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Introduction

A number of diruthenium complexes containing different axial

and equatorial ligands have been synthesized and characterize

in the literaturé:~15 In general, the thermodynamically preferred
oxidation state is R&" for most complexes,” but several
Rw* and Ry®" complexes have also been isolatetf The

electronic structures of these diruthenium compounds have

provided interesting challenges to the development of metal
metal bonding theory. The orbitals that arise primarily from
overlap of the metal d orbitals awg = and 6 bonding ones
(which follow that order of increasing energy) and their
antibonding counterparts*, 7*, and 6*.1-48-11 There is no
doubt that thes* orbital is always well above thea* and 6*
orbitals for Ry®", Rw?", and Ry*" complexes, but the relative
ordering and energy differences betweensthand 6* orbitals
will vary as a function of the diruthenium oxidation state, the
type of bridging ligands and the type and number of axial
ligands.

Three different energy level orderings are known for ittie
ando* orbitals of RU'RU" and RU, derivatives=#811 These
are as follows: (L)t* ~ 6% (2) n* < 6%, and (3)z* > o6*.
The w* and 6* orbitals of most diruthenium(ll,Ill) complexes
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Less is known about the electronic configuration of diruthe-
nium(lll) complexes since there are only four reported examples
of Ru%* species bridged by four equatorial ligarigs'® Three
of these compounds, Riapf)s(C=CCsHs),12 the 4,0 isomer
of Ruy(pfapy(C=CC¢Hs),, 13 and Ru(dpf)s(CN),4 have mono-
valent bridging ligand< and are diamagnetic while the fourth,
Ko[Rux(SQy)4(H20),],1516 has divalent S¢¥~ bridging ligands
and is paramagnetic with four unpaired electrons. The three
diamagnetic complexes contain two axial ligands hawvimipnor
ands acceptor properties. The exact electronic configuration
of these species is not clear but they are unambiguously
diamagnetic as determined by NMR spectroscopy and magnetic
susceptibility measuremenit&:4 This contrasts with KRu,-
(SOy)4(H20)] which has the electronic configuration af)g-
(@)*(8)Y(*) 4(6*) 1, indicating that the, #* and 6* orbitals are
nearly degeneraté:16

In this present paper, we report the first synthesis and

haracterization of a paramagnetic diruthenium(lll) complex
aving two unpaired electrons. The investigated compound,
represented by R(hpp)Cl,, where hpp= 1,3,4,6,7,8-hexahy-

N

-

9

hpp ligand

C

dro-2H-pyrimido[1,2-a]pyrimidinate ion, was characterized by
X-ray single-crystal diffraction, electrochemistry, ESR, and
UV —visible spectroscopy. Its unique paramagnetic feature is
consistent with a ground-state electronic configuration of either
(0)(m)*(8)*(*) % or (0)A(m)*(0)X(7r*) (%) .

Experimental Section

Chemicals and Reagents.CH,Cl, was obtained as HPLC grade
from Fisher Scientific Co. and distilled over phosphorus pentoxide
(P0s). Tetran-butylammonium perchlorate (TBAP, Fluka Chemical

are nearly degenerate (case 1), and this gives an electronicCo.) was twice recrystallized from absolute ethanol and dried in the

configuration of 6)4(7)*(0)%(6*x*)3 with three unpaired
electrons:™ Some diamagnetic diruthenium(ll,Il) complexes
haver* < §* (case 2) and ad)2()*(0)(x*)* configuration®-®
while others with strong metaimetal bonding interactions have
an electronic configuration ot §2()*(6)2(6*) 3(*) 2 with two
unpaired electrod&!*andz* > 6* (case 3).
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oven at 40°C prior to use. Methanol and 1,3,4,6,7,8-hexahydtb-2
pyrimido[1,2-@]pyrimidine (Hhpp), purchased from Aldrich Co., were
used as received.

Physical Measurements.UV —visible spectra were measured on a
Perkin-Elmer 330 spectrophotometer. Elemental analysis was carried
out by Galbraith Laboratories, Inc., Knoxville, TN. Cyclic voltam-
mograms were obtained with an IBM Model EC 225 voltammetric
analyzer. The working electrode was a platinum button with a surface
area of 0.19 mrh The reference electrode was a homemade saturated
calomel electrode (SCE). A platinum wire was used as a counter
electrode. Magnetic moments were determined using a Johnson
Matthey Model MSG-1 magnetic susceptibility balance.

Synthesis of Ru(hpp)4«Cl.. A 0.30 g (ca. 0.64 mmol) sample of
Ru(CH;COO)Cl was mixed with 1.5 g (ca. 10.8 mmol) of Hhpp under
an argon atmosphere. The mixture was first dried under vacuum for
about 30 min and then heated to 180 under Ar for 10 h. Excess
Hhpp ligand was sublimed under vacuum at 220 and the residue,
which was dark green, was purified on an alumina column using CH
OH/CH,CI; (1:9) as eluent. The green band was collected in a yield
of 40%. The compound was found to be soluble in most common
organic solvents with the exception of pure hexane or methanol. Single
crystals suitable for X-ray analysis were obtained by slow diffusion of
n-hexane into a CkCl, solution of Ru(hppkCl,. Anal. Calcd for
CasHagN1,Cl.RW: C, 40.68; H, 5.81; N, 20.34; Cl, 8.60. Found: C,

(16) Cotton, F. A,; Datta, T.; Labella, L.; Shang, M. ¥iorg. Chim. Acta
1993 203 55.

(17) dpf= N,N'-diphenylformamidinate and pfap 2,3,4,5,6-pentafluoro-
2-anilinopyridinate.
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Table 1. X-ray Data Collection and Processing Parameters for
Rux(hpp)Cla

space group |4/m (tetragonal)
cell const
a A 9.984(1)
c, A 15.947(3)
Vv, A3 1590
mol formula GgHagN1.ClRW,
fw 825.92
A 2
o, glcn® 1.73
u, et 11.42
2, (Mo Ka), A 0.71073
collcn range, deg 4 20 <60
temp,°C —-50
Re 0.033
R.? 0.038

3R = J[IFol = [Fll/Z|Fol. ® R = [IW(IFol — [Fel)/ZWIFol7*2

40.86; H, 5.94; N, 18.57; Cl, 9.57. UWisible data in CHCI; [4,
nm]: 430, 610, and 770.

X-ray Crystallography. A very dark green octahedron having
approximate dimensions 0.26 0.25 x 0.30 mm was mounted in a
random orientation on a Nicolet R3m/V automatic diffractometer. Since
the crystals were potentially air-sensitive, the sample was placed in a
stream of dry nitrogen gas at50 °C. The radiation used was MoK
monochromatized by a highly ordered graphite crystal. Final cell
constants, as well as other information pertinent to data collection and
refinement, are listed in Table 1. The Laue symmetry was determined
to be 4/m, and from the systematic absences noted the space group
was shown to bé4, 14, or [4/m. Intensities were measured using the
 scan technique, with the scan rate depending on the count obtained
in rapid prescans of each reflection. Two standard reflections were
monitored after ever2 h orevery 100 data collected, and these showed

no significant variation. During data reduction Lorentz and polarization ) ) )
corrections were applied, as well as a semiempirical absorption Figure 2. View of the molecule showing the atom labeling scheme.

correction based opr scans of 10 reflections havingvalues between Therma_ll ellipsoids are 3_0% equiprobability_ envelops,_and h_ydrogens
70 and 90°C are omitted. Only one orientation of each disordered ligand is shown.

Since the unitary structure factors displayed acentric statistics, spaceTaple 2. Selected Bond Lengths (A) and Angles (deg) for
groupl4/m was initially ruled out, and space grolg was randomly Rux(hpp)Cl2
chosen from the remaining two possibilities. The structure was solved
by the SHELXTL direct methods program, which revealed the positions

Bond Lengths

. = Ru—Cl 2.705(2) Ru-RuA 2.321(1)
of most of the non-hydrogen atoms in the molecule. Remaining atoms RU—N1 2.045(5) Ru-NT’ 2.063(5)
were found in subsequent difference Fourier syntheses. The usual §q1_cg 1.332(6) NEC2 1.475(9)
sequence of isotropic and anisotropic refinement was followed, after  N1'—c1 1.352(5) N1—C2 1.493(9)
which all hydrogens were entered in ideal calculated positions and  N2—C1 1.363(7) N2C4 1.468(6)
constrained to riding motion, with a single variable isotropic temperature Cc2-C3 1.516(18) C3C4 1.500(14)
factor for all of them. It was noted that, although the four ligands alll c2-C3 1.516(14) C3-C4 1.500(12)
seemed to have the same chirality, the anisotropic thermal parameters Bond Angles

of s_everal of the atomg (including both N1 types) were extremely I_arge, C1-RU-N1 91.6(1) CLRUNT 90.2(1)
as if some type of disorder were present. Most of the chemically C1-RU-RUA 180.0 NL-RU-RUA 88.4(1)
equivalent bond lengths showed quite large differences, and-tfuN N1'—RU-RUA 89:8(1) NERU-N1B 176'.9(3)
Ru—N torsion angle of 0did not make sense for this type of molecule, N1—Ru—N1C 90.0(1) N1-Ru—-N1'B 179.5(2)
reinforcing the possibility that the N1 type atoms were really “average” N1'—Ru—N1'C 90.0(1) Ru-N1—-C1 121.2(4)
positions. Therefore, the model was shifted and the space group Ry—N1-C2 124.2(4) CE+N1-C2 114.6(5)
converted td4 to see if the disorder could be removed. Thisrefinement Ru—N1'—C1 118.8(4) RuN1'—C2 121.9(4)
led to a similar R value and somewhat better agreement between C1-N1'—C2 119.2(5) CEN2—-C4 122.7(2)
equivalent bonds. However the obvious disorder of the ligands C4—N2—C4A 114.5(5) N+C1-N2 121.7(3)
remained. Attempts at ab initio structure solution in this space group N1'—C1-N2 119.8(5) N1-C1-NI'A 116.9(5)
produced no change whatsoever. Since the noncentrosymmetric space N1—C1—-N1A 112.1(6) N}C2-C3 111.4(8)
groups were giving less than desirable geometries (albeit Breglties), C2-C3-C4 104.6(8) NI-C2—-C3 106.7(6)
it was decided to try refinement id/m. This refinement clarified the N2-C3-C3 111.7(5) N2-C4-C3 112.7(7)
nature of the disorder substantially, gave simiRrvalues, and aThe disordered sites for atoms N1, C2, and C3 are indicated by

dramatically improved the agreement between the chemically equivalentprimed and unprimed atom numbers.

bonds. It was still necessary to apply mild distance constraints to some

of the disordered atoms however, and the heavily disordered hydrogensremoved. Since thé4/m refinement produced the best anisotropic

had to be omitted. The asymmetric unit in this case consistésof  thermal parameters and the fewest high correlations in the least squares

molecule situation about am/site, and the N1, C2, and C3 atoms  (namely zero), in the end this space group was selected. After all shift/

were refined with 50% occupancy at two different locations. A view esd ratios were less than 0.1 convergence was reached at the agreement

of the disordered model used is shown in Figure 1. factors listed in Table 1. No unusually high correlations were noted
Thus, after exhaustive refinement in all three possible space groups,between any of the variables in the last cycle of full-matrix least-squares

the R values were virtually the same and the disorder could not be refinement, and the final difference density map showed a maximum
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Table 3. Selected Properties of Diruthenium(lll) Compounds
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half-wave potentials, V vs SCE

unpaired Ru—Ru Ru—Ru—L
compound electrons dist, A angle, deg RifT/RuS+ RS /RWS RWS /R ref
Rup(hpp)Cla 2 2.321(1) 180.0 0.55 —0.60 tw
Rup(pfapy(C=CCsHs); 0 2.441(1) 171.4 0.90 —0.05 -1.18 13
Rup(dpfa(CN)z 0 2.539(1) 160.3 —-0.25 —1.34 14
Rup(dpfa(C=CCsHs). 0 2.556(1) 159.8 0.73 —-0.61 —~1.54 12

2 All potentials were measured in GBI, containing 0.1 M TMAP P tw = this work. ¢ Cathodic peak potentiaEy, at a scan rate of 100 mV/s.

peak of about 0.6 eA All calculations were made using Nicolet's
SHELXTL PLUS (1987) series of crystallographic programs.

Results and Discussion
The structure of RifhppkCl, is given in Figure 2, and

selected bond lengths and angles of this compound are sum-

marized in Table 2. The coordination about each Ru atom is
essentially octahedral with four hpp nitrogens (average Ru
= 2.054 A) forming the equatorial plane. The RRu bond
distance of 2.321(1) A is quite short compared to diamagnetic
diruthenium(lll) complexes whose distances range from 2.451
to 2.556 A (see Table 3) but it is of comparable length to the
2.343 A found in K[RU2(SQy)4(H20),],15¢ a compound with
four unpaired electrons. The R distance of 2.705(2) A in
Ru(hppuCl; is extraordinarily long compared to diruthenium
complexes containing a single Céxial ligand (2.412-2.558
A)2314and this may be due to a significant trans influence in
Rw(hppkCl, which results in weak RuCl interactions. No
other diruthenium(lll) complexes with two axial chloride ligands
have ever been reported and therefore comparisons fCRu
distances can only be made with diruthenium(ll,111) compounds
containing a single Cl axial ligand, such as in the case of
Ruy(dpfsCl which has a Ru-Cl bond distance of 2.414(2) &.

The short Re-Ru bond distance of 2.321(1) A in Rbpp)-
Cl, is not unusual if one considers that the theoretically predicted
bond orders for Rif", Rw®", and Ry®" complexes are 2, 2.5,
and 3, respectiveli# Thus, it is the diamagnetic rather than
the paramagnetic complexes of Ruwhich show unusual Ry
Ru bond distances. In addition, the distortion in octahedral
symmetry observed for diamagnetic RU complexes is not
present in Re(hppkCl, where the Re-Ru—Cl bond angle is
180.0 as opposed to 159-8168.5 for the other derivatives
(see Table 3). It thus appears that the memaétal bond
distances and the RtRu—ligand bond angles of diruthenium-
(1) complexes will both vary widely depending on the nature
of the equatorial and axial ligands.

The room temperature magnetic susceptibility obRppy-
Cl, in the solid state is 2.78g, consistent with two unpaired
electrons. This implies a significant energy difference between
the 6 orbital and ther*, §* orbitals with the latter two being
higher in energy. Under this condition, the electronic config-
uration should be eithet}2()*(8)3(x*) 2 or (0)3()*(0)(m*) -
(0% A related diosmium complex, @OFM)4Cl, (where
DFM = di-p-tolyformamidinate), has been suggested to have
the electronic configuratioro?(;)*(6)2(-r*) 2 with two unpaired
electrons in ther* orbitals'® while a ground state electronic
configuration of ¢)3()*(0)}(*)%(6*)* has been proposed for
the related paramagnetic diruthenium(lll) complex[Ru,-
(SO4)4(H20); 15,16

The electronic structures of Rdpf)s(C=CCsHs),, Rux(dpf)s-
(CN),, and the (4,0) isomer of R(pfapu(C=CCsHs), are not
clear. The Ru-Ru bond distances in these diamagnetic

complexes (see Table 3) are more consistent with a single bond

(18) Norman, Jr. J. G.; Renzoni, G. E.; Case, D.JAAm. Chem. Soc.
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Figure 3. Cyclic voltammogram of Righpp)Cl, in CH.Cl, containing
0.1 M TBAP. Scan rate= 0.1 V/s.

than with the expected triple boldand the ESR spectra of
their electrogenerated radical aniéhd* (singly reduced forms)
strongly suggest a SOMO af* symmetry2° The structural
and ESR data of these species are consistent with two electronic
configurations, either)2(;)*(7z*)* or (7)*(8)4(7*)*. A number

of factors could be responsible for the different electronic
configurations among the R complexes. The most probable
is that the diamagnetic complexes contain axial ligands with
both o donor andz acceptor properties on each ruthenium
atom214 whereas the axial ligands of the paramagnetic
complexes are only weak donors.

It should be pointed out that spin pairing is also observed
for diruthenium(ll, 1) compounds which contain two axial
acid ligandst* For example, Ry{dpf),Cl contains a Rpt* core
and is paramagnetic with three unpaired electr@s ¢/,).1
Three unpaired electrons are also observed fop(dRd)s-
(C=CCsHs).1* However, the binding of a second axial phen-
ylacetylide ligand leads to [R(dpf)s(C=CCsHs),;] ~ which has
one unpaired electronS(= /,).12"1* We also attempted to
synthesize Rifhppy(C=CGCsHs), for comparison with Ry{hppy-

Cl,. However, only decomposition products were obtained upon
addition of LICECCgHs to Rw(hppyClo. 1t is likely that the
[C=CCsHs])~ anion replaces not only the axial Cligand but
also one or more of the bridging equatorial hpp ligafids.

The cyclic voltammogram of RghppxCl, in CH,CI, con-
taining 0.1 M TBAP is shown in Figure 3. A reversible
reduction is seen &;,, = —0.60 V and there is also a reversible
oxidation atE;, = 0.55 V. Both processes involve a one-
electron transfer which appears to be metal-centered, thus
generating a Rf&" complex upon reduction and a Ro
complex upon oxidation. A similar cyclic voltammogram has
been reported for QEDFM)4Cl,.1° Table 3 summarizes half-
wave potentials for oxidation and reduction of the known

(20) Yao, C. L.; Park, K. H.; Khokhar, A. R.; Jun, M. J.; Bear, Jinorg.
Chem.199Q 29, 4033.

(21) Tooze, R. P.; Wilkinson, G.; Motevalli, M.; Hursthouse, M.JBChem.
Soc., Dalton. Trans1986 2711.
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diruthenium(lll) compounds having four monovalent bridging be generated electrochemically by reduction at a controlled

ligands. The dpf and hpp ligands are more basic than the pfappotential of—0.80 V. The monoanion is stable in solution but

ligand and this is seen in the ordering Bf;; for the Ryf™/ ESR silent, as is the case for Rdpf),Cl and Ruy(dpf)s-

Rw>" process where the pfap derivative is easier to reduce. (C=CCgHs),*and its electronic configuration is consistent with
Finally, as mentioned earlier, Rtapp)Cl, contains two  0%7*0%(*9*)3 and three unpaired electrons.
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