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Syntheses and characterization of two Ru,®" paddlewheel compounds having very different magnetic behavior are
reported. The compounds Ru,(tbn)4Cl,, 1, and Ruy(th0)4Cl,, 2 (where tbn = the anion of 1,5,7-triazabicyclo-
[4.3.0]non-6-ene and tbo = the anion of 1,4,6-triazabicyclo[3.3.0]oct-4-ene), have four equatorial bicyclic guanidinate
ligands and two chloride ions in axial positions. They show large disparity in Ru—Ru distances of about 0.11 A
(2.389(3) and 2.499(3) A at 30 K for 1 and 2, respectively) that is attributed to the divergence in the bite angle of the
ligand. Variable temperature structural data show no significant changes in the Ru—Ru distances between 30 and 213
K suggesting that the electronic structure remains unchanged in this temperature range for both compounds. Magnetic
studies of 1 indicate there are two unpaired electrons at room temperature but the compound behaves as essentially
diamagnetic at ~2 K. Compound 2 is non-magnetic across all temperatures in the range of 2 to 300 K. Density
functional theory calculations suggest a 77*7**6? electronic configuration for 2, while the magnetic behavior and
structural data for 1 are consistent with a o?z*¢%7*2 electronic configuration. This shows the importance of the ligand
bite angle in determining the electronic configuration of the diruthenium unit and a way to tune magnetic behavior.

Introduction

Since 1964 when the first species containing a direct and
unsuplgorted quadruple bond between metal atoms,
Re,Clg™, was reported considerable efforts has been focused
on the determination of the electronic configuration as a
means of explaining various properties in compounds with
metal-to-metal bonds." The “traditional” energy ordering
of the orbitals of 0 < < < * < z* < ¢* has been sur-
prisingly useful especially for compounds containing eight or
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less bonding electrons. However, for species with more than
eight electrons this arrangement only serves as a first approxi-
mation because in some cases the energy of the antibonding
orbitals may be very similar.! Early examples are those of
compounds containing Ru,"" cores (n = 4, 5, or 6), in which
the 0* and z7* orbitals are often nearly degenerate,” leading
to variety of electronic structures that are manifested in
variations of the metal-to-metal distances®* and magnetism.”

It is not often straightforward to separate the effect on the
Ru—Ru distances caused by axial ligands or by the nature
of the ligands and other variables. However, the effect of
the ligands has been relatively well addressed in Ru,®" com-
pounds.®~® More recently theoretical calculations have shed
some light on Ru,>* compounds.® In most compounds with
Ru,®" units, which have 10 metal-based electrons, the elec-
tronic configuration is o”7*0*0**.} However, when strong
o donors, such as cyanide and alkynyl ligands are in axial
positions, a significant lengthening of 0.2—0.3 A in the
Ru—Ru bond distances is observed relative to those having
weaker o donor ligands such as Cl. For example, the
Ru—Ru bond distances in compounds of the ty7pe Ruy(ami-

dinate),Cl, are generally around 2.30—2.34 A*7 while those
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in compounds of the type Ru,(amidinate),(alkynyl), are
about 2.46—2.57 A.>!* It has been suggested that the strong
o donor ligands interact with the o bonding orbitals of the
ruthenium atoms, destabilizing them to such an extent that
the o bond between the metal atoms no longer forms and thus
the ground state configuration has been described as 7*0%7**.
This assignment is based on the lengthening of the metal—
metal distance and more recently on density functional
theory (DFT) calculations provided in a communication. "’
Less understood has been the effect that the bridging ligands
exert on metal-based orbitals. It should be noted that with
few exceptions, the majority of Ru,®" compounds contain
bridging N,N'-donor ligands such as aminopyridinates, for-
mamidinates, and benzamidinates.’

Up to now there have been only two Ru,®" species with
guanidinate brldigmg ligands: Rus(hpp)sCl,'*" and Rus-
(hpp)a(CF5S05)," (hpp = the anion of 1,3,4.6,7,8-hexa-
hydro-2H-pyrimido[1,2-a]pyrimidine). These compounds
show an interesting magnetic behavior being paramagne-
tic with an S = 1 at ambient temperature but essentially
diamagnetic at very low temperature. A question that arose
was whether this variation in magnetic behavior was due to a
change in electronic configuration as the temperature chan-
ged. The ambient temperature behav10r w1th two unpaired
electrons was inconsistent with a o”*0*0** arrangement and
thus favored the o’7*0’7** configuration indicating that
the r* orbital was lower in energy than the 0* orbital. The
question that the magnetic measurements could not resolve
unambiguously was whether the low temperature diamagne-
tism was due to an electronic configuration such as o”7*9°9*>
with no unpaired electrons or to some alternative effect. The
answer to this question arose from careful structural mea-
surements done at variable temperature.'® The premise was
that a change in electronic configuration as a result of a
transfer of two electrons from a z* orbital to a 6* orbital
would be accompanied by a measurable decrease in the
metal-to-metal distance. The reasoning was that electrons
occupying a s* orbital would destabilize the metal—metal
bond more than electrons in 0* orbitals. This hypothesis has
since been shown to be valid for some compounds having
Ru,”" cores. For Ru,(hpp)sCl, and Rus(hpp)s(CF5S05),,
crystallographic measurements at variable temperature
showed that the Ru—Ru distances remained unchanged from
27 to 296 K which suggested that the change in magnetism
was unrelated to a change in electronic configuration and
therefore it was attributed to a large zero-field s]phtting (ZFS)
which contributed to the electron palrlng inan A, (M, = 0)
state derived from a - Azg configuration, >3

In the present study the effect of the bite angle of the
ligands on the Ru—Ru bond and magnetism of Eaddlewheel
Ru,’" species with [Ru,(bicyclic guanidinate),]*" cores has
been examined using a guanidinate ligand with two fused
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Scheme 1. Line Drawings of the Bicyclic Guanidinate Ligand Pre-
cursors: (a) Hhpp, (b) Htbn, and (c) Htbo

(@) (b) ()

S-membered rings (tbo = the anion of 1,4,6-triaza-bicy-
clo-[3.3.0]oct-4-ene or 2.3,5,6-tetrahydro-1 H-imidazo[1,2-a]-
imidazole) and another one with a 5,6-membered ring (tbn =
the anion of 1,5,7-triaza-bicyclo-[4.3.0Jnon-6-ene or 2,3,5,6,
7.8-hexahydroimidazo[1,2-a]pyrimididine).'® These ligands
are shown in Scheme 1. These and other analogous guanidi-
nate ligands, which often are used in catalytic processes,'’
have been useful for the preparation of quadruply bonded
compounds with very interesting electrochemical,'®" elec-
tronic, and solubility properties.”**' It should be noted that
bicyclic guanidinate ligands can stabilize dimetal units and
provide them with unique characteristics.'®® A particularly
useful propertzy is the stabilization of species in high oxida-
tion states. Furthermore guanidinate ligands can also be
used to stabilize a series of mononuclear species, and this type
of compounds have become increasingly important in co-
ordination chemistry.' %3

Results and Discussion

Syntheses. Even though the target compounds have
Ru,®" cores, the syntheses were carried out by first
reducing Ru,(OCCH;)4Cl with zinc powder in tetra-
hydrofuran (THF). This somewhat convoluted procedure
was necessary because ligand substitution on the easily
accessible Ru,”" species was kinetically too slow to be
useful>* However, as indicated by an immediate change
in the color of the reaction mixture, ligand substitution
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was fast upon addition of Li(tbn) or Li(tbo) to THF
solutions of Ru,(OCCHa3), prepared in situ by reduction
with zinc. The origin of the second CI axial group is
uncertain, but it should be noted that M,(hpp)s com-
pounds, M = Mo, W, react with chlorinated solvents to
form M,(hpp)4Cl, compounds.'”

Structural Comparisons. At first glance, the molecular
structures of 1 and 2, shown in Figure 1, are analogous to
that of Ru,(hpp)4Cl, having a paddlewheel structure with
four equatorially bound guanidinate ligands and two
axially coordinated chlorine atoms.'?> However, inspec-
tion of the bond distances provided in Table 1 for 1 and 2
show a very large difference in Ru—Ru distances with that
for 1 (2.381(2) A at 213 K) being 0.12 A shorter than
that in 2 (2.5075(16) Aat 213 K). Both of these distances
are also longer than that in the hpp analogue (2.3167(6) A
at 213 K). Upon moving from hpp to tbn to tbo, the
measured N—C—N angle of the guanidinate ligand in-
creases by approximately 9° for each ligand. The increase
in Ru—Ru distance is 0.06 A between the corresponding
hpp and tbn compounds, but doubles to 0.12 A for the tbn
and tbo analogues. This significant increase presumably
affects the bonding orbital occupancies (vide infra). It
should be noted that the increase in bite angle is not linear
with the increase in the bond length between Ru atoms
indicating that there is some resistance against lengthen-
ing the dimetal unit (vide infra).

For comparison, the Mo—Mo in the quadruply bonded
dimolybdenum species with Mo,*" cores exhibit rela-
tively smaller variations in d1stances The distances are
2.067(1) A for the hpp compound 22. 082(1) A for the tbn
analogue and 2.1321(7) A and 2. 1453(4) A for two tbo
solvates.'® These distances increase upon oxidation to

Figure 1. Molecular structures of 1 (left) and 2 (right) drawn with
displacement ellipsoids at the 30% probability level. The two orientations
of theligand in 1 (shown only in one of the ligands and omitted in the other
three for clarity) are due to the asymmetric rings in the tetragonal space
group /4/m. Note that the ligands are puckered into a boat conformation.
Hydrogen atoms are omitted for clarity.
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Mo,>" and Mo,*" species, so_that it is 2.240(3) A in
Mos(tbn),Cl, and 2.2305(8) A in Mos(tbo)sCL'® An
analysis of the idealized metal atom positions, based on
the geometry of the tbo ligand in the Mo,*" species,
suggested a Mo—Mo distance of 3.17 A for Moz(tbo)4,
instead of the experimental value of 2.13 A."® An analo-
gous analysis for 2, illustrated in Figure 2, leads to a
similar prediction of 3.19 A for the Ru—Ru bond length, a
value that is still longer than the experimental distance of
2.507(2) A. These compounds clearly show that there is a
large impact of the bite angle on the metal—metal dis-
tances, but the effect is significantly greater as the bond
order decreases.

Finally, it should also be mentioned that the structure
of 1 at 30 and 213 K show no appreciable change in bond
distances, suggesting that there is only one electronic
configuration over the temperature range. Similarly for
2 measurements at 30, 70, and 213 K show no noticeable
structural differences. Again, the invariability of the
structure is consistent with a sole electronic configuration
over the entire temperature range in which measurements
were carried out. What is not unambiguous from these
measurements is what the electronic configuration is,
since the magnetic properties are quite different for the
two compounds.

Magnetism. Because compounds with Ru,®" cores,
which have ten electrons occupying the metal-based mole-
cular orbitals, have been characterized with 0, 2, or 4
unpaired electrons,” magnetic susceptibility measurements,

/T\
2
{ 88.1°
Yr-—=--=-=="- =7 Il2u
3.19 (Calc.) 2.51 (Exp.)
(a) (b)

Figure 2. Comparison of (a) the calculated idealized Ru—Ru distance
based on the crystal structure geometry of the tbo ligand in 2 to (b) the
experimentally observed Ru—Ru distance in 2. For background on how
the estimation of the Ru—Ru distance was done, see ref 18. The schemes
are drawn using an arbitrary scale, and the distances are in angstroms.

Table 1. Selected Bond Distances (A) and Angles (deg) for 1 and 2 at Various Temperatures

14 1/7 24 2¢ 2/)
Ru(1)—Ru(1A) 2.381(2) 2.389(3) 2.5075(16) 2.500(3) 2.499(3)
Ru()—ClI(1) 2.574(4) 2.570(4) 2.495(3) 2.490(4) 2.489(5)
Ru(1)—N(1) 2.015(14) 1.98(3) 2.032(4) 2.029(6) 2.023(6)
Ru(1A)—N(2) 2.037(19) 1.983(17)
CI(1)=Ru(l)—Ru(1A) 180 180 180 180 180
N(D)—Ru(1)—CI(1) 91.90(9) 91.91(17) 91.81(17)
Ru(1)-Ru(1A)—N(2) 89.6(3) 89.5(5)
Ru(1A)—Ru(1)-N(1) 89.0(3) 91.2(7) 88.10(9) 88.09(17) 88.19(17)
N()—C(1)~N(2) 121.2(8) 126.9(19) 130.9(6) 132.4(10) 130.6(10)

“213K.%30K.“70 K.
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Figure 3. Temperature dependence of the magnetic susceptibility in 1.
The squares represent experimental values, and the solid line is the fitting
of these experimental data. The inset shows the fitting parameters. There
are two unpaired electrons at ambient temperature but a large ZFS makes
the compound appear as essentially diamagnetic at about 2 K.

Table 2. Zero-Field Splitting Parameters for Selected Diruthenium Compounds

compound D (cm™) reference
1 261 this work
Ru,(hpp)4Cl, 227 13
RUQ(hpp)4(O3SCF3)2 242 13
Ru,(0,CCHsy), 244 15b
Ruy(02CC6H5)4(H20), 2(CoHsOH)g 5 215 15b
[RUz(D(3,5-C12Ph)F)4Cl(OSHzo)] 'C6H|4H 79.8 Se

“D(3,5-Cl,Ph)F = the anion of N,N’-di(3,5-dichlorophenyl)form-
amidine.

as well as variable temperature structural parameters, are
essential to provide insight into the electronic configura-
tion. The room temperature y7" value of 0.9 emu-
K -mol ™! for 1, shown in Figure 3, is consistent with the
presence of two unpaired electrons, as in Ru,(hpp),Cl,."
Similarly to Ruy(hpp)4Cl,, the magnetism gradually di-
minishes as the temperature is reduced, and the y 7' value is
essentially zero at 2 K. These magnetic and structural
data support an electronic configuration of o°7*0*7** in
which the low temperature diamagnetism may be attrib-
uted toalarge ZFS. This is further supported by modeling
the magnetic data that yields values of gso) = 2.01, D =
261 cm !, consistent with earlier work.”'* The equa-
tion utilized for the magnetic data fitting was

e o G-
~ kT (1+26—D//cT) (1)

where D is the ZFS parameter, k is the Boltzmann
constant, N is Avogadro’s number, and S is the Bohr
magneton. The ZFS parameter for 1 is the highest yet
observed for a Ru,®" guanidinate compound, but it is
consistent with those in other diruthenium compounds,
as shown in Table 2.

By contrast 2 is essentially diamagnetic at ambient
temperature.?® The difference in magnetic behavior rela-
tive to 1 indicates that the electronic structure must be
different and is consistent with the large difference in

(25) For samples of 2, the values of y7 were measured at around 0.1
emu-K-mol~! because of a small amount of a paramagnetic impurity.
Unfortunately measurement of the NMR spectrum was precluded by the
extreme insolubility of this compound in common organic solvents.
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Figure 4. Qualitative molecular orbital energy diagram for 2 (center)
and the hypothetical [Ru,(tbo),]*" cation (left).

%

LUMO &

-9.40 eV
HOMO-2 n*

-11.36 eV
HOMO-7 ¢ HOMO-2 r*-Pm,
-12.34 eV -5.02eV
HOMO-8 &t HOMO-5 n-Png
-12.50 eV -5.62 eV

Figure 5. Sclected metal-based frontier molecular orbitals for the
[Rus(tbo)*" model (left) and 2 (right) from DFT calculations.

Ru—Ru distances (vide supra). However, this does not
unequivocally answer the question as to what the electro-
nic structure of 2 is.

Computational Studies. DFT calculations were em-
ployed to provide a possible explanation of the observed
diamagnetism of 2 and offer insight into its electronic
structure. Calculations were performed for 2 using the
parameters from the crystal structure as a starting geo-
metry and for comparison calculations were also done
using the hypothetical cation [Ru,(tbo),*", which is
devoid of axial ligands. The orbital ordering diagram
created using the calculations is shown in Figure 4. The
calculated energies for the dicationic species indicate
that it is the bicyclic guanidinate ligands themselves
that mostly destabilize the o bonding orbital, which
becomes higher in energy than the sz bonding orbitals.
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The antibonding interaction between the metal—metal o
orbital and the P orbitals from the N donor atoms on
the guanidinate ligands, as shown in Figure 5, results
in the instability of the ¢ orbital relative to the 7* orbi-
tals. When interactions with the axial chlorine atoms
are included in the calculation, the o bonding orbital
is further raised in energy, such that it becomes the
lowest unoccupied molecular orbital (LUMO), with an
energy above that of the sz, 7%, and O orbitals. Using
the results of the calculations, the energies for the 7, *,
0, and o orbitals can be assigned as shown in Figure 4.
These energies suggest a x***0? electronic configura-
tion, and thus a decrease to a formal bond order of one.
Because the only net metal—metal bond arises from a 6?
interaction, the bond is expected to be weak. Thus, the
long Ru—Ru bond length in 2 is consistent with this
description. It should be noted that this electronic con-
figuration is reminiscent of that of x*0*7** proposed
for Ru,®" compounds having strong ¢ donating axial
ligands.'> ' Ligands such as —C=N and —C=CR inter-
act with the d.. orbitals of the Ru atoms, raising their
energy and also result in a z*0’7** electronic con-
figuration. A recent report by Liu and Ren provided
calculations for such molecules.'' The results showed
that the axial acetylide ligands are bent away from the
Ru—Ru bond axis in a way that increases the amount
of ¢ and 7 bonding, explaining the bending observed
in such crystal structures. The same type of bending
away from the metal-metal bond axis is predicted
for the chloride ions in 2, as seen in Figure 5. However,
the prediction is not reflected in the structures of 2,
which shows both chloride ions aligned along the Ru—
Ru axis at the three temperatures for which data were
collected.

These differences can be accounted for by looking at
the Ru—L bonding in the Ru,(N—N), core. Ren describes
how the axial bending that increases the Ru—Ru bonding
also decreases the Ru—L bonding. Because of the highly
divergent nature of the tbo ligand, it is likely that the loss
of Ru—L bonding would outpace any gains made from
Ru—Ru bonding. In addition, the longer length of the
acetylide chains versus that of a single atom species would
be expected to make the bending casier.

Conclusions

It has been shown that for Ru,®" species spanned by four
bicyclic guanidinate ligands significant changes in electronic
and magnetic properties can be induced by modifications in
the ring sizes of the ligands. The electronic structure Ru,-
(tbn)4Cl, is o*0%7** while that in Rus(tbo),Cl, is 7*z*46”.
As a consequence of the changes in configuration, at ambient
temperature 1 is paramagnetic while 2 is non-magnetic,
consistent with the DFT calculations. The underlying cause
of the different electronic configurations is the ligand bite
angle. The donor orbitals of the tbo ligand push the ruthe-
nium atoms apart to such an extent that there is a change in
the orbital energies, leading to a lower bond order and a
significant increase in the metal-to-metal bond distance.

Experimental Section

All syntheses were carried out under inert atmosphere
using standard Schlenk techniques unless otherwise noted.
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The ligand precursors Htbn and Htbo were prepared accord-
ing to the literature'® as was Ruy(OAc),C1.%>® Solvents were
dried using a Glass Contour solvent system. Mass spectro-
metry data (electrospray ionization) were recorded at the
Laboratory for Biological Mass Spectrometry at Texas
A&M University using an MDS Series Qstar Pulsar with a
spray voltage of 5 kV. Elemental analyses were performed by
Robertson Microlit Laboratories, Inc., Madison, NJ. Infra-
red spectra were recorded in a Perkin-Elmer 16PC FT-IR
spectrophotometer using K Br pellets. Electronic spectra were
recorded on a Shimadzu UV-2501 PC spectrophotometer.
Variable-temperature magnetic susceptibility measurements
were obtained from 2 to 300 K using a Quantum Design
SQUID magnetometer MPMS-XL operated at 1000 G.
These data were corrected for diamagnetism.

Synthesis of Ru,(bicyclic guanidinate)4Cl,, 1 and 2. To a
mixture of solid Ru,(OAc),Cl (100 mg, 0.211 mmol) and Zn
powder (100 mg, 1.53 mmol) was added 25 mL of THF. The
resulting brick red suspension was stirred and gently refluxed
overnight. The following morning, the mixture was filtered
using a fritted-glass packed with Celite giving a yellow filtrate.
To this solution was added 1.0 mmol of the corresponding
Li(guanidinate), prepared by adding equimolar amounts of
the neutral guanidine and either Bu"Li or MeLi in 25 mL of
THF. For each ligand, the solution immediately darkened and
was stirred for 30 min. The solvent was then removed under
vacuum, and 25 mL of CH,Cl, was added, producing a dark
solution (violet-like for 1 and nearly black for 2). After stirring
for 30 min, the solution was exposed to air overnight.

Crystals of 1 were obtained by layering isomeric hexanes onto
a CH,Cl, solution of 1. Yield: 78 mg (48%). Mass spectrum,
ESI": Caled for M—CI*: 735 amu. Found: 735 amu. Anal.
Caled® for CoqHyoN>CLRu,: C, 37.45; H, 5.24%. Found: C,
37.38; H, 5.32%. IR: 2850 (m), 1628 (m), 1542 (s), 1444 (w), and
1264 (m). UV—vis: A, 535 nm.

Crystals of 2 were obtained by allowing the reaction mixture
that had been exposed to air to stand overnight without stirring.
Yield: 86 mg (57%). Mass spectrum, ESI": Calcd for M—CI*:
679 amu. Found: 679 amu. Anal. Calcd for C,oH3,N,Cls-
Ru,: C, 33.66; H, 4.52%. Found: C, 33.36; H, 4.25%. IR:
2926 (m), 2852 (m), 1638 (m), 1509 (m), 1440 (w), 1263 (m),
1106 (m) cm ™ ..

X-ray Structure Determinations. Crystals of 1 and 2 were
coated with Paratone oil and mounted on a nylon Cryoloop
affixed to a goniometer head. Data for 1 and 2 were collected on
a Bruker SMART 1000 CCD area detector system using omega
scans of 0.3 deg/frame, with exposures of 30 and 10 s/frame at 30
and 213 K for 1, 50 s/frames for 30, 70, and 213 K for 2. Cell
parameters were determined using the SMART software suite.”®
Data reduction and integration were performed with the soft-
ware SAINT.? Absorption corrections were applied using the
program SADABS.*° The positions of the Ru atoms were found
via direct methods using the program SHELXTL.*' Subsequent
cycles of least-squares refinement followed by difference Fourier

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

(27) For both Ru,(tbn)4Cl, and Ru,(tbo)4Cl,, many attempts were made
to obtain an elemental analysis including nitrogen. Without exception, the
expected percentages for carbon and hydrogen compositions were satisfac-
tory, but the percentage for nitrogen was slightly low. It should be noted that
this is not uncommon for species that produce metal nitrides during
combustion.

(28) SMART for Windows NT, version 5.618; Bruker Advanced X-ray
Solutions, Inc.: Madison, WI, 2001.

(29) SAINT, Data Reduction Software, version 6.36A; Bruker Advanced
X-ray Solutions, Inc.: Madison, WI, 2001.

(30) SADABS, Area Detector Absorption and other Corrections Software,
version 2.05; Bruker Advanced X-ray Solutions, Inc.: Madison, W1, 2001.

(31) Sheldrick, G. M. SHELXTL, version 6.12; Bruker Advanced X-ray
Solutions, Inc.: Madison, WI, 2002.
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Table 3. Crystallographic Data for 1 and 2 at Various Temperatures

Chiarella et al.

1 1 2 2 2
chemical formula Ru,Cy4HyoClLN Ru,Cy4HyoClL N Ru,C,0H3,ClLN Ru,C,0H3,CILN Ru,C,0H3,CILN
fw 769.72 769.72 713.62 713.62 713.62
space group 14/m 14/m 14/m 14/m 14/m
a(A) 9.608(3) 9.596(3) 8.9365(19) 8.8419(19) 8.827(2)

c(A) 15.404(7) 15.425(9) 15.349(5) 15.289(4) 15.280(6)
V(A% 1422.1(9) 1420.5(10) 1225.8(5) 1195.3(5) 1190.6(6)

VA 2 2 2 2 2

deateq (g-cm ™) 1.798 1.800 1.933 1.983 1.991
u(mm™ 1.290 1.291 1.488 1.526 1.532

T (K) 213 30 213 70 30

R1¢(wR2) 0.0680 (0.1483) 0.0696 (0.1145) 0.0393 (0.0865) 0.0557 (0.1301) 0.0536 (0.1247)

9R1 = [Sow(F, — F)YSSwFA2 P wR2 = [SSw(F,2 — FAY S w(FHDY2 w = 1/[6X(F,2) + (aP)* + bP), where P = [max(F,%,0) + 2(F.%)]/3.

syntheses revealed the positions of the remaining non-hydrogen
atoms. Hydrogen atoms were added in idealized positions. All
hydrogen atoms were included in the calculation of the structure
factors. All non-hydrogen atoms were refined with anisotropic
displacement parameters. In 1, the tbn ligands were solved as an
average over two orientations, as the asymmetric nature of the
ligand rings was disordered over the special position (mirror
plane);*? this structure was refined, following the common
practice of choosing the higher symmetry group,** in the tetra-
gonal space group /4/m instead of the non-centric space group /4
suggested by the SHELXTL program. In 2, the non-coordinat-
ing nitrogen atom from the ligand was disordered and refined

(32) Disorder in paddlewheel compounds with guanidinate ligands is not
unusual. See for example: (a) Ref 18. (b) Cotton, F. A.; Murillo, C. A.; Wang,
X.; Wilkinson, C. C. Inorg. Chim. Acta 2003, 351, 191.

(33) Marsh, R. E. Acta Crystallogr. 2009, B65, 782.

(34) (a) Hohenberg, P.; Kohn, W. Phys. Rev. 1964, 136, B864. (b) Parr,
R. G.; Yang, W. Density-Functional Theory of Atoms and Molecules; Oxford
University Press: Oxford, 1989.

(35) (a)Becke, A. D. Phys. Rev. A 1988, 38,3098. (b) Becke, A. D. J. Chem.
Phys. 1993, 98, 1372. (c) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.

(36) Lee, C. T.; Yang, W. T,; Parr, R. G. Phys. Rev. B 1998, 37, 785.

(37) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, Jr., J. A.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y .; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G,;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A_;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03, Revision
C.02; Gaussian, Inc.: Wallingford, CT, 2004

over two positions. Data collection and refinement parameters
for 1 and 2 are summarized in Table 3. Selected bond distances
and angles are listed in Table 1.

Computational Details. DFT3* calculations were performed
with the hybrid Becke’s®® three-parameter exchange func-
tional and the Lee—Yang—Parr®® non-local correlation func-
tional (B3LYP) in the Gaussian 03 program.®’ Double-¢ quality
basis sets (D95)*® were used on C, N, and H atoms as imple-
mented in Gaussian 03. Correlation consistent double-¢ basis
sets (CC-PVDZ)* were applied for the Cl atoms. A small
effective core potential (ECP) representing the 1s2s2p3s3p3d
core was used for the ruthenium atoms along with its corre-
sponding double-¢ basis set (LANL2DZ).** All calculations
were performed on either Origin 3800 64-processor SGI or
Origin 2000 32-processor SGI supercomputers located at the
Texas A&M supercomputing facility.
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