.

(19) Chakravarty, A. R.; Cotton, F. A.; Tocher, D. lorg. Chem1985
24, 2857.

Department of Chemistry at Texas A&M University). Measurements
were performed in the temperature range—1380 K at 1000 G on
finely divided polycrystalline samples. Data were corrected for the
sample holder, and diamagnetic contributions were calculated from
Pascal constant8 Electrochemical measurements 8wvere recorded
in CH,Cl, (1 x 1073 M) with 0.1 M [n-BusN][PF¢] as a supporting
electrolyte under nitrogen with the use of an HCH Instruments
electrochemical analyzer model CH1620A. The working electrode and
counter electrodes were Pt, and the reference electrode was Ag/AgCl.
X-ray Data Collection, Reduction, and Structure Determination.
Single crystals for the crystallographic analyses were mounted on glass
fibers and secured with Dow-Corning grease. The crystal dimensions
were 0.08 mmx 0.12 mmx 0.15 mm forl and 0.12 mmx 0.22 mm
x 0.28 mm for2. Data were collected on a Bruker SMART CCD area
detector diffractometer in the range 2°58 26 < 28.37 for 1 and
1.89 < 260 < 28.28 for 2 at 100(2) K with graphite monochromated
Mo Ko radiation ¢ = 0.710 69 A). Of the total 4357 reflections fr
and 12 397 reflections fo? that were collected, 1168 and 3945 are
unique, respectively. The structures were solved by direct methods
(SHELXS-97%* and refined by full-matrix least-squares calculations
on F? (SHELXL-97)2 The non-hydrogen atoms were refined aniso-
tropically, while hydrogen atoms were refined isotropically. Full-matrix

(20) Theory and Applications of Molecular Paramagnetisdoudreaux,
E. A., Mulay, L. N., Eds.; John Wiley & Sons: New York, 1976.

(21) Sheldrick, G. MSHELXS-97, Program for Crystal Structure Deter-
mination University of Gdtingen: Gitingen, Germany, 1997.
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Table 1. Crystallographic Data for
[Rux(O2CCHs)o{ N(CN)2}]-CH:CN (1-CH;CN) and
[Ruz(OCCHs)o{ C(CN)}] (2)

1-CHsCN 2
formula C12H15N403RU2 C12H12N303RU2
fw 545.613 528.583
space group C2/m Fdad2
TIK 100(2) 100(2)

MA 0.71069 0.71069

alA 10.174(2) 29.679(6)

b/A 13.016(3) 31.409(6)

c/A 7.0750(14) 7.2660(15)

o/deg 90 90

pldeg 101.83(3) 90

yldeg 90 90

VIA3 917.0(3) 6866(2)

VA 2 16

Dealg 3 2.090 2.044
1.661 1.805

w(Mo Ko)/emt
R

0.0511 ( > 2.00(1))  0.0314 ( > 2.00x(1))

Ra 0.0676 (all data) 0.0322 (all data)
R 0.1257 (> 2.00s(1))  0.0781 ( > 2.00s(1))
R 0.1356 (all data) 0.0784 (all data)

AR = 3|IFol — [Fcll/2IFol. ® Ry = [ZW(IFol — IFe)XwIFol7">

least-squares refinements based on 1168 observed reflectidnaridr
3813 observed reflections f& (I > 2.0Q(1)) were employed. The
unweighted and weighted agreement factorfRof Y ||Fo| — |F||/

S|Fol andRy = [SW(|Fo| — |Fe))?YW|Fo[3 Y2 were used. The crystal
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Table 2. Cyclic Voltammetric Data fo and the Parent Complexes

data and details of the structure determinations are summarized in Ru(O-CCHs)(mhp)(Cl) (I) and [As(Ph)].[DM-Dicyd] (II')

Table 1.

Results and Discussion

Syntheses and General Properties of Compounds—3.
Starting materials of the type [RDO.CCHa)4(S)][BF4] (S =
solvent) can be obtained by passingCCH;z)4Cl down a
cation-exchange column with a water/Nagffuent?32We have
found that a more convenient route is to sequesterith
Ag*™ in MeOH and then to recrystallize the cation from
acetonitrile/diethyl ether to obtain high yields of [RO,CCHg)4-
(NCCHg),][BF4]. Samples of [R(O2CCHs)s(NCCHs),][BF 4]
exhibit v(C=N) stretches in the infrared region at 2305, 2276,
and 2246 cm! and a broad/(B—F) stretch of [BR]™ in the
range 10231102 cntl, in accord with successful exchange
of CI~ with [BF4]~.23b

CompoundL was prepared in an acetonitrile solution contain-
ing [Ru(O,CCHz)4(NCCHg);][BF4] and NaN(CN} in a 1:1
reaction ratio. An IR spectrum of revealed three/(NCN)
stretches at 2312, 2240, and 2161 ¢énas well as unreacted
NaN(CN), (2288, 2235, and 2182 crH. Two of the three

absorptions are shifted to higher frequencies, and one is shifted

to lower energies compared to NaN(GNJhese shifts reflect
the electronic effects af donation from N(CN)~ to Ru, units
andzr back-donation from Ruunits to N(CN)™.
Compound®was synthesized from [R(DCCHg)4(NCCHs),]-
[BF4] and KC(CN}) in a 3:2 ratio in a mixture of acetonitrile

and water. This stoichiometry was based on the expectation tha
all three cyano groups would coordinate, but instead the 1:1

product [Ry(O,CCHs)s{ C(CN)}] was obtained. A synthetic
route analogous to the one used to predadid not yield any
isolable products. An IR spectrum 2frevealed three(C=N)

(22) Sheldrick, G. M.SHELXL-97, Program for Refinement of Crystal
Structure University of Gdtingen: Gdtingen, Germany, 1997.

(23) (a) Bino, A.; Cotton, F. A.; Felthouse, T. Rorg. Chem.1979 18,
2599. (b) Others have reported the use of Agn to effect CI dis-
placement to prepare various compounds of the typg({(RCRuS,] *:
Urbanos, F. A.; Barral, M. C.; Jihmez-AparicioPolyhedron1988 7,
2597.

Ru[(I1, 1)/ Rug[(I1, 1)/
compd (1D (e, L( —/2=)2 L(O/=)> ref
3P -0.311 0.103 0.723
I€ —0.10 1.64 19
Id —0.545 0.095 10b
(—0.322y (0.318¥

aL = DM-Dicyd. ® In CH,Cl, solution containing 0.1 M TBAH vs
Ag/AgCI at a scan rate of 100 mV/sIn CH.CI, solution containing
0.1 M TBAH vs Ag/AgCl at a scan rate of 100 mV/ln acetonitrile
solution containing 0.1 M TBAH vs NHE at a scan rate of 100 mV/s.
¢ The data forll vs Ag/AgCl.

stretches located at 2233, 2190, and 2168 grnompared to
the strongv(C=N) stretch in KC(CNj at 2177 cml. The
number of stretches and the shifts observed2foeflect both
the lower molecular symmetry and the effect of coordination.
[Rux(O,CCHg)2(mhph(MeOH)][BF4] was synthesized in the
same manner as [RID.CCHz)4(NCCH;),](BF4), by abstraction
of CI= from [Rup(O2CCHgz)>(mhp)(Cl)] with Ag™ in MeOH.
An IR spectrum of [Ry(O,CCHg)2(mhpp(MeOH)][BF,] ex-
hibits a strong, broad(B—F) stretch of [BR]~ over the range
1025-1109 cntl. A 2:1 reaction of [RE(O,CCHz)(mhp)-
(MeOH)][BF4] with [As(Ph)],[DM-Dicyd] in acetone led to
the formation of { Rux(O2,CCHgz)2(mhp)} 2(«-DM-Dicyd)] (3)
as a red-purple precipitate (Scheme 1). An IR spectrur of
revealed a strong’(NCN) stretch at 2102 cm, which is
essentially the energy of the stretch exhibited by [As{Bh)

t[DM-Dicyd] at 2098 cnrl. It should be noted that other Ru-

(1) compounds with Dicyd~ bridges have been reported to
show a strong(NCN) feature in the range 2082106 cnr1.10
Electrochemical studies were performed3in CH,Cl, from
—1.5t0+1.8 V vs Ag/AgCI. Table 2 lists the redox potentials
of 3 together with the cyclic voltammetric data for the precur-
sors Ry(O,CCHg)2(mhpkCl and [As(Ph)]J[DM-Dicyd]. [{ Ru-
(O,CCHg)2(mhp)} 2(u-DM-Dicyd)] (3) exhibits three redox
waves, namely, one quasi-reversible  2eduction Ei;(red)
= —0.31 V, ldlpc # 1, AE = 70 mV), one reversible Te
oxidation Ey2(0x) = +0.10 V, lpdlpc =~ 1, AE =51 mV), and
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a

N(1)* 4

Figure 1. (a) ORTEP drawing of a formula unit df with the atom
labeling scheme (50% probability thermal ellipsoids). The hydrogen
atoms of the CHl groups were omitted for the sake of clarity. (b)
Description of the disordered form of the N(GN)unit. Symmetry
operations are the following:x} x, =y — 1,z (%) —x — 1, =y — 1,

=Z (k%) X, 11—y, 11—z ®#—XxVy,1l—z#H)x1-vyz

an irreversible 1e oxidation Ey2(0x) = +0.72 V, lpdlpc = 1,
AE = 146 mV). The first process &, = —0.31 V is attributed

to the simultaneous reduction of both JRu 1) units to Ruy-

(11, My with no significant electronic communication occurring
through the bridging ligand DM-Dicyd. The corresponding
reduction of Ruy(ll, 111) to Ruy(ll, Il) of the parent compound
Rup(02CCHs)2(mhp)Cl occurs at-0.10 V1° The one-electron
process aE;, = +0.10 V is attributed to the DM-Dicyd/
DM-Dicyd*~ oxidation, and the one-electron irreversible wave
at E;p ~ +0.72 V is assigned to the second oxidation from
DM-Dicyd*~ to DM-Dicyd®. The redox chemistry of [(Nk)s-
Ru'";[u-DM-Dicyd][ClO4]4 and related molecules reported by
Crutchley et at% involves a much more accessible reduction
of Ru(lll) to Ru(ll), which can be taken as an indication of

Inorganic Chemistry, Vol. 40, No. 7, 2001667

Table 3. Pertinent Bond Distances (A) and Angles (deg) fawith
the Estimated Standard Deviations in Parenttfeses

Ru(1)-0(1) 2.021(4) N(1)}-C(3) 1.15(2)
Ru(1)-0(2) 2.019(4) N(1}-C(3a) 1.10(2)
Ru(1)-N(1) 2.257(8) N(2)>-C(3) 1.36(3)
Ru(1)-Ru(1)* 2.2788(14) N(2)-C(3a) 1.43(2)
O(1)*~Ru(1)-0(2)  178.62(14) N(LyRu(1)-Ru(l)* 178.8(2)
O(1)*~Ru(1-O(2)*  90.92(17) Ru(1¥N(1)—C(3) 140.9(14)
O(1)-Ru(1)-0(2) 90.92(17) Ru(BN(1)-C(3a)  177.8(15)
O(1)-Ru(1)}-0(2)*  178.62(14) N(1}C(3)-N@)** 178(2)
O(1)*~Ru(1}-O(1)  88.4(2)  N(L}C(3a)N(2) 149.1(10)
O(1)-Ru(1)-N(1) 89.8(2)  C(3)**—N(2)—C(3a) 119.9(17)
O(1)-Ru(1)}-Ru(l)* 89.35(11) C(3)**~N(2)~C(3) 111.0(19)
O(2)-Ru(1}-0(2)*  89.7(2)

0(2)-Ru(1)-N(1) 91.4(2)

O(2)-Ru(1)-Ru(l)*  89.45(11)

aSymmetry operations:«f X, =y — 1,z (%) —x — 1, =y — 1,
—Z (x%%) =X, 1 —y, —z+ 1.

the mirror plane located on the N(CN)bridge (Figure 1b).
For the cyano carbons C(3a) and C(3), the situation is slightly
different. The atom C(3a) resides on a special position (on the
mirror plane), but C(3) resides on a general position that
generates a third position C{8)related by the mirror plane
symmetry operatidif: x, 1 —y, z. Although they are less than
well determined, the bond angles oHC—N are N(1}-C(3)—
N(2)*** ~ 178(2f and N(1)-C(3a)-N(2) ~ 149.1(10y (***
symmetry operation:—x, 1 — y, 1 — 2). The latter angle is
much less than 180but this type of distortion has been noted
by others who reported NC—N bends ranging from 144to
156°.2425The average N(BC(3) and C(3)-N(2) distances are
1.125 and 1.395 A, respectively. The formeeN bond distance
is slightly shorter than previously reported oness@Gl~ 1.13—
1.15 A), while the latter €N distance is relatively longer (N
~ 1.3—-1.4 R)242533These structural aspects are consistent with
the characteristic CN vibrations detected by IR spectroscopy,
which are influenced byr back-donation from Rudimers.
Single-Crystal X-ray Analysis of 2.Compound crystallizes
in the orthorhombic space grolud2. An ORTEP drawing of
the asymmetric unit with the atom labeling scheme is depicted
in Figure 3. Selected bond distances and angles are given in
Table 4. The Ru-Ru bond distance of 2.2756(5) A is very close
to that observed irl, and both values are typical of Ru
(OCR)(Cl) and [Ry"" (O,CR),]* compounds as noted ear-
lier.12 Two cyano groups of the [C(CRH])” anion are coordinated

lower energy LUMOs. This situation would be expected to lead to the axial positions of Rumolecules at distances of
to a major difference in the superexchange through the bridging Ru(1)-N(1) = 2.259(4) A and Ru(2)N(2) = 2.283(4) A and

DCNQI ligand, which is indeed the case (vide infra).
Single-Crystal X-ray Analysis of 1.CompoundLl crystallizes
as a chain compound in the monoclinic space gr@2m.

Although the X-ray experiment was conducted at low temper-
ature, a high degree of disorder in the structure led to a low-

quality data set. An ORTEP drawing of the formula unit with

the atom numbering scheme is depicted in Figure la. Selected

bond distances and angles are provided in Table 3. The N(CN)
anions coordinate to the Runits in an end-to-end bridging
mode with Ru(1>N(1) = 2.257(8) A, Ru(1}N(1)—C(3) =
177.8(15, and Ru(1}N(1)—C(3a)= 140.9(143, which leads

to the one-dimensional chain structure shown in Figure 2. The

Ru—Ru bond distance of 2.2788(14) A is very close to the
values observed in R(OCR}(CIl) and [Ry(OCR)(L)2]™
(ranges are 2.272.29 A)1! It should be pointed out that the
N(CN),~ moieties are involved in a complicated disorder,

wherein the amide nitrogen N(2) and the cyano carbon C(3 and
3a) atoms have four and three different positions, respectively,
due to the crystallographically imposed inversion center and

angles of Ru(1yN(1)—C(9) = 164.4(4} and Ru(2}-N(2)—

(24) Marshall, S. R.; Incarvito, C. D.; Manson, J. L.; Rheingold, A. L.;

Miller, J. S.Inorg. Chem.200Q 39, 1969.

Schiavo, S. L.; Bruno, G.; Zanello, P.; Laschi, F.; Pirainoln@rg.

Chem.1997, 36, 1004.

(26) Handa, M.; Yoshioka, D.; Yasuyoshi, S.; Shiomi, K.; Mikuriya, M.;
Hiromitsu, |.; Kasuga, KChem. Lett1999 1033.

(27) Dixon, D. A.; Calabrese, J. C.; Miller, J. $.Am. Chem. S0d.986
108 2582.

(28) (a) Telser, J.; Drago, R. Biorg. Chem1984 23, 3114. (b) Cukiernik,
F. D.; Luneau, D.; Marchon, J.-C.; Maldivi, fhorg. Chem.1998
37, 3698. (c) Barral, M. C.; Jirmeez-Aparicio, R.; Pez-Quintanilla,
D.; Priego, J. L.; Royer, E. C.; Torres, M. R.; Urbanos, F.rorg.
Chem.200Q 39, 65.

(29) Miskowski, V. M.; Hopkins, M. D.Inorganic Electronic Structure
and Spectroscopy: Applications and Case Stydssomon, E. I,
Lever, A. B. P., Eds; John Wiley & Sons: New York, 1999; Vol. II.

(30) Norman, J. G., Jr.; Renzoni, G. E.; Case, D.JAAm. Chem. Soc.
1979 101, 5256.

31) Stone, A. JProc. R. Soc. London, Ser. 1964 271, 424.

(32) O’Connor, C. JProg. Inorg. Chem1982 29, 203.

(33) Escuer, A.; Mautner, F. A.; Sanz, N.; Vicente,liRorg. Chem200Q
39, 1668.

(25)
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Figure 3. ORTEP drawing of an asymmetric unit dfwith the atom
labeling scheme (50% probability thermal ellipsoids). The hydrogen
atoms of the Chlgroups were omitted for the sake of clarity.

Table 4. Pertinent Bond Distances (A) and Angles (deg) Zawith
the Estimated Standard Deviations in Parentheses

Ru(1)-0(1) 2.024(3) N(L)-C(9) 1.146(6)
Ru(1)-0(3) 2.023(3) N(2)-C(11) 1.158(6)
Ru(1)-0(5) 2.014(3) N(3)-C(12) 1.155(7)
Ru(1)-0(7) 2.025(3) C(9)C(10) 1.413(6)
Ru(1)-N(1) 2.259(4) C(10¥C(11) 1.407(6)
Ru(2)-0(2) 2.020(3) C(10)C(12) 1.410(7)
Ru(2)-0(4) 2.026(3) Ru(XrRu(2) 2.2756(5)
Ru(2)-0(6) 2.033(3)
Ru(2-N(2) 2.283(4)
O(1)-Ru(1-O(3) 90.97(13) O(}Ru(1}-O(7)  91.25(13)
O(1)-Ru(1)-O(5) 179.26(14) O(5YRu(1)-N(1)  92.09(13)
O(1)-Ru(1)-O(7)  89.04(14) O(5}Ru(1}-Ru(2)  89.96(9)
O(1)-Ru(1)-N(1)  88.59(13) O(6YRu(2-O(8)  91.30(13)
O(1)-Ru(1)}-Ru(2) 89.36(9) O(6}Ru(2-N(2)  88.44(13)
O(2)-Ru(2-0(4)  90.32(13) O(6yRu(2-Ru(l)  89.17(9)
O(2)-Ru(2)-0(6) 178.88(14) O(ARu(1)-N(1)  88.24(13)
O(2-Ru(2-0(8)  88.56(13) O(ZRu(1}-Ru(2)  90.12(9)
O(2-Ru(2-N(2)  92.66(13) O(8YRu(2-N(2)  85.46(13)
O(2-Ru(2-Ru(l) 89.71(9) O(8yRu(2-Ru(l)  88.93(8)
O(3)-Ru(1)-0()  88.73(13) N(1}Ru(1)}-Ru(2) 177.40(11)
O(3)-Ru(1)-O(7) 179.33(14) Ru(BRu(2-N(2) 173.85(10)
O(3)-Ru(1)-N(1)  92.42(14) Ru(1yN(1)—-C(9) 164.4(4)
O(3)-Ru(1}-Ru(2) 89.22(9) Ru(2}N(2)—-C(11) 140.3(4)
O(4)-Ru(2)-0(6)  89.79(13) N(L}C(9)-C(10)  179.3(5)
O(4)-Ru(2)-0(8) 178.37(13) N(2}C(11)-C(10) 178.1(5)
O(4)-Ru(2-N(2)  95.77(13) N(3}C(12)-C(10) 179.3(6)
O(4)-Ru(2-Ru(l) 89.89(9) C(9YC(10)-C(11) 118.4(4)
C(9)-C(10)-C(12) 119.8(4)
C(11)-C(10)-C(12) 121.7(4)

C(11)=140.3(4). The arrangement of Ruinits and [C(CNy]~

TCNQ)](BFy), with a neutral TCNQ bridgé® The shorter
Ru—N bond is most likely associated with the stronger
donation expected for the anionic ligands N(gNand C(CN}~.
The bond distances for the coordinategIC groups are C(9)
N(1) = 1.146(6) A and C(1HN(2) = 1.158(6) A, and for the
noncoordinated &N group, C(12N(3) = 1.155(7) A. The
bond distances of €C in the C(CN)~ moiety are C(9)-C(10)
= 1.413(6) A, C(11}C(10) = 1.407(6) A, and C(12)C(10)
= 1.410(7) A. These bond distances are typical of C{N)
(C—N, ca. 1.15 A; C-C, ca. 1.41 Ap27

Magnetic Properties of 1 and 2.The magnetic susceptibili-
ties of 1 and2 were measured over the range-130 K (Figure
5). For1, theyT product at 300 K of 2.12 cAK mol~! (4.12
ug) gradually decreases upon cooling and finally reaches a
minimum value of 0.37 cAK mol~t (1.72ug) at 1.8 K. Similar
behavior is observed fa; at 300 and 1.8 K theT products
are 2.10 criK mol~! (4.10ug) and 0.51 crAiK mol~1 (2.02
ug), respectively. The room temperatuyd values for both
compounds are typical for this class of compounds; for example,
the moments for [RgO.CR),]* and Ry(O.CR),Cl are in the
range 4.6-4.3 ug. The overall behavior is also very similar to
that observed for the discrete cations fRli(O.CR),] ".1328The
electronic ground state for RU" (O,CR)," is predicted to be
4B,,, which undergoes a substantial zero-field splitting (ZFS).
Norman et al. explained that the large ZFS is due to high-order
spin—orbit terms in the'B,, ground staté%3! If one considers
that the main contribution to the decrease of the magnetic
moment is due to ZFS effects, the following expressions for
the magnetic susceptibility fd8 = 3/, are applicablé?

_ Ng?B? 1+9e 1
" keT a1+ e @
T

wherex is D/(ksT) and D is the magnitude of the ZFS. The
average molar magnetic susceptibility for a powder sample is
given by the well-known relationship

. T2
=||3 O 3)

Although in some cases, temperature-independent paramagnet-
ism (TIP) needs to be included in eq 3, it was found to be negli-
gible by the best fit to the data. The decreasgTirobserved at

anions leads to the alternating one-dimensional chain structurevery low temperatures~10 K) may include some weak mag-

shown in Figure 4. The RuN bond distances are essentially
the same as those hbut somewhat shorter than the value of
2.323(7) A observed in {RWw"!" (O,CCMes)4(H20)} 2(u?-

netic interactions superimposed on the dominant ZFS contribu-
tion. The presence of weak intermolecular interactions was intro-
duced into eq 3 by using the molecular field approxima#n:
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Figure 4. View of an alternating one-dimensional chain2f
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Figure 6. Temperature dependence @f for 3. The solid line
b represents the theoretical fitting with the following parameteys=
2.5 2.10,D = 75.0 cn?, zJ= —0.90 cnT™.

reported value$® These magnetic data and fitting parameters
b point to very weak antiferromagnetic interactions between
Rw(O,CCHg)4t units through the N(CN) and C(CN)~
linkages.
Magnetic Properties of 3. Temperature-dependent magnetic
] susceptibility data were measured ®between 1.8 and 300
] K, the result of which is shown in Figure 6. Th@ product at
300 K of 3.92 crd K mol~1 (5.6 ug per [Ru(ll, I11)] ) gradually
decreases upon cooling and finally reaches 0.48 Kkmmol~!
(1.92up) at 1.8 K. Since the overall behavior is very similar to
that of1 and2, it is assumed that the decreasg ®fis primarily
P S N W TV P R due to ZFS from the [RiO.CCHg)(mhp)]™ units with only
0 50 100 150 200 250 300 weak antiferromagnetic interactions occurring through the DM-
T/K Dicyd? bridges. The best fit was obtained with eq 4 based on
Figure 5. Temperature dependence @f for 1 (a) and2 (b). The two [Rup(ll, 111)] 2 units S= /5 + %5) with g = 2.10,D = 75.0
solid line represents the theoretical fitting with the following param- €M%, zJ= —0.90 cnm*, andR = 0.9995. These magnetic data

xT /em? K.mol !

eters:g = 2.16,D = 63.3 cm%, zJ= —0.33 cnt for 1; g = 2.15,D and parameters support the conclusion that weak antiferromag-
= 58.0 cm?, zJ = —0.22 cm* for 2. netic exchange occurs between U 111) units through the
) DM-Dicyd?~ linkage.
¥y = S A— (4) Consideration of Superexchange Mechanism in-13. The
1- ( 2z2] )X use of the N(CN)~ molecule as an end-to-end bridged ligand
Ngzﬁ2 was reported by Escuer et al. who described the one-dimensional

chain compoundsans[Mn(4-bzpyy{ N(CN).} 2], andcis-[Mn-
wherez is the number of neighbors adds the magnitude of (bpyX N(CN)2}2]n (4-bzpy = 4-benzoylpyridine; bpy= 2,2-
the intermolecular interactions, which are assumed to be bipyridyl).33 In addition, Miller et al. reported one-dimensional
intrachain through the bridging linker, N(CN) for 1 and chain compounds of Mn(ll), Fe(ll), and Co(ll) ions of the type
C(CN)~ for 2. We obtained the best agreement between M[{N(CN).}2(bpym)}H.O (M = Mn, Fe, Co; bpym= 2,2-
model and experiment by fittingT with eq 4 @ = 2.16,D = bipyrimidine)24 In these studies, the magnetic exchange interac-
63.3 ¢!, zJ = —0.33 cn!, R = 0.9985 forl; andg = tions through the N(CNYJ linkages were estimated to be weakly
2.15,D =58.0 cnTt, zJ= —0.22 cn7l, R = 0.9983 for2; (R antiferromagnetic J = —0.3 to —0.99 cnt?). Escuer et al.
=1 — S{(Tecac — xTob9/S (xTobd}?d. The ZFS values of performed MO calculations in an effort to understand the
both compounds are in good agreement with the previously superexchange mechanism for N(GNpridges. Their results
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Ty and *y, pn

Figure 7. (a) Schematic representation of orbital arrangements between
a* orbital (7*x, and 7*y;) in [Ru(O,CCHs)s]™ and the pr orbital in

the tricyanomethanide anion and (b) orbital arrangements in a rotation
based on the NRu—Ru—N vector. The orbital arrangements between
at* orbital in [Rux(O.CCHs)4]* and the pr orbital in the dicyanamide
anion are similar to (a) and (b) representations.

indicate that the exchange interactions occur through HOMO
ot orbitals ando orbitals lying on a nearly degenerate energy
level with HOMO 7 orbitals3? The interaction through themp
orbitals of dicyanamide is reduced when bound in the end-to-
end mode because of the lower electronic density on the terminal
nitrogen atoms-{25% probability on terminal nitrogen atonts).

In the diruthenium(ll,lll) systems, the three unpaired electrons
reside in oney* and two zz* orbitals (0*17*?), but because of
symmetry, thex* orbitals are expected to be the main
contributors to magnetic exchange through the axial position
of the [Rup(O,CCHs)4] ™ cations (Figure 7a). The lower elec-
tronic density of @ orbitals on the terminal nitrogen atoms of
dicyanamide will affect the extent of the magnetic interactions
in our system as well as Escuer’'s compounds.

Magnetic properties ofi3-tricyanomethanide-bridged first-
row transition metal compounds with an interpenetrated rutile-
like structure were recently describ&&or the two compounds
[Cr{C(CN)s} 2] and [V{C(CN)s} ], the exchange coupling was
estimated to be/ks = —1.9 K = —1.32 cnt?) and—2.7 K Figure 8. Perspective view of the one-dimensional chain looking down
(J = —1.88 cnY), respectively’® The MO calculation for free  the N~Ru—Ru—N vector of (a)1 and (b)2.
tricyanomethanide indicates that the HOMO consists of out-
of-planez orbitals on theDz, symmetrical C(CNy~ molecule?” N(CN),~ and C(CN)~. Conversely, whe# is near 45, there
The electronic populations of the HOMO level on each atom is minimum overlap between the same sets of orbitals. Although
are similar to those of the N(CB) anion, with electron density  the complicated disorder of the dicyanamide moietieslin
residing mainly on the central carbon and less contribution from renders it difficult to define an exact value f@rthe angles are
the terminal nitrogen atoms. In compou®dwo of three cyano ~11° and~45° based on the NRu—Ru—N vector and N(2)
groups are associated with coordination and one cyano grouppositions as shown in Figure 8a. The alternation of these angles
is free, leading to deviation fror@3, symmetry. Despite this, in each N(CN)~ linkage is expected to lead to a decrease of
the metric parameters i@ reveal no remarkable distinctions the magnetic communication betweeny,Rmits. In compound
between the coordinated and noncoordinated part of the tricy- 2, thef angle is ca. 25as indicated in Figure 8b, which would
anomethanide moieties. Consequently, the superexchange mechalso lead to poor overlap and hence weak magnetic exchange
anism should be through the HOMGrrbitals in a manner interaction in this compound as well.
akin to dicyanamide, but it may be that the electronic density = The superexchange mechanism for mononuclear Ru(lll)
on the two coordinated nitrogen atoms of tricyanomethanide is centers through Dicyd spacers has been investigat@dt is
even lower because of the presence of the additional danglingrecognized that the Dicyd anions are interesting bridging
cyano group. ligands because they lead to strong magnetic and electronic

In any consideration of the magnetic exchange interactions communication. Crutchley and co-workers described the su-
in the diruthenium-bridged systems, it is important to consider perexchange coupling between monoruthenium(lll) ions as
the rotation anglé defined in Figure 7b. Whe# is near 0, occurring by hole transfer via HOMOnporbitals of Dicyd—.
significant overlap occurs between the,, or n*y, of the Ry This mechanism explains the strong magnetic coupljdigX
units and the g orbtial on the terminal nitrogen atoms of 400 cnt?) found in [Ru(lll)—(Dicyd?-)—Ru(lll)] despite the
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long-range pathway. For this to occur, the relatively high-energy 1, andg = 2.15,zJ= —0.22 cnt?, D = 58.0 cnt? for 2. The

pr HOMO level in Dicyd~ would have to be energetically well-  Ruy(ll, 11I) “dimer-of-dimers” compound,3, bridged by DM-
matched with the a orbital of Ru(lll) ions. This appears to be  Dicyd?~, was also prepared. The magnetic dat8 cdvealed a
the case because a systematic variation of the HOMO energyweak antiferromagnetic interactiog € 2.10,zJ= —0.90 cn1?,
level according to substituent changes on the Dicyuhit led D = 75.0 cn1?), in contrast to the previously reported series
to variations in the magnitude of the magnetic interactions over of compounds based on the [Ru(HjDicyd?~)—Ru(lll)] unit,

the range ofJ| from 62 to>400 cnt1.1%|f we consider these  which exhibit strong magnetic interactionk<€ —62 to>—400
studies as a backdrop for analyzing the magnetic properties ofcm=1) via LMCT pathways. The fact that the new compounds
3, one may conclude that the energies of the HOMO orbitals in this study exhibit only weak antiferromagnetic superexchange
(0*17*2) in the building block [Ry(O,CCHg)(mhp)] ™ are is attributed to poor overlap of the* orbitals (7*y, andz*y,)
inaccessible for extensive overlap with the HOMO level of of the Ruy(ll, Ill) units with the HOMO delocalized p orbitals
Dicyd?~. Consequently, thaole transferas Crutchley’s com- on the polycyano molecules.
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