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related with steric interaction between the released chloride
and the number of axial methyl groups,?® while the rate
increase due to ring expansion has been attributed to steric
interaction of boat or twist-boat ring conformations.!+?”

The rate increase in the primary hydrolysis of trans-Co(en)-
(tmd)Cl,* relative to trans-Co(en),Cl,* can also be accounted
for on this basis and the positive value for the entropy of
activation supports Tobe’s theory,?* as considerable stereo-
chemical change is observed.
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The epr spectrum of the tris(ethylenediamine)ruthenium(IIl) complex, Ru(en),>*, was measured at 4°K, diluted in single
crystals of [Rh(en),Cl,]1,-NaCI-6H,0 and in powders of {Co(en),]Br,-3H,0, and employing K-band and X-band
frequencies, respectively. The spectrum in both media can be described by an axial spin Hamiltonian with g; = 2.640 =
0.022 and g = 0.330 + 0.007, defined with respect to the threefold symmetry axis of the complex. Interpretation of these
g factors in terms of the theory of axial distortions for a low-spin d° electronic configuration shows the ground electronic

state to be E'(*A,) and yields a value of the trigonal field splitting parameter, K, of =413 cm™!.

The observed magnitude

and sign of this latter quantity are discussed in terms of the known structure of the complex, crystal field theory predic-
tions, and a comparison with the value for the same quantity in other tris(ethylenediamine) complexes.

Introduction

For a transition metal ion immersed in a crystal field of
predominantly octahedral symmetry, but with a superim-
posed component of trigonal (D3) symmetry, the lower lying,
triply degenerate (t,,) set of d orbitals is expected to split
into a nondegenerate a; orbital and a doubly degenerate set
of e orbitals. Neglecting mixing with the higher energy set
of e (eg) orbitals, the energies of the split t,, orbitals can be
parametrized vig crystal field theory as E(e) =K and E(a;) =
—2K, where K, the trigonal field splitting parameter, charac-
terizes the strength of the field.! For K positive, the a, or-
bital lies lowest.

For a number of trigonal complexes® and trigonal sites in
ionic crystals® the magnitude and sign of K can be estimated
from the splitting of excited electronic states as measured by
polarized crystal spectra. However for the tris(ethylenedi-
amine) complexes thus far examined,*”” the observed broad-
band splittings have been so slight, and their direct interpre-
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tation complicated by the apparent additional presence of
vibronic contributions to band intensities, that estimates of
the magnitude of K obtained therefrom may still have a high
degree of uncertainty attached to them. Moreover the sign
of K for these complexes, determined in this manner, even
seems to be controversial by comparison with the sign
deduced from circular dichroism studies, both natural and
magnetically induced.®-°

In favorable cases, such as for metal ions with degenerate
ground states in octahedral fields, electron paramagnetic
resonance is an additional method which can provide a direct,
and precise, determination of the strengths of axial com-
ponents of a crystal field. The low-spin d*> Ru®* ion has
been shown to be an excellent probe in this regard and has
been used extensively to characterize the axial field strengths
in a number of well-known type complexes and ionic crystals
including the tris(acetylacetonate) complex,'® corundum,?
the hexaammine'? and halopentaammine complexes,'® sev-
eral garnets,'*>!* several phosphine complexes,'® some tris-
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(diimine) complexes,'” and magnesium oxide.'® In view of
the existence of the tris(ethylenediamine)ruthenium(III)
complex!® we felt it worthwhile to examine its épr spectrum
in hopes of obtaining an independent estimate of the magni-
tude and sign of the trigonal field in such complexes, insofar
as this one is representative of the general class.

Experimental Section

The bromide salt of the tris(ethylenediamine) cation [Ru-
(NH,CH,CH,NH,),] Br,-xH,0 (x = 2) was prepared as described
previously.2%:2!  This was cocrystallized with the analogous, dia-
magnetic cobalt salt [Co(en),]Br,-3H,0%?:* by cooling a nearby
saturated solution containing the two salts in a 1:20 weight ratio, to
0°. This doped, polycrystalline sample was ground, sealed in a Pyrex
capillary, and placed in a liquid helium filled dewar having a finger
which could be easily inserted into a Varian, rectangular, X-band epr
cavity, between the pole faces of a 10-kOe magnet.

For the single-crystal experiments, the chloride salt of the
Ru(en),** cation [Ru(en),] Cl,-xH,0 (x = 4)*°:*' was doped into
either of the diamagnetic, uniaxial hosts (x)[M(en),Cl,],-NaCl-6H,0,
where M = Co® or Rh.?* Crystals were grown by allowing acidic
(pH 1) solutions containing the chloride salt of the ruthenium com-
plex and the chloride salts of either Co(en),** ** or Rh(en),**, *¢
along with excess sodium chloride, to evaporate in a refrigerated
desiccator. The acid solution and low temperature were employed
to retard the decomposmon of the ruthenium complex which occurs
upon standing in solution.?

For obtaining the single-crystal epr spectra, crystals of approxi-
mate dimensions 0.5 X 0.5 X 1.5 mm were glued on the end of a
75-cm Lucite rod 4 mm in diameter with their trigonal axis aligned,
with the aid of a polarizing microscope, perpendicular to the rod
axis. The end of the rod containing the crystal had previously been

machined to fit through a 3-mm access port in the top of 4 cylindrical,

K-band cavity submerged in liquid helium, between the pole pieces of
a 15-kOe magnet. A calibrated dial assembly was affixed to the end
of the rod, opposite the crystal. This arrangement permitted a full
360° rotation of the crystal in the plane perpendicular to the rod.

Initially, cobalt crystals grown from solutions 1 mole % in ruthe-
nium were examined; however the combination of small crystal size
necessitated by the cavity access design and possibly the low actual
concentration of paramagnetic impurity in the crystals thwarted
attemnpts to obtain a signal. Next, the rhodium diluent, which it was
thought would more readily accept the ruthenium impurity into its
lattice, was tried. In addition, solutions 5% or more in ruthenium
were also used. Rhodium crystals grown from these latter solutions
did yield the desired signals though they were relatively broad, no
doubt due to the high concentration of paramagnetic species in the
crystal.

Field measurements were made using a proton probe placed be-
tween the helium dewar assembly and the pole tips or in a few in-
stances were read directly from the gaussmeter provided with the
magnet. The magnitude of the difference between the field at this
point and at the sample was estimated by several field measurements
taken at the approximate center of the poles with the dewar re-
moved. The klystron frequency was measured using a wavemeter.

Results
The epr spectrum of a powdered sample of the tris(ethyl-
enediamine)ruthenium(IIT) complex diluted in the salt
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Figure 1. Ept spectrum of Ru(en),*" ina powdered diamagnetic

hogt [Co(en),]Br,-3H,0,at 4°K. Klystron frequency was 9.2345 X
10° sec™!.

Co(en);Br3:3H,0 was examined initially. ter Berg?? has
shown this salt to be trigonal, space group P3c1, with four
cobalt ions per unit cell, at sites of C; symmetry. All the
sites are magnetically equivalent since the C; axis of each is
parallel to the ¢ axis of the cell. Figure 1 shows the spec-
trum observed for this powder at 4°K and X-band frequency.
It consists of a single asymmetric resonance line centered?’
atg =2.646 £ 0.020 (H =2493 Oe, v =9.2345 X 10° sec™),
with a hint of fine structure on the low-field side of the
resonance. For an §=1/2 ion in an axial crystal field the
effective spin Hamiltonian is, neglecting metal-hyperfine
interactions

H=g BH.S, +gLB(H.ng + HySy)

and two resonances, associated with g and g, are to be
expected in the spectrum of the polycrystalline material with
the perpendicular componerit beirg considerably more in-
tense than the parallel based on statistical considerations.?®
Since we observe no other resonance up.to the field limit of
our magnet (10 kOe) we assign the observed resonance to g
and assume that gy must be less than 0.66.

The above interpretation of the spectrum of the polycrys-
talline sample was entlrely confirmed by a single-crystal
study of the Ru(en);*" complex diluted in the diamagnetic
thodium salt (£)[Rh(en);Cl3],'NaCl-6H, 0, which has been
used previously as a diluent for optical spectroscopy of the
Co(en);*" cation.?® Though there are no published crys-
tallographic data on this rhodium salt, it grows as pseudo-
hexagonal plates or needles which exhibit extinction and
interference patterns in polarized light characteristic of
uniaxial crystals. The analogous cobalt salt (x)[Co(en)sCls},-
NaCl-6H,0 (which was also used here initially as a diluent;
see Experimental Section) has been shown by X-ray diffrac-
tion to be trigonal, space group P3c1, with four cobalt ions
per unit cell at sites of C3 symmetry and with the C; axes of
all sites parallel to the ¢ axis of the cell making them all
magnetically equivalent. The sodium chloride doubleé salt
was chosen over the 51mp1e halide salts in v1ew of its apparent
in his epr study

(27) In the absence of computer simulation programs for powder
spectra, the field position used to compute the g factor was taken to
be the point on the asymmetric derivative curve at a height obtained
by substracting the small negative deflection from the larger positive
deflection. “‘g’’ estimated in this manner compares well with the
more precise single-crystal value.

(28) J. A. Ibers and J. D. Swalen, Phys. Rev., 127, 1914 (1962).

(29) B. R. McGarvey, J. Chem. Phys., 41, 3743 (1964).
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of the tris(ethylenediamine)chromium(III) complex,
observed considerable line broadening in the simple halide
salts compared to the sodium chloride salt and attributed it
to low-symmetry electric fields produced by the partial
occupancy of 12-fold sites about the cations by the water
molecules in the cell. Herein we assume the NaCl double
salt of the rhodium chloride salt to be isomorphous to the
cobalt one.

A crystal of the rhodium salt grown from a solution 10
mole % in ruthenium (see Experimental Section) was
mounted so it could be rotated in the epr cavity about an
axis perpendicular to the trigonal axis of the crystal. For
all orientations of the field with respect to the trigonal axis
in the plane of rotation, only a single resonance line was
observed. (This attests to the magnetic equivalency of all the
‘metal sites in these crystals for this orientation.) This line
reached its minimum field position when the applied field,
H, was perpendicular to the trigonal axis of the crystal (6 =
90°) and, hence, presumably to the C; molecular axis of the
individual Ru(en)s** complexes. The line moved upfield
rapidly as 6 decreased, to beyond the magnet limit (15 kQe)
as H approached parallelism with the trigonal axis. Table I
and Figure 2 summarize the data obtained from the angular
variation study in this orientation. Since the powder spec-
trum results indicated very little deviation from axial sym-
metry (i.e., g, =g, ) for the Ru(en);*" complex, angular
variation studies in a plane perpendicular to the trigonal axis
were not performed.

McGarvey® has shown that the effective single-crystal g
value for an § =1/, ion with a spin Hamiltonian of axial sym-
metry is given by the equation

g*=g* cos’ 8 +g%sin® 8
where 8 is the angle between the z symmetry axis of the

paramagnetic ion and the applied magnetic field H. This
equation was recast into a form linear in sin® 8

g =@’ -&’)sin’ 6 +g°

and the angular variation data of Table II fit to it using the
least-squares technique. Tolerances of 0.003 and 0.01 were
set for g% and sin® 8, respectively. This analysis yielded g
factors for the complex of gy =0.330 + 0.007 and g, =
2.640 + 0.022, with the latter in good agreement with the
powder estimate above, viz., 2.646 = 0.020.

The epr signals obtained from the doped single crystals
were rather broad, with peak-to-peak half-widths ranging
from a minimum of 100 Oe at 6 near 90° to 350 Oe for 6
near 30°, at the upper limit of the magnetic field attainable.
This broadness, which is undoubtedly due to significant
electronic dipolar interactions arising from the high Ru(III)
concentrations in the crystals, prohibited the resolution of
any hyperfine structure from the nuclear spin, I = 5/3, iso-
topes, ”Ru (12.8%) or '®'Ru (17.0%). However the fine
structure resolvable in the polycrystalline spectrum, Figure
1, is probably due to such hyperfine interactions. A crude
estimate of the hyperfine splitting constant B, associated with
the B(L,S, + L,S,) hyperfine term in the Hamiltonian, can
be obtained by assigning the low-field shoulder on the g,
resonance of the powder spectrum to the M; =5/, compo-
nent. Then the field separation, 289 Oe, between it and the
main zero nuclear spin resonance is just 10/4B8, which yields
aBof 0.0143 cm™. This value is roughly 2-3 times the
magnitude of the electron-nuclear hyperfine coupling con-

(30) B. R. McGarvey, Transition Metal Chem,., 3, 89 (1966).
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Table I. Resonance Field as a Function of Crystal Orientation®

No. 6,b deg Field,c Oe g9
1 81.5 6,114 (11) 2.617
2 86.5 6,069 (11) 2.637
3 88.5 6,050 (11) 2.645
4 83.5 6,084 (11) 2.630
5 78.5 6,186 (11) 2.587
6 73.5 6,322 (11) 2.531
7 68.5 6,495 (11) 2.464
8 63.5 6,757 (11) 2.368
9 58.5 7,131 (13) 2.244
10 48.5 8,012 (13) 1.997
11 38.5 9,517 (17) 1.681
12 33.5 10,885 (24) 1.470
13 28.5 12,441 (24) 1.286
14 23.5 14,716 (26) 1.087
15 -26.5 13,247 (24) 1.208
16 —-31.5 11,366 (24) 1.408
17 -36.5 9,957 (17) 1.607

@ Ru(en),** in (£)[Rh(en),Cl,],"NaCl-6H,0. ? ¢ is the angle
which the applied field makes with the crystal C; symmetry axis.
¢ The field values, H, for points 1-12 were obtained using a proton
probe; for points 13-17 a gaussmeter was used. The number in
pafentheses is the estimated efror in the measuremient in oersteds.
d g=hp/gH. The klystron frequency was 22.403 X 10° sec™!.
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Figure 2. Plot of angular variation of epr spectrum (Table II) of
Ru(en),®* in the single-crystal, uniaxial host ()] Rh(en),Cl;], NaCl-
6H,0 at 4°K and v = 22.403 X 10° sec™'. 6 is the angle between
the magnetic field direction and the threefold axis of the crystal.
The crystal was rotated about an axis perpendicular to the trigonal
crystal axis.

stants for °°*'%'Ru in the few other instances in which
hyperfine splitting has been observed.'>™!5:18
Discussion

Miller and Offenbacher!* have given a thorough theoretical
analysis of the effect of a combined trigonal field and spin-
orbit coupling perturbations on the ground ? T, state arising
from the t,,° electronic configuration of an octahedrally co-
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Table II. Polar Angles® in M(en), ™* Complexes
Oct Crlil Colll Nill Cull Rulll
54° 44’ 56°41'0  53°32'c 559207 56°46'F  57° 191
54° 18’4 56° 26'8
55° 30'e

@ Where site symmetry was lower than D,, the polar angle reported
is the average of the individual polar angles of the M~N bonds rela-
tive to an axis coincident with the plane normal through the metal
atom from the plane defined by three separate ring nitrogen atoms
on either end of the complex. ? [Cr(en),][Co{(CN),]:6H,0: K.N.
Raymond and J. A. Ibers, Inorg. Chem., 7, 2333 (1968). Note:
cation in A (AAX) configuration. ¢ D-[Co(en),Cl,],-NaCl-6H,0: K.
Nakatsu, M. Shiro, Y. Saito, and H. Kuroya, Bull. Chem. Soc. Jap.,
30, 158 (1957) d [Co(en),]Cl 3H,0: K. Nakatsu, Y. Saito, and
H. Kuroya, ibid., 29, 428 (1956). € [Co(en),],[HPO,],9H,0: E.
N. Duesler andK N. Raymond, Inorg. Chem., 10, 1486 (1971)

f [Ni(en);](NO,),: L.N. Swink and M. Ato_u Acta Crystallogr., 13,

639 (1960). & [Ni(en);]SO,: M. Ul-Haque, C. N. Cauighlan, and

K. Emerson, Inorg. Chem., 9, 2421 (1970). h [Cu(en),]SO,: D.L.
Cullen and E. C. Lingafelter, ibid., 9,1858 (1970). i [Ru(en),]Cl,

3.5H,0: ref 20.

ordinated Ru® ion. Their analysis treated the conﬂguranon
as a single hole whereby the theoretical results for a t,,' con-
figuration were applicable once the associated sign changes
of the trigonal field and spin-orbit coupling parameters K
and { are made. Figure 3 summarizes these results for both
the one-electron orbital energies and the state energies for the
Ru*" ion, for the two sign choices for the trigonal field, based
on the diagonalization of the matrices of K and {'* within
the t,,° configuration, i.e., neglecting configuration interac-
tion. The symmetry group nomenclature for the double
groups is that adopted by Griffith.3!

As can be seen from Figure 3, for either of the possible
signs for K, a Kramers doublet, £, is the grourid state, thus
affording the possibility of an observab'lé magnetic resonance
for the ion, albeit only at reduced temperatures due to the
short spin-lattice relaxation times usually associated with
this electronie configuration.

General expressmns have been given by Stevens®? and later
by Kamimura®® for the g factors of the E' ground states of
the t;,° configuration under an axial field and spin-orbit
coupling perturbations. = According to Stevens these are

g1=21(1 + k) cos® a—sin? «|
g =212k cos a sin o + sin® « |

where tan 2a =+/2/(}/2 + 3K/¢) and 0 < 2a < m, — 3K* is
the one-electron orbital energy difference [E£(a;) — £(e)], as
mentioned in the Introduction, and § is the spin-orbit cou-
pling constant. k, the orbital reduction factor, incorporates
the reduction, due to covaléncy effects, of the orbital angular
momentum of the t,, electron from a value of 1.0. Through
these expressions, values of k and the ratio 3K/{ can be
obtained from the observed g factors. If ¢ is taken as posi-
tive, then K takes the sign derived for the ratio 3K/ ¢ and will
correspond to the desired one-electron value (Figure 3).

We display in Figure 4 the g factors gy and g;, computed
from the above equations as a function of 3K/ for two
typical values of the orbital reduction factor, k. The curve
for k = 1.0 is identical with that given earlier by Kamimura,*

(31) 1. S. Griffith, “The Theory of Transition-Metal Ions,”
Cambridge University Press, London, 1961, p 385.

(32) K. W. Stevens, Proc. Roy. Soc., Ser. A, 219,542 (1953).

(33) H. Kamimura, J. Phys. Soc. Jap., 11, 1171 (1956).

(34) In ref 32, the axial field parameter employed was designated
as A and defined as the orbital energy difference [E(a,) — E(e)]. In
terms of our previously introduced nomenclature A =—3K. Anothe

" commonly used designation for the axial field parameter is v, and
again v = —~3K in terms of the nomenclature used herein.
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Flgure 3. One-electron d- orbltal and state energy levels, W;, for an
octahedral t,,° configuration in the presence of trigonal field and
spin-orbit coupling perturbations, illustrated for the two poss1b1e
sign choices for-the trigonal field parameter K. The expressions for
the one-electron matrix elements; from ref 14, are (e {Viyig + ¢I-.
siey=K + ¢/2,¢a leg + tlsla,)=-2K, and <e1§'ls|a1>-§‘/\/——
The energy expressions after diagonalization are W, = K —¢/2 and
Wi=1[-K +¢/2¢ (9K? + 3Kt + 9/4¢*)'/?]. For the Ru(en),*
complex with K =-418 and ¢ = 1050 cm™!, the actual energies be-
come W, =-943 cm™, W, =336 cm™*, and W. = +1279 cm™*

once his differing definition of the trigonal field splitting
parameter is allowed for. The observed g factors for the
Ru(en);* complex of gy =0.330 and g; = 2.640 are only
consistent with the right-iand side of Figure 4, i.e., with
negative values of the parameter 3K/¢ and hence W1th a
negative value of the trigonal field sphttmg parameter K.

From the observed negative sign of K we can immediately
conclude that the energy ordering of the trigonal field split
tag orbitals in the complex is e < a; (case II of Flgure 3) and
that the ground electronic configuration must be e*a, !
correspondmg to a 2A, ground state (in the limit of ¢ =0).
The precise magnitudes of 3K/¢ and k are obtained by fitting
the observed g factors to curves similar to those in Figure 4.
In this way we obtained values for the parameters of 3K/§' =
—1.18 and k = 0.946. Using the value'! of 1050 cm™ for
the one- electron spin-orbit coupling constant, ¢, for Ru**
one computes a value for K of =413 cm™.,

Insofar as the Ru(en)s** complex is a representative of the
much studied class of metal-tris(ethylenediamine) complexes
the large negative value of the trigonal field splitting is quite
interesting. For, from the single-crystal optical spectra of
the Co® and Cr** complexes,”® K has been estimated to be
small and most probably positive (10~50 cm™), and for the
N12* complex no measurable trigonal splittirig of the absorp-
tion bands was observed.” However, the long standing data
which remain inexplicable in terms of such a small and
positive valued K have been the natural circular dichroism
spectra of the Co® and Cr** complexes, which would appear
to require a negative K of no less than 300-cm™ magni-
tude.®® - Recent magnetic circular dichroism spectra of the
Co® complex also favor a negative K of substantial magni-
tude.” Thus our epr derived value of X, if transferable to
these other metal ions, supports the conclusions of the circu-
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Figure 4. Plots of calculated g factors, parallel and perpendicular to the C, axis of the complex, for a t,¢* configuration metal ion as a function
of the ratio of the trigonal field splitting of the ground state, 3K, and the one-electron spin-orbit coupling constant, §. Curves are given for two
representive values of the orbital reduction factor £:" solid line, k = 1.0; dashed line, ¥ = 0.9. Theoretical expressions used are given in the

text.

lar dichroism studies that the effective trigonal field of three
ethylenediamine ligands about a metal ion is negative (i.e.,
K) and at least several hundred wave numbers in magnitude.
In addition our results are consistent with the negative sign
found for X in Fe(en);* from magnetically perturbed
Mossbauer spectra.®® We take up below the meaning of the
observed sign and magnitude of X for the ruthenium com-
plex in terms of its known molecular structure and the
currént theories on the origin of the trigonal field splitting.
A simple correlation of the magnitude and sign of the
trigonal field splitting parameter K with the molecular struc-
ture of a complex has long been sought. Pipet and Carlin,’'
in their original analysis of this question in terms of crystal
field theory, showed that the magnitude and sign of K should
depend on the polar angle, 0, between the C; symmetry axis
of the complex and the metal-ligand bond vector, and on
the second- and fourth-order radial parameters p, ~ (r*) and
pa ~ {r*) of the metal ““d” orbital wave function. The rela-
tive magnitudes of p, and p, were origirially estimated by
Piper and Carlin by calculation from available metal ion
radial wave functions and for all cases examined p, > p4.
For such a situation, the second-order term in the potential
is dominant and the sign of K correlates with simple electro-
static considerations employing real, strong-field d orbitals;
i.e., for an axial compression (0 > 54° 44’, the value of the
polar angle in an octahedron) the a; orbital, concentrated
along the trigonal axis, is stabilized, leading to the orbital

(35) W. M. Reiff, Chem. Phys. Lett., 8,297 (1971).

energy ordering a; < e and a positive K; the opposite would
be true for an axial elongation (¢ < 54° 44'). This fact has
been reemphasized by Gerloch, et al.,%® recently. However
both the latter authors and Lever, et al.,3”7 extended this
crystal field treatment and showed if one departs from the
theoretically predicted values of the 02/p4 ratio and allows it
freely to assume values less than 1, an inversion of the orbi-
tal energy levels can occur and it then becomes possible to
have a negative K (e < a,) associated with axial compression,
and a positive K (a; < e) associated with axial elongation of
a complex. Table Il summarizes the polar angles for a num-
ber of tris(ethylenediamine) complexes computed from the
available crystal structure results. Without exception, based
on the most recent and most highly refined data, these com-
plexes all correspond to axially compressed systems with the
Ru3* one exhibiting the largest compression, o =57° 19’, and
the Co®* one the least, 0 = 55°30". Then the negative sign -
found for X in the ruthenium complex, and implied for the
others, can only be accounted for within the crystal field
theory if the fourth-order term in the potential, (r*), is dom-
inant over the second-order term (72) in determining the
trigonal splitting. This order of the relative magnitude of
the radial parameters also appears to be the case for Ru®* in
other trigonal complexes from the excellent correlation of
the observed sign of K with the polar angle, as shown in

(36) M. Gerloch, J. Lewis, G. G. Phillips, and P. N. Quested, J.
Chem. Soc. A, 1941 (1970).

(37) A. B. P. Lever and B. R. Hollebone, J. Amer. Chem. Soc.,
94, 1816 (1972).
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Table III. Unfortunately this pattern for the magnitudes of
the radial parameters in these trigonal complexes is not readi-

Table IIL. Correlation of Sign of Trigonal Field Splittiné Parameter,
K, with the Polar Angle, o, for Ruthenium(III)

Kk o
LuGaGe +387 49° 48’
YGaGb +371 50° 36
LuAIGe +280 51° 36
YAIG? +273 52° 24'
Ru(acac),© +233 53° 36'h
AlL,0,4d -250 55° 24’
Ru(en),** € -418 57° 19"
Ru(ox),* 7 -440 57° 30"
Ru(phen),®* & -605 57° 459
Ru(bipy),** & —670 ?

@ Reference 15. b Reference 14. ¢ Reference 10 and B. N. Figgis,
J. Lewis, F. E. Mabbs, and G. A. Webb, J. Chem. Soc. A, 422 (1966).
d Reference 11. € This work and ref 20. 7 R. W. Olliff and A. L.
Odell, J. Chem. Soc., 2467 (1964). & Reference 17. h Polar angle
estimate from the crystal structure of the rhodium analog, Rh(acac),:
E. B. Parker, Diss. Abstr., 24, 3654 (1966); J. C. Morrow, University
of North Carolina, personal communication. Polar angle estimate
from the crystal structure of the rhodium analog, Rh(ox),>": B..
Dalzell and K. Ericks, J. Amer. Chem. Soc., 93, 4298 (1971). J Polar
angle estimate from the crystal structure of the iron analog,
Fe(phen),**: D. H. Templeton, A. Zalkin, and T. Ueki, Acta
Crystallogr., Sect. A, 21, 154 (1966). * Where only values of 3K/¢
were cited, a value for ¢ of 1050 cm™ was used to compute X.
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ly explicable but should have predictive utility in the future.
It would appear, as has been suggested previously, that the
ultimate origin of the trigonal splitting must be sought in the
molecular orbital theory.3 %

In this regard Schaffer®" has treated trigonal complexes
using his angular overlap model, which is founded on the
molecular orbital approach, and has predicted from it a nega-
tive K value for the Co(en);>* complex based only on the
known angular distortions of the coordinated nitrogens from
octahedral positions. Similarly, O’Reilly and Offenbacher,**
performing a more in-depth molecular orbital calculation,
were able to account successfully for the positive K values
observed for the Ru®" ion in the axially elongated RuO¢
units in garnets.

Registry No. [Ru(NH,CH,CH,;NH,);]Br; xH,0 (x = 2),
37668-71-6; [Ru(en);]Cl; xH,O (x = 4), 37668-72-7.
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The reaction of Ru(NH,), ** with oxygen takes place quantitatively according to the stoichiometry: 2Ru(NH,),** +
2H* + 0, = 2Ru(NH,),** + H,0,. The rate law over a wide range of Ru(Il), O, , and H* concentrations (1.00 M H* to
pH 6.05) has the form —d[0,]/dr = k[Ru(I)][0,]. At 25° and p = 1.00 maintained with LiOAc, k=1.26 X 10* M~}

sec!

. With Ru(en), ** as the reducing agent, the first stage involving oxidation to Ru(en), ** takes place rapidly enough so

that this stage can be studied with initially no complication caused by oxidation of the ligand. If published values of E°
for the Ru(III)-Ru(II) and O, -0, couples are correct, we conclude that the reaction does not involve O," as an inter-
mediate. The oxidation of Ru(NH,), ** by H,0, isa very slow reaction, and under the optimum conditions we were able
to realize, we were dealing not with the intrinsic reaction but with a path involving catalysis by iron salts. The specific
rate for the oxidation of Ru(NH,), ** by O, is at least 10* times greater than for the oxidation by H,0, .

A particular point of interest in the reactions with oxygen
to be described is that the metal ion reducing agents retain
their primary coordination spheres intact. To our knowledge,
no other system of this type has been subjected to a detailed

_kinetic analysis. A second point of interest is that the reduc-
tion of O, to H,0, is much more facile than that of H,0,
to H,O. In this respect, the system is by no means unique,
H,0, having been identified as an intermediate stage in the
reduction of O, by Eu(II)! and Pu(IIl).> However, with
Eu(II) and Pu(III) as reducing agents there is no ready means
of establishing whether, when oxygen acts upon them, the
oxidant makes use of a normal coordination position on the
metal. For our system, it can be concluded with certainty

(1) T. W. Newton, private communication.
(2) T. W. Newton and F. B. Baker, J. Phys. Chem., 60, 1417
(1956).

that O, does not occupy a normal coordination position in
oxidizing Ru(NH;)e**, and this places an important limita-
tion on the mechanisms which are possible for the reaction.
Another point of interest has been emphasized by recent
work®™® on the reaction of molecular oxygen with tris-
(ethylenediamine), hexakis(methylamine), and other sub-
stituted amine complexes of ruthenium(II) which describe
evidence for oxidation of the ligands. We have established
the first step in the reaction of molecular oxygen with
tris(ethylenediamine)ruthenium(Il) as being oxidation to
tris(ethylenediamine)ruthenium(IIl). By continued action
of oxygen or of other oxidizing agents tris(ethylenediamine)-

(3) W. R. McWhinnie, J. D. Miller, and J. B. Watts, Chem.
Commun., 629 (1971).

(4) B. C. Lane, J. E. Lester, and F. Basolo, Chem. Commun.,
1618 (1971).

(5) H. Elsbernd and J. K. Beattie, J. Chem. Soc. A, 2598 (1970).



