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Proof by EPR Spectroscopy that the Unpaired Electron in an Os,” " Species Is in a
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Variable temperature structural and EPR studies are reported on the paddlewheel compound [Os,(hpp)4Clo]PFs, 1, (hpp =
the anion of the bicyclic guanidine 1,3,4,6,7,8-hexahydro-2H-pyrimido[ 1,2-a]pyrimidine) that contains a rare M, species,
with the goal of determining whether the unpaired electron resides in a metal- or ligand-based molecular orbital.
Crystallographic studies show that the Os—Os distance in 1 remains essentially unchanged from 213 to 30 K, which is
consistent with no changes in electronic structure in this range of temperature. It is noteworthy that the metal—metal
distance in 1 is about 0.05 A shorter than that in the precursor Os,(hpp)4Clo, which is consistent with the loss of an electron
in a 6 orbital. EPR spectra of 1 were measured in dilute frozen solution, powder, and single crystals. The spectra were
observable only below about 50 K, with an exceptionally large line width, ~3 750 gauss, for a powdered sample, due to
dipolar interactions and to short relaxation times. There is a very small average g value of ~0.750 and a cylindrical symmetry
about the Os—Os bond. These data are consistent with the unpaired electron orbital having a large L value, such as that of a
o* orbital. The combination of X- -ray structural data, the short relaxation time, and the magnetic data provide strong evidence

that the unpaired electron in this nine-electron 032 species is localized in a metal-based orbital with this eIectron residing
predominantly in a &* orbital rather than in a z7* orbital and, thus, having an electronic configuration of o?*629*.

Introduction

Since the discovery of the first species with an unsupported
quadruple bond having Dy, symmetry about four decades
ago,' emphasis in the search for analogous compounds has
provided a wealth of such species, most of which have
bridging ligands and paddlewheel structures.” Common
ligands employed to span the dimetal unit have been carbox-
ylates and formamidinates.”> With very few exceptions, the
M,"* cores in these compounds have formal charges, n, of 4,
5, and 6. Rare examples of compounds structurally charac-
terized having lower oxidation numbers and tetragonal
paddlewheel structures are those containing V,>* units® as
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well as a few compounds with trigonal paddlewheel struc-
tures having M,> " units, M = Fe* and Co.’

More recently it has been found that bicyclic guanidinate
hgands can stabilize dimetal units with umque characterls-
tics.® A notable example is that with M,*" units, M = Mo’
and W,® spanned by four hpp ligands (hpp = the anion of
1 ,3,4,6,7,8-hexahydro-2H -pyrimido[1,2-a]pyrimidine).

These guanidinate compounds have oxidation potentials at
least 1.2 V lower than that of the formamidinate or carbox-
ylate analogues.’ In addition, the ionization potential for the
ditungsten compound is so low that it is less than that of
cesium,'® the textbook example of a stable element with the
lowest known ionization energy.!'" The main reason for
stabilization of the high oxidation states by these bicyclic
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ligands is the destabilization of the ¢ orbitals of the quadruply
bonded unit because of a strong interaction with the ps
orbitals of the ligand.'? It should be noted that guanidinate
ligands can also stabilize to some extent high formal oxida-
tion states in mononuclear compounds, and this type of
ligand has become increasingly important in coordination
chemistry.®"

Because of the ability of these bicyclic ligands to stabilize
high oxidation numbers, exploration of the chemistry of
paddlewheel complexes with such ligands has provided a
series of compounds with M, cores.'* More importantly
about six years ago, these ligands allowed the isolation of the
first species with a formal M,"" core, [Os,(hpp)4sCL,]PFg, 1,
for which two solvates, one having interstitial hexane and the
other having acetone molecules, were structurally character-
ized, and the results were published in a preliminary com-
munication.'” It should be noted that an important issue to be
resolved when a dinuclear species is oxidized is whether the
oxidation is metal- or ligand-based. It should be kept in mind
that in general as the oxidation state of a dinuclear unit
increases, the metal-based orbitals are expected to get smal-
ler. This should diminish orbital overlap which may weaken
metal—metal bond interactions. Additionally, with a strongly
basic entity, such as the guanidinate ligands,'® there is a
possibility that electron removal may take place at the ligand,
not at the metal centers. Thus, for the oxidation of the
diamagnetic species Os,(hpp)4Cl, to [Os>(hpp)4Cl]PFg, it
is essential to unambiguously determine whether an Os,’ "
core truly exists'” or if the process simply leads to oxidation
of the guanidinate ligand. One of the few experimental
techniques capable of differentiating between these two
possibilities is EPR spectroscopy, since a ligand-based oxida-
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Figure 1. Structure of the cation in 1-2acetone at 30 K with displace-
ment parameters drawn at the 40% probability level. Hydrogen atoms
have been omitted for clarity.

tion would be expected to yield an organic radical having a
spectrum with a g value around the free-clectron g value
of 2.00, g. = 2.0023."%1 On the other hand, a metal-based
oxidation in a species having transition-metal atoms would
generally provide g values significantly different from g,
because of the interactions with the d orbitals.

Our early studies of 1, carried out using powdered crystal-
line samples, provided EPR spectra having an extraordinarily
broad signal with a line width of ~6 000 G and a very low g
of 0.791 4 0.037."° Even though a g value so different
from that of g, is consistent with a metal-based molecular
orbital, the lack of spectral resolution did not lead to
definitive conclusions. One reason was that only powder
samples were available for the EPR studies. Because the
[0s—Os]”" species is a rare example of a high oxidation state,
we have now carried out systematic studies using solutions,
frozen glass, powder, and single crystals and provided con-
clusive evidence that indeed the unpaired electron resides in a
metal-based 0* molecular orbital, and the excessive line-
widths can be attributed to dipolar interactions and fast
spin—lattice relaxation.

Results and Discussion

Structural Considerations. Crystal structures for two
solvates of 1 at 213 K have been described in detail
elsewhere.!” In both 1-2acetone and 1-hexane, the
[Os,(hpp)4CL] " cations are structurally very similar and
have a paddlewheel structure, as shown in Figure 1 for
1-2acetone at 30 K. The former crystallizes in the orthor-
hombic space group Pnma (Z = 4) with dimetal units
having idealized Dy, symmetry, while the latter has strict
crystallographic Dy, symmetry since it crystallizes in the
tetragonal space group P4/mbm with Z = 2. As shown in
Table 1, in both of these solvates the Os—Os distances are
chemically indistinguishable at 213 K (2.3309(4) A in
1-2acetone and 2.3290(6) A in 1-hexane) and about
0.05 A shorter than that in the precursor Os,(hpp)4Cl,


http://pubs.acs.org/action/showImage?doi=10.1021/ic902087e&iName=master.img-000.jpg&w=205&h=227

Article

Table 1. Comparison of the Core Distances (A)

1-hexane at 1-2acetone at 1-2acetone at
atoms 213 K 213 K 30K
0Os—O0s 2.3290(6) 2.3309(4) 2.3220(6)
Os—Cl 2.543(2) 2.520(1) 2.5034(17)
Os—Ny 2.045(7) 2.042(8) 2.039(8)

(Os—Os distance = 2.379(2) A).*° Furthermore, the
metal—metal distance remains essentially constant
(2.3220(6) A as the temperature is lowered to 30 K
(Tables 1 and 2). This is an indication that the electronic
structure remains unchanged in the temperature range of
30—213 K, since changes in the electronic structure would
be expected to show changes in the metal—metal distance,
as has been demonstrated in a series of variable tempera-
ture structural and maf%netlc studies in diruthenium pad-
dlewheel compounds.?

EPR Results. As shown in Figure 2a, the EPR spectrum
of the powder of 1 at 6 K and at X-band (~9.4 GHz) is a
broad signal centered at 9 080 G and an exceptionally large
peak-to-peak width of 3780 + 50 G. The spectra become
too weak to observe above about 50 K, in agreement with
our preliminary data.'” The very low g value of 0.740,
as compared to that of ~2.00 for organic radical cations,'®
is consistent with the unpaired electron residing in an
Os-based molecular orbital. This conclusion is additionally
supported by the exceptionally large line width of
~3 775G, ascompared to that of at most 40— 50 G expected
for a carbon- or nitrogen-centered ligand-based radical.*

To obtain further insight into the nature of this metal-
based molecular orbital (MO), it was necessary to modify
the experiment to reduce the line width of the EPR
spectra. One significant cause of the large line width in
solids is the dipolar coupling between the paramagnetic
centers. Therefore, such couplings can generally be mini-
mized by dilution of the sample in an appropriate solvent.
When ~0.06 M solutions of 1 in CH,Cl, were used, no
signal was detectable above 175 K, indicating the
spin—lattice relaxation time was very short. However,
spectra were obtained upon freezing the solution to
temperatures below 50 K, as shown in Figure 2b. The
spectra consist of two clearly resolved peaks, labeled g
and g,, characteristic of a randomly oriented S = 1/2
paramagnetic compound with axial symmetry, without
any hyperfine interaction. The assignment of g and g,
(vide infra) has been made using what is customary for
axial molecules with the peak labeled g, arising from
those molecules whose main symmetry axis is oriented
along the applied field H, while that for g, corresponding
to those oriented with their four-fold symmetry axes lying
perpendicular to H. Figure 2¢ presents the simulation
of the frozen glass EPR spectrum of Figure 2b, assum-
ingg, = g, = g1 and g. = g. The best-fit parameters are
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g = 1.383 +£0.004 and g, = 0.620 £ 0.002.>* Since the
Os—Os bond represents the main axis of symmetry in 1, g
corresponds to the Os—Os bond direction, and g, lies in
the plane perpendicular to the direction of the Os—Os
bond, as shown in the inset of Figure 2. In addition, the
averaged g value [g1/3 + (2 x g1)/3] of 0.874 is close to that
of the powder spectra (0.740). It should be noted that the g
anisotropy Ag = 1.383 — 0.620 = 0.763 is signiﬁcantly
larger than that of mononuclear Os compounds®* and
other d° species.?’

To determine the directions of the gy and g, compo-
nents relative to the molecular structure of 1, single
crystals were utilized. The crystals were rectangular
plates, and X-ray studies established that the crystal plate
corresponds to the 110 plane of the unit cell, as shown in
Figure 3. The EPR spectra were obtained at 4.5 K by
rotating the crystal at 10° intervals, as shown in Figure 4.
From crystallographic data shown in Figure 3 and in the
Supporting Information (Figure S3), it can be seen that
the Os—Os bonds of the two magnetically independent
molecules are oriented at approximately 8.835° from the
ab plane (001), which means that the Os—Os bonds are
nearly parallel to the ab plane. In general, the spectra
should consist of two peaks for the two orientations of
Os—O0Os bonds, but only one peak when the two peaks
merge into one at an angle of about 100°, which only
happens when the magnetic field is perpendicular to the
ab plane (001) and is almost perpendicular to all of the
Os—O0s bonds. The measured g value using this approx-
imation was 0.808,%2° which is close to g1 = 0.620, indicat-
ing that g, corresponds to the perpendicular direction of
Os—O0s bond, and gy lies along the Os—Os bond direction.
This designation is in accordance with the idealized Dy,
symmetry of 1 about the Os—Os bond and with the
prediction of the simulations of the frozen glass spectra

Implications on Electronic Structure. Magnetic data,?’
and to a lesser extent EPR data,?® have been used to dld
the determination of electronic structures of dimetal
units. For 1, the EPR data unambiguously support that
the unpaired electron is in a metal-based orbital and, thus,
verify that oxidation of Os,(hpp)4Cl, leads to an Os, "
unit. Because there are nine metal-based electrons in 1,
one of the electrons must be in an antibonding orbital,
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Table 2. Selected Bond Distances (A) and Angles (°) for 1-2acetone at 30 K

Cotton et al.

atoms bond length atoms bond length
Os(1)—Os(1A) 2.3220(6) Os(1)—ClI(1) 2.5034(17)
Os(1)—N(1) 2.054(7) Os(1)—N(2) 2.084(10)
Os(1)—N(4) 2.016(6) Os(1)—N(5) 2.017(11)

atoms bond angle (°) atoms bond angle (°)

N(1)—0s(1)—CI(1) 91.12(16) N(2)—0s(1)—ClI(1) 91.0(3)
N(4)—0s(1)—CI(1) 91.65(18) N(5)—0s(1)—ClI(1) 91.3(4)
N(1)—0s(1)—N(4) 90.1(3) N(1)—O0s(1)—=N(5) 103.7(4)
N(2)—0s(1)—N(4) 78.8(4) N(2)—0s(1)—N(5) 87.2(5)

1. Simulatio
0s=0s —= g,

0 3000 6000 9000 12000
Field (Gauss)

Figure 2. (a) EPR spectrum of the powder of 1 at 6 K and at X-band
(~9.4 GHz). (b) X-band EPR spectrum of the frozen glass of 1-2acetone
at 15 K. (c) The simulation of the frozen glass EPR spectrum in (b). The
inset shows the orientations of g components relative to the Os—Os bond.
BG denotes background. See Supporting Information (Figures S1 and S2)
for data showing the temperature dependence of the EPR spectra of
powder samples.

Vd +
a =)‘ 110 plane

Figure 3. The orientation of the unit cell of 1-2acetone relative to the
crystal axes. The Os—Os bonds lie with an angle of 8.835° to the
orthogonal plane. There are two magnetically distinct molecules in the
unit cell. See also the Supporting Information, Figure S3.

and thus, the bond order in the dimetal unit is formally
3.5. However, there is some uncertainty as to whether the
electronic configuration is either o*7*0%0* or o*m*d%m*,
since the relative energy of these orbitals may vary in
some dimetal species, such as those containing Ru,’"
units, which until recently has been commonly referred to
as having an electronic configuration of the type

Intensity (a.u.)
w

o

6000 9000 12000 15000

Field (Gauss)

0 3000

Figure 4. Angular dependence of the crystal of 1-2acetone at 4.5 K. The
inset shows how the plate-like crystal was rotated by keeping the magnetic
field in the plane of the plate. Only a selected set of spectra are shown
even though the measurements were done at 10° intervals. BG denotes
background.

0% (0* %)} because of the ambiguity of where the
antibonding electrons are located.?’

For the diosmium system, it is known that the electro-
nic configuration for the precursor of 1is o°7*0%0*?, since
this molecule is diamagnetic.?® Furthermore, removal of
one electron from this precursor reduces the Os—Os
distance by about 0.05 A. This bond shortening is con-
sistent with removal of an electron in an antibonding
orbital. Furthermore, the magnitude of the decrease is in
the range commonly observed when an electron from a ¢
orbital is removed from quadruple-bonded dimetal units,
such as those having Mo,*" species.”’ These results
strongly support the assignment of an electronic config-
uration of o”*6?0* for 1.

The EPR measurements help clarify this issue. The
observed EPR line width of ~3 775 G cannot at all arise
from an unpaired electron localized on an organic radical
(either carbon- or nitrogen-centered) that is expected to
be at most 40— 50 G.*? Facts, such as the large line width
and the signal is observable only below about 50 K, imply
that the spin—Ilattice relaxation time, 7, of the Os,’ ™
center is very short. An upper limit on the magnitude of T
can be obtained from the relationship 7| = A/gSAH,
where AH is the experimental line width.?? Using AH ~
3775 G and g = 0.740, the value of 7, ~ 4 x 10~ ' s is
obtained. Such a short excited-state lifetime, 77, strongly

(29) See for example: (a) Cotton, F. A.; Donahue, J. P.; Murillo, C. A;
Huang, P.; Villagran, D. | . 2005, 631, 2606. (b) Cotton,
F. A; Hillard, E. A.; Murillo, C. A. Gigiiseiatig. 2002, 4/, 1639. (c) Cotton,
F.A.;Dalal,N. S.; Liu, C. Y.; Murillo, C. A.; North, J. M.; Wang, X. Jondiieielsiie
Soc. 2003, 125, 12945.
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supports that the unpaired electron resides preferentially
in a 0* orbital rather than a z* orbital.*>*

It is important to note that these results are also in
agreement with those in the only other M,'" species
known, namely the Re,’" analogues that have been
recently studied in our laboratories.?' These compounds
also have a formal bond order of 3.5, but there is an
important distinction in that the electronic configuration
differs from that of 1 in the rhenium species, the config-
uration is the electron poor’? ¢°z*d that results from
removal of an electron from a bonding 0 orbital of the
quadruply bonded precursor Re,(hpp)4Cl,.>*

Conclusions

The present work has provided strong evidence that the
compound [Os,(hpp)4CL]PF, which contains an Os,” " core,
has an unpaired electron in a metal-based orbital. Prelimin-
ary reports of an exceptionally low g value have been
confirmed. Solution EPR studies have shown that the large
line width observed in the powder spectra is a result of very
large g anisotropy, dipolar interaction, and short relaxation
time. A combination of structural and EPR techniques has
shown that an electron is removed from the 6* orbital upon
oxidation from Os,(hpp)4Cl, to [Os»(hpp)sClo]t. The elec-
tronic configuration of this Os, " species is o>*0°0*, and the
formal bond order is 3.5. This work emphasizes the useful-
ness of EPR studies in the determination of electronic
structures in metal-containing systems.

Experimental Section

Synthesis. The study focused on 1-2acetone because it yielded
crystals of better quality than 1-hexane. Unless otherwise noted,
all syntheses were carried out under an inert atmosphere using
standard Schlenk techniques. Solvents were dried using a glass
contour solvent system. Compound 1 was prepared using a
slightly modified published procedure:'” to a flask charged with
0.200 g (0.200 mmol) of purple Os,(hpp)4Cl, and with 0.038 g
(0.201 mmol) of FcPF4 was added 20 mL of methylene chloride.
After the mixture had been stirred for 30 min, the solvent was
removed under vacuum. The residue was washed with ether
(2 x 10 mL) and then extracted with acetone. This mixture was
then filtered through a frit packed with Celite and the purplish-
red solution layered with hexanes to produce very-dark crystals
of 1-2acetone. After filtration, crystals were handled in air.

EPR Studies. Low temperature (4—50 K) X-band (~9.4
GHz) EPR spectra were recorded on a Bruker E5S00 spectro-
meter using powdered, frozen glass, and single crystal samples.
Single crystals enabled angular variation studies at 10° intervals
with the magnetic field oriented in two mutually orthogonal
crystal planes containing the Os—Os bonds. X-ray crystallogra-
phy was used to relate the molecular orientation to the crystal
morphology. Precise temperature control from 4 K up to
ambient temperature was obtained by utilizing a continuous-
flow liquid helium cryostat manufactured by Oxford Instru-

(30) It should be noted that an unpaired electron in a 7* MO would
involve substantial ligand character and, thus, would be expected to display
less g anisotropy than that of an electron in an Os-based 0* orbital.

(31) Cotton, F. A; Dalal, N. S.; Huang, P.; Ibragimov, S. A.; Murillo,
C. A.; Piccoli, P. M. B.; Ramsey, C. M.; Schultz, A. J.; Wang, X.; Zhao, Q.

. 2007, 46, 1718.

(32) The term electron poor is used as defined in ref 2. For example, an M,
species having a bond order of 3.5 and having 7 electrons has a ¢°z*0
electronic configuration, while an electron-rich species with a similar 3.5

bond order has 9 electrons and has a 0°7*0%0* electronic configuration.
(33) Cotton, F. A.; Gu, J.; Murillo, C. A.; Timmons, D. J.

i 1999, 3741.
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Table 3. Crystallographic Data for 1-2acetone at 30 K

compound 1-2acetone

chemical formula [C28H43C12N 1 2OSZ]PF6 . 2(C3H60)

fw 1265.21

cryst syst orthorhombic
space group Pnma (No. 62)
a(A) 17.195(3)

b (A) 25.155(5)
c(A) 9.9897(18)
V(A% 4321.1(13)

VA 4

deales g-cm73 1.945
u(mm™") 6.110

20 (°) 3.24—55.08
A(A) 0.71073

T (K) 30(2)

R1¢ 0.0418

wR2" (I > 20(])) 0.1134

“R1 = YN Fo| = |FAl ST Fol. "WR2 = [S[w(F, = FEY Yo w(Fy)1',
w = 1/[0*(F,%) + (aP)* + bP], where P = [max(F,” or 0) + 2(F.%)]/3.

ments. The magnetic field was calibrated with a standard 2,2-
diphenyl-1-picrylhydrazyl (DPPH radical with g = 2.0037) and
a built-in NMR teslameter. The microwave frequency was
monitored with a digital frequency counter. Powder samples
were prepared by crushing crystalline material in high vacuum
grease at room temperature. The frozen glass samples were
prepared by dissolving the crystalline material in dichloro-
methane. Angle-dependence data were obtained using a single-
axis goniometer attached to the sample tube.

Magnetization measurements were made using a quantum
design SQUID magnetic property measurement system (MPMS
XL) in a temperature range of 1.8—300 K and a field range
of 0—7 T. The measurements agreed with earlier data'® and
confirmed the presence of one unpaired electron (S = 1/2).

X-ray Structure Determination. Dark block-shaped purple
crystals of 1-2acetone were obtained in a week after adding a
layer of 40 mL of isomeric hexanes to a 7 mL solution of
the comgound in acetone. A crystal measuring 0.20 x 0.18 x
0.15 mm” was coated with Paratone oil and mounted on a nylon
Cryoloop affixed to a goniometer head. The diffraction data
were collected at 30 K using a Bruker SMART 1000 CCD area
detector system equipped with an Oxford Helix cryostat. A full
hemisphere of data was obtained by collecting 1271 frames
using omega scans of 0.3 °/frame with 20 s per frame. The first 50
frames were measured again at the end of the data collection to
monitor for crystal decay, but no significant decomposition was
observed. Cell parameters were determined using the program
SMART.** Compound 1-2acetone was uniquely identified as
belonging to the orthorhombic space group Pnma by its sys-
tematic absences. Data reduction and integration were per-
formed with the software package SAINT,* which corrects
for Lorentz and polarization effects, while absorption correc-
tions were applied by using the program SADABS.%

The structure for 1-2acetone was initially determined using
the program XPREP from the SHELX software package.’” The
positions of the Os atoms were found via direct methods using
the program SHELXTL.?® Subsequent cycles of least-squares

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

(35) SAINT. Data Reduction Software, version 6.36A; Bruker Advanced
X-ray Solutions, Inc.: Madison, WI, 2002.

(36) SADABS. Area Detector Absorption and other Corrections Software,
version 2.03; Bruker Advanced X-ray Solutions, Inc.: Madison, WI, 2002.

(37) Sheldrick, G. M. SHELX-97 Programs for Crystal Structure
Analysis, Institiit fiir Anorganische Chemie der Universitat: Gottingen, Germany,
1998.

(38) Sheldrick, G. M. SHELXTL, version 6.10; Bruker Advanced X-ray
Solutions, Inc.: Madison, W1, 2000.
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refinement followed by difference Fourier syntheses revealed
the positions of the remaining non-hydrogen atoms. Hydro-
gen atoms were then added in idealized positions and included
in the structure factor calculations. The asymmetric unit was
comprised of a half of a paddlewheel cation and of an anion
and half of two acetone molecules. During refinement it
was noted that half of the nitrogen atoms in the hpp ligand
and that all of the outer carbons adjacent to the nitrogen
bound to the metal atoms were disordered. The disorder was
successfully modeled using occupancies between 50.125 and
57.380% for the major components of the disordered units.
Additional details of data collection at 30 K and of refine-
ment for 1-2acetone are provided in Table 3. Other crystal-
lographic data are available as Supporting Information. All
non-hydrogen atoms were refined with anisotropic dis-
placement parameters. The core structure for 1-2acetone is

Cotton et al.

presented in Figure 1. Selected bond distances and angles are
listed in Table 2.
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