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ABSTRACT: Variable-temperature magnetic and structural
data of two pairs of diruthenium isomers, one pair having an
axial ligand and the formula Ru,(DArF),Cl (where DATrF is the
anion of a diarylformamidine isomer and Ar = p-anisyl or m-
anisyl) and the other one being essentially identical but devoid
of axial ligands and having the formula [Ru,(DArF),]BF,
show that the axial ligand has a significant effect on the
electronic structure of the diruthenium unit. Variable temper-
ature crystallographic and magnetic data as well as density
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functional theory calculations unequivocally demonstrate the occurrence of 7 interactions between the p orbitals of the chlorine
ligand and the 7* orbitals in the Ru,*" units. The magnetic and structural data are consistent with the existence of combined
ligand o/metal o and ligand ps/metal-d7 interactions. Electron paramagnetic resonance data show unambiguously that the

unpaired electrons are in metal-based molecular orbitals.

B INTRODUCTION

While the occurrence of 7 interactions between ligand and
metal atoms has long been known to occur,! it is not often that
unambigous evidence can be found, especially in complexes
containing transition metal species. Here we describe much
evidence to support their effect, albeit found in a nontraditional
place, that is, diruthenium paddlewheel compounds with
metal—metal bonds.

Reports from our laboratories® have drawn attention to the
way in which structural data over a wide temperature range can
provide valuable information and heretofore unutilized
evidence pertaining to electronic structures, in particular,
those of paddlewheel compounds having Ru,** cores. One of
the enticing but frustrating features of such compounds, of
which the earliest were of the type Ru,(O,CR),Cl, is that their
frontier molecular orbitals are usually very similar in energy.**
Even small variations in their relative energies can lead to
significant changes in their electronic structure, which affects
the corresponding metal—metal distances™® and magnetism.”
Because of the similarity in energy between the highest
occupied molecular orbital (HOMO) and the singly occupied
molecular orbital (SOMO), the provenance of the ground state
for these species with an 11-electron core might be any of three
configurations, Q§**z*, Qa**6*, Qa*® (where Q represents
the underlying 6°7*6> quadruple bond configuration).® More-
over, two states that each arise from a different one of these
configurations (which have bond orders of 2.5) might be so
close in energy that a Boltzmann-type temperature dependence
of their partial populations could come into play. For these
configurations, magnetic measurements may distinguish
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between the Qz**5* state, which has three unpaired electrons,
but not the other two states (QJ*27* and Qa**), which have
one unpaired electron each.

The temperature dependence, or absence thereof, of the Ru—
Ru bond length can show whether or not close-lying states that
derive from different configurations are involved, and if so,
which pairs of configurations are pertinent. For example,2b the
combination of the magnetic and structural data for
Ru,(DAni’F),Cl, 1, (DAni’F = N,N’-di-p-anisylformamidinate
shown in Scheme 1) lead to the certain conclusion that there is
a ground state (°E,) derived from the Qz** configuration (11
metal-centered electrons) and a low-lying excited state (*B,,)

Scheme 1. Line Drawings of Some of the Ligands Cited in
the Text
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derived from the Qz*’6* configuration (Scheme 2). In the
same report it was shown that for the meta isomer

Scheme 2. Electronic Splitting Diagram for an 11 e~
Bimetallic Unit with an Idealized D,;, Symmetry
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Ru,(DAni"F),Cl, 2, where the ligand is less basic than that
of the para isomer, the Qz*25* configuration persists at all
temperatures between 27 and 300 K. Although there is a strong
temperature dependence of the magnetism due to zero-field
splitting (ZFS), in which the magnetism seemingly drops from
an equivalent of three unpaired electrons to an apparent state
with only one unpaired electron, the Ru—Ru distance is
essentially temperature-independent. An axial chlorine atom is
present in both of these isomers, and it was only the basicity of
the DArF ligands (where DArF is the anion of a diaryl-
formamidine isomer, and Ar = p-anisyl or m-anisyl) in 1 and 2
that changed. It should also be mentioned that in another
crystal having two crystallographically distinct but chemically
similar molecules with Ru,”* cores and slightly different
intermolecular interactions to axial ligands, the two molecules
behaved very differently as the temperature was lowered. The
Ru—Ru distances changed for one of the molecules but not for
the other molecule.”

Here the consequences of two other variations in compounds
of the Ru,(DArF),X type are explored (DArF = N,N'-
diarylformamidinate): (1) what happens when the same
DArF bridges are retained, but the axial chloride species are
replaced by the essentially noncoordinating BF,~ anion;'® and
(2) what happens when the aryl group (Ar) in DArF is changed
from p-Ani to m-Ani (Ani = anisyl) in [Ru,(DArF),]BF, to
form two species devoid of axial coordination, namely,
[Ru,(DAni’F),]BF,, 3, and [Ru,(DAni"F),]BF, 4. The
existence of pairs of compounds with identical cores for
which one of the members of the pair has an axial ligand while
the other one is naked allows for the first time an unambiguous
analysis of the effect of axial ligation in Ru,”* species. As
discussed below, the results are consistent with significant 7
interactions of the axial Cl groups with the diruthenium units in
the Ru,(DArF),Cl species.

B RESULTS AND DISCUSSION

Syntheses. The preparation of the Ru,(DArF),Cl com-
pounds 1 and 2 was accomplished in tetrahydrofuran (THF) by
the reaction of Ru,(OAc),Cl with the corresponding diaryl-
formamidine in the presence of triethylamine to aid the
deprotonation process and anhydrous LiCl to promote the
ligand substitution reaction. Substitution of the axial chlorine
atoms from the Ru,(DArF),Cl compounds to produce 3 and 4
was carried out by the addition of a solution of TIBF, in the
noncoordinating solvent CH,CL,"" followed by removal of the
insoluble thallium chloride:
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Ru,(0,CCH,),Cl + 4HDAIF + LiCl
— Ru,(DArF),Cl + 4HO,CCH,

Ru,(DATF),Cl + TIBE, — [Ru,(DArF), ]BE, + TICI

Structure and Magnetism. As noted, the substitution of
the axial groups in Ru,(DArF),Cl type compounds by
noncoordinating anions in the absence of other possible
coordinating species allows for exploration of the consequences
of two other variations in compounds of the Ru,(DArF)X
type: (1) the effect of the same DArF bridges being retained
while the axial chloride species are replaced by the essentially
noncoordinating BF,” anion; and (2) the effect of small basicity
effects of the Ar being changed from p-Ani to m-Ani in
[Ru,(DArF),|BE, isomers."?

Variation (1). Structures of [Ru,(DAni’F),]BF,, 3, one of
which is shown in the upper section of Figure 1, were

Figure 1. Crystal structures at 213 K of the isomers [Ru,(DAniF),]-
BF, (3, top) and [Ru,(DAni"F),]BF, (4, bottom) drawn with
displacement ellipsoids at the 30% probability level. Hydrogen and
disordered atoms have been omitted for clarity.

determined at 27, 200, and 298 K, and principal bond lengths at
each of those temperatures are provided in Table 1. The Ru—
Ru distance is in the range of 2.4000(5)—2.4078(7) A at all
measured temperatures, and this is consistent with the structure
of the Ru,Njy core in 3 being temperature-independent. These
results contrast those for 1,2b where the Ru—Ru distance
decreased by about 0.05 A, from 2.4471(5) A at 27 K to
2.3968(5) A at 300 K (Table 2). The cation in 3, which is
devoid of axial interactions," represents the first structurally
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Table 1. Selected Bond Distances and Angles for 3 at Three
Temperatures

b

3° 3 3°
Rul—Ru2 2.4078(7) 2.4069(7) 2.4000(5)
Rul-N8 2.038 2.038 2.029
Rul—Ru2—N4 889 88.8 88.8
Ru2—Rul-N4 88.7 88.7 88.9

%27 K. 200 K. ©298 K.

Table 2. Ru—Ru Bond Distances for 1 and 2 at Different
Temperatures”

temperature (K) 1 2P
27 2.4471(5) 2.3333(3)
60 2.4397(6)
100 2.4289(5) 2.3326(3)
150 2.4168(5)
220 2.4019(5) 2.3376(3)¢
299 2.3968(5) 2.3398(4)

9See ref 2a. "Data at 60 and 150 K were not collected. “Collected at
213 K.

characterized example of a naked Ru,’* paddlewheel com-
pound.'*

Structures for [Ru,(DAni"F),]|BF,, 4, one of which is shown
at the bottom of Figure 1, were determined at 33, 100, 200, and
298 K. Again, the Ru—Ru distance in the cation remains
constant and in the range of 2.389(4)—2.3839(4) A. Selected
results of the variable-temperature (VT) crystallographic
studies are shown in Table 3 and Figure 2. Similarly to 3, it

Table 3. Selected Bond Distances and Angles for 4 at
Different Temperatures

4° 4 4¢ 47
Rul—RulA 2389(4)  2383(4)  23879(19)  2.3859(14)
Rul-N1 2.065(7)  2.041(7)  2.035(5) 2.033(4)
Rul-RulA-N1  882(2) 87.8(2) 88.18(15) 88.30(11)
33 K. Y100 K. ©213 K. %298 K.
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Figure 2. Change in Ru—Ru distances for 3 and 4. The distances
remain basically constant within the margin of error in the measured
range of temperatures.

is again clear that the structure of this axially naked species is
temperature-independent, and thus its electronic structure is
invariant with respect to temperature. In this aspect, 4
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resembles the axially chlorine-ligated 2; however, the
corresponding Ru—Ru distance varies by ~0.05 A, with that
of 2 being shorter than that of 4.

The magnetism of 3 is consistent with an S = '/, state over
the range of 2 K to ambient temperature, as shown in Figure 3.
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Figure 3. Magnetic susceptibility versus temperature of
Ru,(DAni*F),Cl (1, red circles), Ru,(DAni"F),Cl (2, blue circles),
[Ru,(DAni’F),]BF, (3, red diamonds), and [Ru,(DAni"F),]BE, (4,
blue diamonds).

This is also in sharp contrast to that of 1, which shows three
unpaired electrons at room temperature with a yT value that
reaches a maximum of 1.6 emu-K-mol™ at 300 K and declines
to a minimum of 0.5 emu-K-mol ™" at 2 K (red circles in Figure
3). This behavior has been attributed to a spin-crossover
process from a doublet ground-state derived from a Qz*?
configuration at low temperatures to a spin quartet state
derived from a Qm**5* conﬁguration.?‘b The magnetism of 3
also differs from that of 2, which follows a commonly observed
decrease in the yT value attributable to ZFS for a *B,, state
derived from a Qa*?6 configuration (Scheme 2) that is
frequent in Ru,™* species.”*™'® For 4, the magnetism
resembles that of 3 also having one unpaired electron and
the T value being constant (0.35 + 0.02 emu-K-mol™") from 2
to 300 K. This data can be modeled by the Curie law (y =
((NgB*)/(3kT))S(S + 1)) with fitted values of g of 1.925(4)
and 2.000(5) for 1 and 2, respectively, where N is Avogadro’s
number, f is the Bohr magneton, k is the Boltzmann constant,
and T is the temperature in Kelvin.

To explain the difference in structural and magnetic
properties of 1 and 3, the interactions of the axial chloride
ion in 1 with the Ru,>* core must be considered. The structural
and magnetic data suggest that 1, at low temperature, and 3 at
all measured temperatures are in the 2Eg state arising from the
Qz*? configuration (Scheme 2). The reason that 1 has a longer
Ru—Ru distance in this state is because, as is commonly found
in paddlewheel compounds with metal—metal bonds,> an axial
o donor weakens the metal—metal ¢ bonding. The fact that 3
remains in the ’E, state as the temperature rises to 300 K
indicates that the separation between the 2Eg state and the
lowest state arising from the Qz*?6* configuration (Scheme 2)
is above the value of kT at 300 K (i.e,, > 600 cm™). Contrarily,
this separation must be smaller in 1 than in 3. The reason for
this difference in magnetism must be attributed to a
destabilization of energy of the 7% orbitals by the axial CI~
ligand attached to the [Ru,(DAn#’F),]* core while (because of
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Table 4. Electronic Configurations for Some Related Ru,** Complexes

1 Cl/para 3 BF,/para 2 Cl/meta
Ru—Ru (A) 2.4471(5) 2.4078(7)  2.333(3)
(27 K) (27 K) (27 K)
2.3968(5) 2.4000(5)  2.3398(4)
(298 K) (298 K) (298 K)
electronic configuration 7+ (= a*26%) 7+ TG
Ru—Cl (A)
Ru—Cl’ or Ru—OH, (A)
ref 2b this work 2b

5 CI/D(3,5- 6 Cl/ [Ru,(DPhF),(OAc)-  Ru,(DPhF),-

4 BF,/meta  CLPh)F* Pr'CO, (CH,CN)]BE,” (OAc)Cl
2.389(4) 2.360(1) 2.281(4) 2.4131(5) 2.3248(13)
(33K) (27 K)
2.3859(4) 2.368(1)
(298 K) (300 K)
P TE2EE Eo* s T

2.38 2.59

2.63 2.59
this work 7e 3b 29 28

“[Ru,(D(3,5-CL,Ph)F),CI(0.5H,0)]-C¢H,,, where D(3,5-CL,Ph)F = the anion of N,N’-di(3,5-dichlorophenyl)formamidine. YDPhF = the anion of

N,N’-diphenylformamidine.

symmetry incompatibility) there is no direct effect on the §*
orbital.

The difference in Ru—Ru bond distances between 2 and 4
can be explained by invoking a similar argument. These
compounds have different electronic configurations, Qz**5*
and Qz*? for 2 and 4, respectively. Because a 7* orbital has a
greater antibonding character than does a 5* orbital, the Qz*?
configuration is expected to be more repulsive than that in the
Qr*?6* configuration, and thus the Ru—Ru distance in 4 is
longer than that in 2.

Variation (2). When there is no significant axial ligation as in
both of the [Ru,(DArF),]BF, species 3 and 4, the change from
the more basic DAni’F to the less basic DAni"F'* has no major
effect on the structure and magnetism. Nonetheless, there is a
slight decrease of 0.019 A in the Ru—Ru distance from
2.4069(7) in 3 at 200 K to 2.3879(19) A in 4 at 213 K, but this
distance is temperature-independent in both compounds. This
result coupled with the fact that in each case yT is also
temperature-independent and corresponds to one unpaired
electron suggests that in each case a Qz**§* ground state as
well as any temperature-dependent distribution over two states
can be ruled out. The only remaining possibilities are that (1) a
2Eg state arises from a 7*° configuration in both cases, or that
(2) a ’B,, state arises from a 5*’7* configuration in the two
cases.

To decide between these two possibilities, the structure of
the BF, compounds must be compared to those of the
corresponding Cl compounds. In making these comparisons,
we shall invoke two principal modes of interaction of the axial
Cl™ ion with the Ru,*" core: (1) a ¢ donor interaction that
should weaken and hence lengthen the Ru—Ru bond and (2) a
7 donor interaction that will lower the energy of the #* orbitals.

In the comparison of 3 and 1, the shortening of the Ru—Ru
distance'” at 27 K by about 0.044 A can be accounted for on
the basis of the first effect. On the basis of the second effect, the
7% configuration would have an increased stability compared
to that of the 7*25* configuration, and thus the latter would
remain unpopulated even at 300 K in 3.

In the comparison of 4 and 2, the rather large increase (0.052
A, Table 4) in the Ru—Ru distance upon the removal of the
axial CI” is the opposite of what the simple loss of a o donor
interaction would produce; however, an increase would result
from a change from a 7*’§* configuration in 2 to a z*}
configuration in 4. If the change in configuration from 2 to 4
were from 7*2§* to &*’z* there would be no apparent
explanation for the bond length increase since a 6* orbital is
expected to be less destabilizing than is a 7** orbital. Indeed, in
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one of the very few characterized compounds with an Ru,**
core having a Q&*z* electronic configuration,
Na;[Ru,(Cl,Cat),(THF)], where Cl,Cat = tetrachlorocatecho-
late, which has two nonbridging catecholate ligands and an axial
THF molecule, the unsupported Ru—Ru distance shown in
Table 4 is only 2.273(1) A."® This distance decreases even
further upon a one-electron oxidation that leads to the removal
of the electron in the 7* orbital to 2.2233(6) A.'®

Electron Paramagnetic Resonance Studies. Electron
paramagnetic resonance (EPR) spectra that was recorded in a
toluene glass of 1—4 were obtained to further explore their
electronic structures and the effects of their respective axial
interactions. Compounds 1 and 2 are EPR silent at room
temperature because of the large ZFS arising from the splitting
of the Mg = 0 and M = >/, Zeeman levels. This is in agreement
with the observed magnetic susceptibility measurement data. At
lower temperatures (10 K), highly anisotropic EPR signals were
clearly discerned (Figure 4 and Figure S1 of the Supporting

o°=4.07
g;=1.94
. I . I .

2000 3000
Field / G

1000 4000

Figure 4. X-band EPR spectrum measured on a frozen toluene
solution of 1 at 10 K, demonstrating that the unpaired spins are in an
anisotropic environment and that the unpaired electrons are in metal-
based molecular orbitals.

Information). The signal for 1 in Figure 4 shows two g-tensor
components because of the strong axial anisotropy, suggesting
that the unpaired electrons reside in anisotropic environments
and also supporting the occurrence of large ZFS. The spectrum
for 2 (Figure S1 of the Supporting Information) is similar to
that for 1. This suggests that 1 and 2 have similar electronic
structures in solution. For 1 the effective g° values of g = 4.07
and gj = 1.94 correspond to an isotropic g value of 2.00, while
for 2 the effective g values of gi = 4.09 and gj 1.94
correspond to an isotropic g value of 2.01."> Consequently, the
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actual values for compound 1 are g, = 2.03S and g = 1.94, and
the actual values for 2 are g, = 2.04S and g = 1.94.

When the axial interactions in these isomers are removed as
in 3 and 4, the EPR signals drastically change. Figure S and

| L 1 L | L 1 L

2500 3000 3500

Field / G

4000

Figure 5. X-band EPR spectrum measured on a frozen toluene
solution of 3 at 10 K.

Figure S2 of the Supporting Information show the low
temperature EPR spectra of 3 and 4, respectively. The spectra
of 3 and 4 show only one signal at 2.01 and 1.99, respectively.
According to the magnetic data (vide infra) 3 and 4 have a spin
state of S = '/,; therefore, no ZFS is expected and only
isotropic signals were indeed observed.

Comparisons to Other Dimetal Systems. Two addi-
tional well-studied dimetal cores that are affected by axial
ligands are those having M,** species, where M = Cr and Rh.*°
For Cr it was not until about a decade ago that the first
Cr,(0,CR), compound without axial ligands was isolated.”!
The Cr—Cr distance of 1.9662(S) A is significantly shorter than
those in other Cr,(O,CR),L, compounds, L = donating ligand,
which have Cr—Cr distances about 0.4 A longer. For the
rhodium analogues, Rh,(O,CR),L,, which have Rh—Rh
distances in the range of 2.34—2.41 A% the change in the
metal—metal bond is not as large, and for the compound
without axial ligands this distance is 2.3499(4) A.**

An additional pair of compounds that provide a relevant
comparison is represented by Cr,(DPhIP), and Cr,(PhIP),
(DPhIP = the anion of 2,6-di(phenylimino)piperidine and PhIP
= the anion of 2-(phenylimino )piperidine, shown at the bottom
of Scheme 1). Both of these paddlewheel compounds have
Cr,Nj cores, yet the Cr—Cr distances differ by about 0.41 A,
being 2.265(1) A in Cr,(DPhIP), and 1.858(1) A in
Cr,(PhIP),.** This difference has been attributed to the four
imino nitrogen lone pairs in the DPhIP ligands that are
positioned to donate to the z* orbital of the Cr,** unit at
distances of about 2.73 A, while Cr,(PhIP), is devoid of such
interactions.

More recently, an analogous effect was reported involving the
axial interactions of the triple bonded [W,(hpp),]** dication
(hpp = the anion of 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-
a]pyrimidine), which is the precursor of W,(hpp),, a thermally
stable molecule with a very low ionization energy.”® In
halogenated solvents, W,(hpp), is easily oxidized to
W, (hpp) ,CL.2® This compound has very long W---Cl distances
of about 3.0 A, but density functional theory (DFT)
calculations showed that even at those long axial distances,
strong repulsive interactions exist between the metal—metal
and the Cl ligand po, occupied orbitals.>® A related effect has
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also been observed in analogous compounds having Re,®*
cores.”’

Another pair of compounds that are pertinent to the present
discussion involve Ru,(DPhF);(OAc)CI*® and [Ru,(DPhF)-
(OACc)(acetonitrile) |BE,” (DPhF) = N,N’-diphenylformami-
dine). Both compounds have an Ru,** core surrounded by four
bridging ligands (a mix of formamidinate and acetate ligands)
and a paddlewheel structure akin to 1—4. The compound
Ru,(DPhF);(OAc)Cl also has one axial halogen atom similar to
those of 1 and 2. The species [Ru,(DPhF);(OAc)-
(acetonitrile) |BF,, unlike 3 and 4 has an axial CH;CN
molecule. It should be noted that the acetonitrile molecule is
a good o donor but not a good # donor, and this explains why
the Ru—Ru distance in the acetonitrile compound increases by
about 0.09 A (Table 4) relative to that of the chlorine-
containing compound. This is consistent with the hypothesis
provided in the Variation (2) section above. It should be noted
that Jiménez-Aparicio et al. have also reported on a series of
additional Ru,(DPhF);(OAc)L,,, where L, = OPMe,, H,0, 4-
picolinate, and CO that clearly shows that the nature of the
axial ligand, L,,, affects the Ru—Ru bond distance.*® Some of
the distances for compounds in this family are shown in Table

S.

Table 5. Distances (A) for a Family of Paddlewheel
[Ru,(DPhF);(OAc)L,]* Species with Ru,** Cores and
Mixed Diphenylformaminate and Acetate Paddles”

Ly Ru—Ru
OPMe, 2.303
Cl 2.3248
H,0 2350
4-picolinate 2.408
acetonitrile 24131
CO 2.450

“Note that as the 7 acceptor capability of the ligand (e.g, in CO)
increases, the gap between the 7% and 6* orbitals increases favoring
the Qz*3 electronic configuration. This lowers the magnetism and also
concomitantly increases the metal-to-metal distance.>

DFT Calculations. To qualitatively investigate the effect of
the axial interactions on the electronic structure of these
[Ru,(DAniF),]* systems, a series of DFT calculations based on
models of the axially ligated 1 and 2 and the axially naked 3 and
4 were used, and the relative energies of the optimized
geometries of the doublet and quartet multiplicities of each
model were calculated. In the models, the aryl groups in the
bridging formamidinate ligands were replaced by H atoms.
These simplifications were done to reduce the computation
expense; however, it is important to note that such
simplifications do not significantly compromise the modeling
of the electronic structure, as shown before.*! Two different
multiplicities (doublet and quartet) were calculated for the
models of the axially chlorine-ligated species 1 and 2 and for
the models of the axially naked [Ru,(DAniF),]* species 3 and
4. The calculated total energies of the geometry optimized
models are given in Table 6. A comparison of the relative
energies of the doublet (S = '/,) and quartet (S = 3/,) states
that the axially chlorine-ligated model indicates the quartet state
is more stable than the doublet state by about 1.4 kcal/mol.
This small energy difference is consistent with the exper-
imentally observed behavior of 1, which shows temperature-
dependent spin-crossover.”’ By contrast, the energy difference
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Table 6. DFT Energies for the Calculated Models

model multiplicity S
axially ligated ClI doublet 1/2
quartet 3/2
axially naked doublet 1/2
quartet 3/2
axially ligated with long CI* doublet 1/2
quartet 3/2

energy (hartrees)

AE,_, (kcal/mol) AE,_, (keal/mol)®

—1245.7696034 —1.40 -2.33
—1245.7718294
—785.297632398 5.44 4.50
—785.288961454
—1245.68693350 6.21 8.32
—1245.67703316

“Not geometry optimized but using the axially naked geometry. bEnergies calculated with the Couty—Hall modified LANL basis set.*®

between the doublet and the quartet states in the axially devoid
model shows that the doublet state is favored over the quartet
state by about 5.4 kcal/mol as shown in Table 6.** This is a
significantly larger energy difference than that was calculated for
the axially chlorine-ligated model and is consistent with the
observed magnetism of 3 and 4, which shows a doublet state at
all temperatures. This energy difference between the doublet
and quartet states from the two different systems (axially ligated
and naked) suggests that the doublet state is stabilized by the
removal of the axial CI™ anion. As mentioned earlier, this axial
ligand interaction on Ru,”* systems had been previously
noted.*® Our calculations of the naked paddlewheel Ru,**
system support previous results, but the current calculations
go beyond what has been done so far. The current set of
calculations was carried out by manipulating the distances from
the Ru atom to the axial Cl” anion (either by shortening or
lengthening them). In this way, it is possible to track the metal
orbital energies as a function of the axial Ru,---L,, separation.
A qualitative diagrammatic representation of the metal—
metal bonding manifold corresponding to the long and short
axial CI ligand distances is given in Scheme 3. On the left of the

Scheme 3. Molecular Orbital Diagram®
cacto o

s 5 -
m d

FRR 86388 *
cfacko G

Ru,-CI  Ruz——
“As the Ru---Cl separation increases, the energy of the metal-based 7
orbitals quickly drops, increasing the 7—4 gap. The diagram depicts a
short Ru,—Cl interaction on the left, and a long Ru,---Cl interaction on
the right.

diagram the frontier orbitals (6* and #*) show a quasi-
degeneracy, but this quasi-degeneracy is broken as the axial CI
atom is removed (right). This effect is due to antibonding
interactions between the Cl p orbitals and the orbitals of &
symmetry of the diruthenium core. As the Cl anion leaves the
axial site, the 7* metal-metal orbital is stabilized.® A
quantitative estimate of the extent of this 7*orbital stabilization
can be obtained by comparing the relative energies of the
frontier orbitals of the axially CI™ ligated model and a second
calculation that uses the optimized geometry of the axially
naked Ru, model. In this model, the CI™ anion was positioned
at a distance of 8.0 A from the diruthenium unit where no
chemically meaningful Ru,---Cl interaction would be expected.
For this model, and consistent with the results from the axially
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naked one, the doublet state is more stable than the quartet
state by 6.21 kcal/mol (Table 6). Figure 6 shows a molecular

4

Ru,(HNCNH),CI
462 - _t. ______
o - —
5*
577 - #E
# mpClNy
3 R\
/7 \::\
870 |- Y b
/;I /;I n*
" "
" "
g "
136 - ﬁ /
RN /
E (eV) pCl N ':'
[ClI- [Ru,(HNCNH),J*

Figure 6. Molecular orbital diagram showing the construction of the
frontier orbitals of the CI™ axially ligated model from the axially naked
Ru,** core and CI~ ligand p orbitals. Note that the energy gap between
the metal-based #* and 0% orbitals significantly increases from
Ru,(DArF),Cl to that in the naked cation [Ru,(DArF),]".

orbital diagram constructed from the calculations of the ground
state models at two different Ru,---Cl separations. The quartet
state model (depicted by the molecular orbitals (MOs) at the
center of Figure 6) shows that the metal-based 7* orbitals are
about 1 eV more stable than the 6* orbitals. As the chlorine
atom is pulled away (Figure 6, outer MOs), the energy
separation between the 7* and 0* orbitals increases to about
4.0 eV. Because of the long Ru,---Cl distances in the doublet
state case, the pc orbitals are isolated, and thus have energies
similar to those expected for an outer sphere CI™ anion. Figure
6 also shows that the metal-based 7* orbitals of the model with
the long Ru,:-Cl separations are more stable in energy (by
about 2.9 eV) than those with the shorter separations. Even
though the o6* orbital is also stabilized by the Ru,--Cl
elongation, the drop in energy is relatively small compared to
that of the 7* orbitals and thus the energy separation between
the 7* and 0* orbitals increases to 4.0 eV. Therefore, the
calculations for the model with the long Ru,---Cl distances favor
the doublet state by about 6.21 kcal/mol. In contrast,
calculations for the model with the short Ru,---Cl distances
favor the quartet state, mainly because of the smaller z*—6*
energy separation of ~1 eV.>* This is consistent with the
observed magnetism of 1 and 2, which have short Ru,—Cl
distances and accessible quartet states and contrasts with the
observed magnetism of 3 and 4, which show only an accessible
doublet state at all temperatures and no Ru—L,, interactions.
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B CONCLUSIONS

The isolation of a pair of diruthenium compounds having the
same core but very different axial interactions has allowed us to
obtain important insight into the electronic structures of Ru,**
cores. These compounds show that there is a significant impact
of metal—ligand 7 interactions in the electronic structure of
metal systems that is responsible for changes in various physical
properties. Specifically, the removal of axial interactions in
Ru,”* systems allows for the manipulation of the magnetism.
DFT calculations support the ground states observed by
magnetic measurements and confirm the qualitative MO
picture predicted by the MO theory. The magnetic and
structural data are consistent with the existence of combined
ligand o/metal ¢ and ligand ps/metal-dz interactions. The
confirmation and isolation of this type of interactions may lead
to significant advances in the control of magnetic behavior.

B EXPERIMENTAL SECTION

Unless otherwise noted, all syntheses were carried out under an inert
atmosphere using standard Schlenk techniques. The ligand precursors
HDAn#F and HDAni"F were prepared by the general thermolysis
reaction of triethylorthoformate in the presence of the corresponding
aniline at 130 °C over 4 h, followed by the extensive washing of the
solids with pentane before their use.®® The diruthenium Ru,(OAc),Cl
precursor was prepared as previously reported.** Compound 1 was
prepared according to an established synthetic procedure.>” Solvents
were dried using a Glass Contour solvent system. Elemental analyses
were performed by Robertson Microlit Laboratories, Inc., Madison,
NJ. Infrared spectra were recorded in a PerkinElmer 16PC FT-IR
spectrophotometer using KBr pellets. The X-band (~9.5 GHz)
variable-temperature EPR spectra were obtained using a BrukerEMX-
plus spectrometer with an ER073 magnet and equipped with a
cryogen-free 10° FlexLine system. All samples were measured in
frozen toluene (glasses) at 10 K. To increase the solubility of 2 and 4
in toluene, a couple of drops of dichloromethane were added to the
EPR samples. Variable-temperature magnetic susceptibility measure-
ments 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 using Pascal’s constants.*®

Synthesis of [Ru,(DAni"F),]Cl, 2. In a 100 mL round-bottomed
flask equipped with a condenser and a magnetic stirring bar,
Ru,(0Ac),Cl (0.961 g, 2.00 mmol), HDAni"F (4.10 g, 16.0 mmol),
triethylamine (S mL), and an excess of anhydrous LiCl (2.0 g) were
mixed in 50 mL of THF that had been degassed via freeze—thawing.
The mixture was heated to reflux under nitrogen for 48 h. The solvent
from the dark green mixture was then removed under a vacuum. The
solid was washed with water to remove LiCl and then extracted with
CH,Cl, and further purified using a silica gel column and a mixture of
hexanes, CH,Cl,, and acetone as eluent. From this point on, the
compound was no longer protected from the air. A fraction contained
in a dark band was collected, and the solvent was then removed under
a vacuum to produce 2.36 g of a green solid. Yield: 85%. Crystals
suitable for X-ray analysis were obtained by the slow diffusion of
hexanes into a CH,Cl, solution of the product. Anal. Calcd for
CeoHygoNsOsCIRuy: C, 57.25; H, 4.80; N, 8.90%. Found: C, 57.61; H,
4.80; N, 8.71%. IR (KBr pellet, cm™): 1600, 1534, 1482, 1466, 1327,
1283, 1265, 1195, 1152, 1081 (BF,”), 1038, 983, 939, 858, 774, 757,
695, 522, 449.

Synthesis of [Ru,(DAnifF),]BF,, 3. To a solution of
Ru,(DAni’F),Cl (0.255 g, 0.200 mmol) in 20 mL of CH,Cl, was
added a stoichiometric amount of TIBF,. The mixture was stirred
overnight at room temperature. The mixture was then filtered through
Celite to remove the insoluble TICL. The volume of the bluish solution
was reduced to about S mL and then layered with hexanes to yield
single crystals of X-ray diffraction quality. Anal. Calcd for
CeoHeoNsOgBE,Ruy: C, 55.01; H, 4.62; N, 8.55%. Found: C, 54.77;

9586

Table 7. Crystallographic Data for 3 and 4

Ru, C4oHgoNgOgBF,

1310.11

Ru, C4oHgoNgOgBE,

1310.11

Ru,CoHgoNgOgBE,

1310.11

Ru,CsoHgoNgOgBE,

1310.11

Ru,CsoHgoNgOgBE,

1310.11

Ru, CgoHgoNgOgBF,

1310.11

Ru, CgoHgoNgOgBF,

1310.11

chemical formula

formula weight
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H, 4.43; N, 8.61%. IR (ATR, cm™): 1605, 1496, 1459, 1392, 1253,
1186, 1081 (BE,”), 1030, 724, 693.

Synthesis of [Ru,(DAni"F),]BF,, 4. A salt metathesis reaction
similar to that used for the synthesis of 3 was utilized. Yield: 93%.
Anal. Caled for CoHgNyOsBE,Ru,: C, 55.01; H, 4.62; N, 8.55%.
Found: C, 54.66; H, 4.61; N, 8.29%. IR (KBr pellet, cm™): 1582,
1522, 1482, 1444, 1305, 1287, 1265, 1197, 1156, 1083, 1056 (BE,”),
1039, 98S, 943, 845, 762, 691.

Computational Details. DFT?® calculations were performed with
the hybrid Becke-3*" parameter exchange functional and the Lee—
Yang—Parr41 nonlocal correlation functional (B3LYP) as implemented
in the Gaussian 03 program suite.*” Double-{-quality basis sets
(D95)* were used on nonmetal atoms (carbon, nitrogen, and
hydrogen) except for Cl (6-311g(d)). An effective core potential
(ECP)* representing the 1s2s2p3s3p3d core was used for the
ruthenium atoms along with the associated double- basis set
(LANL2DZ). A second set of calculations using the modified version
of LANL2DZ by Couty and Hall to the ruthenium atoms was applied
for redundancy and comparison.*® The convergence criterion for the
self-consistent field cycles on all calculations was increased from the
default value to 107%. Geometry optimization calculations were found
to be minima in the potential energy surface as evidenced by the lack
of imaginary vibrations in the frequency calculations.

X-ray Structure Determinations. Crystals of 3 and 4 were
coated with Paratone oil and mounted on a nylon Cryoloop that was
affixed to a goniometer head. Data for 3 and 4 were collected on a
Bruker SMART 1000 charge-coupled device (CCD) area detector
system using omega scans of 0.3 deg per frame, with exposures of 30,
10, and 10 s per frame at 27, 200, and 298 K, respectively. The
exposure rates for 4 were 20 s per frame at the temperatures of 33,
100, 213, and 298 K. Cell parameters were determined using the
SMART software suite.** Data reduction and integration were
performed with the software 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 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 3, half of the atoms in the DAni’F
ligands were disordered. The disorder in the four ligands was
successfully treated with a major component varying from 74.9—79.8%
and a minor component of 20.2—25.1% depending on the temperature
at which the data were collected. The tetrafluoroborate anion was also
disordered and the structure was refined in the orthorhombic space
group Pna2,. For 4, the structure refinement was done in the
tetragonal space group P4/nnc instead of the lower-symmetry space
group P4/n that was suggested by the XPREP program. This was done
following Marsh’s recommendations.*® Data collection and refinement
parameters for 3 and 4 are summarized in Table 7. Selected bond
distances and angles are listed in Tables 1 and 3.

B ASSOCIATED CONTENT

© Supporting Information

X-ray crystallographic data in CIF format for 3 at 27, 200, and
298 K; for 4 at 33, 100, 213, and 298 K; EPR data for 2; and a
graphical representation of the molecular orbitals for the model
Ru,(HNCNH),Cl in PDF format. This material is available free
of charge via the Internet at http://pubs.acs.org.
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