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Abstract: Li, Yeh, and Taube in 1993( Am. Chem. So2993 115 10384) synthesized a number of complexes
which can be formally regarded as protonated Os(Il) species. Some of these were paramagnetic, in contrast to
the diamagnetism of the closed shelP%ak(Il) ions. This intriguing phenomenon is investigated theoretically
using density functional theory. The geometries, stabilities, and electronic structures of a series of six- and
seven-coordinate osmium complexes were studied in gas phase and aqueous solution using the B3P86 functional,
in conjunction with the isodensity-polarized continuum model of solvation. The general formula for these
complexes is [Os(NEJsH(L 9)m(L2)n] Y+, where Ly and L, = H,0, NH;, CH;OH, CHCN, CI, and CN,

which could be regarded as protonated Os(Il) species or hydrides of Os(IV), although according to this work
the osmium-hydrogen interaction is best described as a covalent Osfllpond, in which the hydrogen is
near-neutral. The ground states are generally found to be singlets, with low-lying triplet excited states. Solvation
tends to favor the singlet states by as much-ak8 kcal moit in the 3+ ions, an effect which is proportional

to the corresponding difference in molecular volumes. To have realistic estimates of the importance-of spin
orbit coupling in these systems, the spuorbit energy corrections were computed for triplet [OsgNHT,
[Os(NHg)4H]3", and [Os(NH)sH(H0)]3t, along with gas-phase Os and its ions as well as [@3[§*". The
seven-coordinate triplet-state complex [Os@¥H(CH;OH)]3*, which had been successfully isolated by Li,

Yeh, and Taube, is predicted to be a stable six-coordinate complex which strongly binds to a methanol molecule
in the second coordination shell. The calculations further suggest that the sitngillett splitting would be

very small, a few kilocalories per mole at most. The geometries and the electronic structures of the complexes
are interpreted and rationalized in terms of Pauling’s hybridization model in conjunction with conventional
ligand field theory that effectively precludes the existence of true seven-coordinate triplet-state complexes of
the above formula.

Introduction [Os(NHg)sH(Fe(CN))]~ and [Os(emH(py)z] 3" (py = pyridine).

In an earlier paper, Sullivan et akeported a NMR study of
seven-coordinate Os(1V) complexes such as [Os(bpyY2+h
(CO)H,]?" (bpy = 2,2-bipyridine), also obtained by protonation
of the six-coordinate parent compunds, viz. [Os(bpy)@¥Ph
(CO)HPE in the case of the above example. On the basis of
the NMR data, Sullivan et & proposed a pentagonal bipyra-
midal structure for [Os(bpy)(PRR(CO)H;])2".

As the valence electronic configuration of the*Oson is
5p°5d* (outside the 1%..4f14 core), depending on the ligand
field, the nonbonding d electrons in a Os(IV) complex could
adopt high- or low-spin configurations, corresponding to quintet,
triplet, or singlet states. In an (approximate) octahedral environ-
ment, the ligand field splitting between thg honbonding and
gy antibonding molecular orbitals (MO) in fourth- and fifth-
row transition metal complexes is generally too large to allow

24 +_, for a blel-type configuration, but depending on the relative
[OS(NH;),(CHLCN),|™ + H = energigsegof thex MOs, which in turn depend on the ligands
[0Os(NH),(H)(CH,CN),]** and their arrangement around the metalp@ tonfiguration
could result in either a singlet or a triplet state.
in water. Other possible seven-coordinate species include A recent theoretical study of tungsten(l) carbonyl complexes
by Biker et al* provides a nice demonstration of the progression

In 1993, an interesting class of paramagnetic Os(IV) mono-
hydrido complexes was synthesized and studied by Li, Yeh,
and Taubé. The first two of these, prepared by the oxidation
in methanol of (diamagnetic) [Os(NJ(;72-H2)]2* and [Os(eny
(7%-H2)]%*, were characterized as [Os(3k{H)(CH:OH)]3* and
[Os(en}(H)(CH3OH)J3* (en= ethylenediamine), i.e., seven- and
six-coordinate species, respectively. As discussed by Li, Yeh,
and Taube, the electronic structures of these complexes can b%
described as Os(I\HH~ or as protonated Os(Il) species. Li
and Taubé also obtained a paramagnetic compound with the
formula [Os(NH)4(H)(CH3CN),](CF3S0s)3 by simply dissolv-
ing [Os(NHs)4(CH3CN),J(CF3SGs)2 in 3 M triflic acid and
successfully determined the equilibrium constant for the pro-
tonation reaction
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from high to low spin with the increasing strength of the ligand
field. Biker et al. found that for the series W(GO)Yn = 1-6),
the electronic ground state is sextet for= 1, quartet fom =
2, and doublet fon = 3—6.

The existence of the unusual molecules reported by Li % al.

has prompted us to undertake a theoretical study of a range o

complexes of the type [Os(NEH(L 1X)m(L )] ™Y 3+ where
the ligands L, and L, are CHOH and NH as well as HO,
Cl7, CN-, and CHCN andm,n=0, 1. Thus, fom=n=1,

Mganam et al.

As a test of the sensitivity of the geometries and energetics to the
choice of method, the geometries of [Os(H H,O]*" were also
optimized using the MP2 method. Single-point energies were then
computed at the MP4 level (at the MP2 geometries) and also using the
B3LYP, B3PW91, and BLYP functionals (at the B3P86 geometries).

fTo explore the validity of the single reference treatment in SCF,

CASSCEF calculations were also carried out (at B3P86 geometries), with
six active electrons in an active space of seven orbitals. The results
obtained in these studies were found to be in good agreement with
those from the B3P86 calculations.

we heve formally seven-coordinate complexes, and it is pe adequacy of the valence douldldasis used for the ligands
primarily for these that the ground states are expected to bewas checked by comparing the geometries and energies obtained for
triplets. The main motivation for this study is to characterize [Os(NHs)sH]3* and [Os(NH)s(H)CHsOH]J3" with those obtained by

the geometries of these molecules, to compare the structuresalculations that use the 6-31G(d,p) basis set on the ligand atoms. As
and stabilities of each species in both triplet and (low-spin) will be discussed later, use of the larger basis sets results in essentially
singlet states, and to determine which, from the above group, negligible changes in geometries and relatively small changes in the
may be expected to exist in addition to those observed by Li et Singlet-triplet energy differences.

al.}2and finally, how we can best understand and describe the Solvation energies were calculated using the isodensity-polarized

electronic structures and properties of this interesting class of continum modet (IPCM), where the solute/solvent interaction is

transition metal complexes. As part of our theoretical study,
we have found it instructive to study also the six-coordinate
complexesifi= 1, n = 0) as well as the hypothetical five- and
four-coordinate parent systems [Os(NpH]®™ and [Os-

calculated by a dielectric continuum approach. The cavity occupied
by the solute is defined by an isodensity surfacex(40* e/a®) of

the molecule, which is determined by an iterative self-consistent process.
Application of the IPCM method has, however, necessitated all electron
calculations; these were performed at the ECP-optimized geometries,

(NH3)q)*". The gas-phase geometries and energies of the e core orbitals of each atom expanded in terms of Huzinaga’s minimal
complexes, in both singlet and triplet states, were computed pasis set&®

using mostly density functional theory (DFT), while solvation

The spinr-orbit interaction energies were computed by application

effects on the energies were estimated using simple dielectricof the Pauli-Breit spin-orbit coupling operator in a basis of Russell

continuum methods. As spitorbit coupling is expected to play
an important role with regard to the singldtiplet energy
separation, we also undertook the ab initio calculation of-spin
orbit energy corrections for a number of osmium-containing
species: triplet [Os(NB)4]%+, [Os(NHs)4H]3", and [Os(NH)4H-
(H20)]3", Os atom and its ions @& (n = 1 — 4), as well as
[Os(H0O)e]3". On the basis of these calculations, we expect to
be able to provide realistic estimates of sparbit coupling
contributions to the singlettriplet splittings in our systems of
interest.

Computational Methods

Saunders staté$;'® computed by full configuration interaction (CI)

in an active space, as implemented in the fully optimized reaction space
(FORS) method of Ruedenberg and co-workér& The FORS CI
calculations in our work generally include the nonbonding d electrons
of osmium as well as a number of the highest energy bonding electrons
distributed among a set of molecular orbitals (MOs) that include the
5d, 6s, and 6p metal orbitals. The MOs were usually generated by the
open-shell restricted Hartre¢ock (ROHF) and generalized valence
bond method$? ensuring unitary invariance among the degenerate sets
of open-shell MOs. The basis sets used are those utilized in the IPCM
computations.

All DFT, MP2, and MP4 computations were carried out using the
Gaussian94 and 98 prografis?® The spin-orbit coupling calculations

The calculations reported in this paper were performed using density were performed using the GAMESS codeés.

functional theory (DFT) utilizing the B3P86 hybrid functiort&lyvhich
consists of the local (spin) density approximation with the Dirac
exchange term (LDA), SCF, and Becke’s B88X exchangef(nc-
tional$ and the Vosko, Wilk, Nusair(VWN), and Perdew's P86
correlation (C) functionals,as defined by

Exc = (1 — 0.2E,""* + 0.5, + E.""N + 0.7E,% +
0.81E."% (1)

The effective core potentials (ECPs) and basis sets reported by Stoll et
al 8% were used for the heavy atoms. Thus, the valence basis for Os is

(13) Ehrhardt, C.; Ahlrichs, RTheor. Chim. Actal985 68, 231.
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bonded to osmium, the H basis is extended by a set of p polarization

functions with exponent 0.8. The geometries were fully optimized at
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the complexes were analyzed by the RelBavidsor® 13 method.
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A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
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Table 1. Hybridization Schemes and Expected Geometries for Singlet- and Triplet-State Complexes of Os(Il) and Os(I1V)

Os(ll) 0s(IV)
no. of ligand singlet triplet singlet triplet
2 ?, ds (angular) ds (angular) 2,dds (angular) ¢ ds (angular)
3 Ps (trigonal planar) dsp (planar) 8,@Ps (trigonal planar) & (trigonal planar)
4 ’sp dsp (tetragonal) & (tetrahedral) p
5 s (tetragonal pyramid) dsgbipyramid) dsp (bipyramid) ésp¥ (tetragonal pyramid)
6 ?sp’ (octahedral) B d’sp® (octahedral)
7 dsp?
Qualitative Molecular Orbital Theory of Os(Il) and delocalized bonding MOs. Note, however, that in principle one
Os(IV) Complexes could obtain a sufficient number of bonding MOs by using a

¢ di . fth . q . fth smaller number of metal AOs than the number of ligands, as in
Before a discussion of the geometries and energetics of they, o \0 description of electron-rich molecules such ag 86t

complexes studied in this work, it is useful and instructive to whether this would be viable for the systems of interest here
construct a simple qualitative molecular orbital model for the . g only be answered by actually carrying out the MO
various Os(ll) and Os(IV) systems but which, in reality, is based computations. To determine the most likely type of hybrid
on Pauling’s valence bond (VB) model of transition metal  piois we make a further assumption, in that 6p Os AO
complexes. _ _ _ participation is kept at a minimum level, since that AO has a
According to ligand field theory, as applied to these com- sjgnificantly higher energy than the 6s and 5d AOs. The
plexes, the bonding and antibondimgype MOs are constructed  resylting plausible hybridization schemes for 2 ligands for
from the 5d, 6s, and 6p atomic orbitals (AOs) of the metal ion os(11) and Os(1V), taken from the tabulation of Eyring, Walter,
and the appropriate ligand MOs containing the lone pairs of anq Kimball28 are given in Table 1, along with the correspond-
electrons that will occupy the bonding MOs of the complex. ing geometries. The 2dp, dsi?, and dsp? hybrids do not

The six and four d glectrons of &sand 04", respectively, correspond to symmetric arrangemetitey are labeled “ir-
occupy the nonbonding 5d AOs of the metal. Therefore, an Os- regular tetrahedron”, “mixed”, and “Z&",” respectively, by

(IV) low-spin singlet complex must have at least two nonbond- Eyring et al?

ing 5d AOs, while a triplet-state complex needs at least three A ¢corging to the above arguments, therefore, a tetracoordinate
nonbonding 5d AOs, allowing the remaining three and two 5d Os(ll) complex would be expected to have an irregular

AOs, respectively, to contribute to bonding (and antibonding) teqranedral structure in the singlet state, but a tetragonal, viz.
MOs. Since the energy difference between the nonbonding andsqare planar structure in the triplet state. A pentacoordinate

antibonding .MOs in the higher trapsition metal complexes is 0s(IV) complex is expected to be bipyramidal in the singlet
generally quite large, we can effectively rule out the occupancy giate while the triplet would be a tetragonal pyramid. Octahedral
of the latter in ground-state configurations. Thus, while in a gy,ctyres are expected for six-coordinate singlet Os(ll) and
S|x-coord|n_ate comple>_< of Os(l\_/) (WIFh three nonbonding 5d triplet Os(IV) complexes, while a singlet Os(IV) complex,
AOs) the smglet and triplet configurations \(vould ha}ve €ompa- iilizing disg? hybrid orbitals, is expected to have a more
rable energies, the ground state of a six-coordinate OS(Il) jreqylar or “mixed-type structure. No six-coordinate or seven-
complex is certain to be a singlet, as is, indeed, found ;oo ginate triplet Os(Il) complex is expected to exist, but seven-
experimentally. A_ssummg that the number of metal AOS_ needed ;o rdinate singlet Os(IV) would be allowed. (The pentagonal
to form the bonding MOs is equal to the number of ligands, ;. amidal structure that has been proposed for [Os(bpy)-
i.e., the r_]umber of MOS _Wlth ligand lone pairs, we can predict (PPh)»(CO)HJ2* by Sullivan et akis consistent with a Zrs—-

the maximum coordlnapon number_s of Os(ll) f’:md_Os(IV) and type structure.) As will be shown in the following section, these
possibly even the resulting geometries by considering what typepredictions are largely confirmed by the calculations. The

of hybrid orbitals can be formed from the available 6s, 5d, and following question then arises: What are the apparently seven-

6p AOs. This is effectively equivalent to applying Pauling's  ,5rginate Os(1V) complexes observed by Li, Yeh and T&zibe
VB description to the bonding, whereby each metaligand There are two possibilities: (a) six metal AO’s, along with seven

bond is a localized two-center MO constructed from a metal |jganq; orbitals, are adequate for the formation of the bonding

hybrid and a ligand orbital. Allowing for interaction among 15 g accommodate the 14 electrons, (b) the complex is really
the localized bonding MOs then results in symmetry-adapted gjy_cqordinate with an additional ligand in the second coordina-

(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb tion shell but strongly bound to the actual complex. As discussed

M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann, in the next section, the DFT calculations support the second
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. A.; Daniels, A. D.; Kudin, K.  glternative.

A.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; .

Petersson, G. A.; Ayala, P. Y.: Cui, Q.; Morokuma, K.; Malick, D. K.; Geometries

Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. o

V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; The optimized (gas-phase) structures of the [Os{ht
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, (L 1X)(LyY),] (M3 complexes with HO as the ligands

C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; y ; 3+
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; and Ly, along with those of the parent systems [OsghH]

Reploge, E. S.: Pople, J. AGaussian 98Revision A.3 Gaussian, Inc.. ~ and [Os(NH)4]?*, in their singlet and triplet states, are shown
Pittsburgh, PA, 1998. in Figures 1 and 2, respectively.

(26) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; . ~ -
Gordon, M. S.; Jensen, J. H.. Koseki, S.. Matsunaga, N.; Nguyen, K. A The structures of the singlet-state systems (Figure 1) conform

Su, S. J.; Windus, T. L.; Dupuis, M.; Montgomery, J.JAComput. Chem. in an approximate sense to the predictions based on hybridiza-
1993 14, 1347.
(27) Pauling, L.The Nature of the Chemical Bon@ornell University (28) Eyring, H.; Walter, J.; Kimball, G. EQuantum Chemistrywiley:

Press: Ithaca, NY, 1960. New York, 1944.
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singlet [Os(NH3),H(H,0)]**

singlet trans-[Os(NH;),H(H,0),]**

Figure 1. Structures of singlet [Os(Ngk]?", [Os(NHs)sH]3", [Os(NHs)sH(H.0)]®", and [Os(NH)H(H.0),]3" complexes.

tion, as outlined in the previous section. [Os(Nf+ can be

structure (consistent with 2gp? hybridization), while [Os-

described as an irregular tetrahedron, although it is better (NH3z)4H(H2O)]3" is octahedral (with #p? hybridization). Two
characterized in terms of two sets of hybrids, ds and dp, which distinct structures were located for triplet [Os(}kH(H.0),]3",

are a pair with a 90angle (formed from d-,2 and s AOs) and

a linear pair perpendicular to the former pair (formed frog d
and p AOs). [Os(NH)4H]®" can be regarded as a distorted
trigonal bipyramid. Alternatively, it can be described as being
based on the [Os(N$L]2", with the Os-H bond formed by
the overlap of the hydrogen 1s AO with a metg} AO. The
six-coordinate species, [Os(NJaH(H.0)]*", can be described
as [Os(NH)4]%" plus the bonding of H and HO to osmium

by utilizing dp hybrids (formed from,g and p AOs). The two

called cis and trans, where the naming, while appropriate for
the starting structures in the geometry optimization process, is
less apt for the resulting equilibrium geometries. The two
structures are best described as octahedral [Og¢NH,0)]3"

with a second water molecule in the second coordination shell
which is hydrogen bonded to the first water or to two ammonias.
This finding is also consistent with the MO argument that the
maximum coordination of Os(IV) in a triplet state is expected
to be six.

seven-coordinate structures, in which the water molecules are Replacing the two water molecules with ammonia and
cis and trans to each other, respectively, are best described asnethanol as the ligands land Ly, yielded the structures shown

octahedral [Os(NB)4(H20)2]%", i.e., with dsp? hybridization

on Os, plus a hydride, where the -©id bond is formed by the
overlap of the H 1s AO with a metal orbital which is a
combination ¢ and d, AOs. The structures can be seen to
conform to the distorted trigonal prism-derived structure of
ZrF73’.

in Figures 3 and 4 for the singlet- and triplet-state molecules.

The similarities between these structures and those of water-
containing complexes are quite evident, although the structure
of [Os(NHs)sH]3* is best described in terms of ddpybridiza-

tion (that yields the tetragonal arrangement of the first four

ammonias), plus the formation of ©81 and Os-NH3 bonds

The structures of the triplet-state molecules (Figure 2) are by utilizing the g, and ¢, AOs of Os. Again, an unambiguously
entirely as expected on the basis of the qualitative MO seven-coordinate structure is found only for the singlet-state
arguments and the appropriate hybridization of the osmium AOs. molecule. In the triplet-state system, methanol is hydrogen

Thus, [Os(NH)4]%" is square planar (as required by the dsp
hybridization), and [Os(Nk)4;H]®*" has a tetragonal pyramidal

bonded to two ammonia ligands of the six-coordinate, nearly
octahedral [Os(NB)sH]3". We propose, therefore, that this is
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triplet [Os(NH3)4H(HzO)]3+ triplet trams-[Os(NH3)4H(H20)2]3+

Figure 2. Structures of triplet [Os(NEJ4]?", [Os(NH)4H]3t, [Os(NHs)4H(H20)J*t, and [Os(NH)sH(HO),]*" complexes.

singlet [Os(NH3)sHI™* singlet [Os(NH3)sH(CH;0H)]**

Figure 3. Structures of singlet [Os(Ng}kH]®" and [Os(NH)sH(CH;OH)J** complexes.
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triplet [Os(NHz)sH]** triplet [Os(NH)sH(CH;OH)]**
Figure 4. Structures of triplet [Os(NEJsH]*" and [Os(NH)sH(CH;OH)J3t complexes.

singlet [Os(NH3),H(CN)]** singlet [Os(NH3)H(CN),]**
Figure 5. Structures of singlet [Os(NgkH(CN)]?" and [Os(NH)sH(CN)]* complexes.

the structure of the [Os(NgEH(CHzOH)]®" ion observed by represents the lowest energy structure of this system, where the
Li, Yeh, and Taubé. NN distance (2.82 A) in the #N—---HNHs* fragment is

In essence, our findings for the remaining systems, where consistent with the existence of a hydrogen bond between the
the ligands L and L in the six- and seven-coordinate Os(IV) amide and ammonium moieties. A number of different structures
complexes are cyanide (Figures 5 and 6), chloride (Figures 7 were experimented with in an effort to find a low-energy, stable
and 8), and acetonitrile (Figures 9 and 10), are the same as forgeometry for the triplet state, but they appeared to converge to
those discussed above. Irrespective of the choice of ligands,the one discussed above or to higher energy structures which
plausible seven-coordinate species could be identified only for also dissociated.
singlet-state systems. In none of the corresponding triplet-state  As a test of our computational protocol, the geometries of
molecules can the seventh ligand be described as bonded tqOs(NHs)sH]3+ and [Os(NH)sH(CHsOH)]3+ were recomputed,
the osmium. Indeed, in the case of triplet [Os@UHi(CHs- using larger basis sets for the ligands, namely the 6-31G(d) and
CN)J3*, the (gas-phase) geometry optimization was initially 6-31G(d,p) sets, respectively, for the two systems. The changes
converging to a structure with one ammonia molecule in the in geometry, as expected, were found to be negligible. The
second coordination shell, i.e., hydrogen bonded to a hexaCO-energy Changes accompanying the geometry relaxations were
ordinate [Os(NH)sH(CHsCN),J3*. However, that structure  found to range from~1 to ~4 kcal mot .
turned out to be a saddle point on the potential energy surface,
_and on furthe_r optimization proton transfer took place, yielding Spin—Orbit Coupling
in effect the ion pair [Os(NB)3(NH2)H(CH3CN),]2++-*NH4T,
which then proceeded to dissociate. It is possible that solvation ~ Spin—orbit coupling calculations, as described in the Com-
could stabilize the hydrogen-bonded system, but unfortunately putational Methods section, were carried out for the Os atom
geometry optimization of a solvated structure is outside the and its ions O% (n = 1-4), triplet [Os(NH)4]?", [Os-
scope of our computing resources. The geometry shown in (NH3)4H]3t, and [Os(NH)H(H2O)J*", as well as [Os(kHD)g]®",
Figure 10, chosen somewhat arbitrarily for subsequent studiesat their computed equilibrium geometries. The results are
of the relative stabilities of the singlet and triplet isomers, summarized in Table 2, which lists the energy of the most stable
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triplet [Os(NH;),H(CN)]** triplet [Os(NH3),H(CN),}**
Figure 6. Structures of triplet [Os(NEJsH(CN)]>" and [Os(NH),H(CN),]* complexes.

singlet [Os(NHz),H(CD]** singlet [Os(NH3);H(CD),]*

Figure 7. Structures of singlet [Os(NgLH(CN]?>" and [Os(NH)4H(CI).]* complexes.

Table 2. Computed SpirOrbit Coupling Corrections to the Direct comparison with experiment is possible in the case of

Ground-State Energies of Selected lons and Complexes (if)cm Os and 0%, for which accurate gas-phase spectroscopic data

system —AEso are availablé? The computations for Os and its ions (that

Os (D) 2142 include a range of quintet and triplet configurations in the spin
Os' (°D) 1833 orbit coupling calculations) yielded energies for alvalues
Og" (°D) 2640 which conform to the Landimterval rulé® reasonably well, as
Os* (°S) 712 may be expected on the basis of RussSkhunders coupling.
Os™ (°D) 4720 Thus, for the ...686d° (°D), the computed energies fdr= 4,
[OS(NH)* (°F) 2425 3, 2,1, and 0 are (relative to the energyJof 4) 0, 2075
[Os(NHs)aH]2" = [Z]* (°E) 1563 e | gyJof= 4) 0, 2075,
[Z-(H.0)]F* CE) 2080 3136, 3926, and 4323 crh (which would yield spir-orbit
[Os(H0)6]?" (3T2g) 2915 coupling constants of 519, 354, 395, and 397 &mHowever,

the corresponding experimental energies are 0, 4159, 2740,

spin-orbit coupled state relative to the degenerate adiabatic5766, and 6093 cnt, which do not conform to the Larde
ground state. With the exception of ®s(where spinr-orbit interval rule at all. Thus, with regard to individual energies,
coupling in the®S state arises as a result of admixture with the calculations compare very poorly with experiment. Similar
excited P, D, etc. states), the energetic stabilization due te-spin ~ (29) Moore, C. EAtomic Energy Leels Circular of the National Bureau

orbit coupling is generally~2000-3000 cntl (5.7-8.6 kcal of Standards 467; U.S. Government Printing Office: Washington, DC, 1958;
' ) Vol. Il

mol~1), although for O%" it is computed to be considerably (30) Condon, E. U.: Shortley, G. HThe Theory of Atomic Spectra
larger. Cambridge University Press: Cambridge, 1951; p 195.
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triplet [Os(NH3)4H(Cl)]2+ triplet [Os(NH3),H(C1),]"
Figure 8. Structures of triplet [Os(NEJ;H(CI)]>" and [Os(NH);H(CI);]* complexes.

singlet [Os(NH3),H(CH;CN)]** singlet [Os(NH3)H(CH;CN),1**
Figure 9. Structures of singlet [Os(N§kH(CHsCN)J]?" and [Os(NH)sH(CHs;CN);]* complexes.

discrepancies are evident for the .1%¥ (°F) state of Os and  on rotation about a given axis (usually taken 3sthe

the ...635c° (°D) state of O3%. Clearly, the use of the Russell components of the state transform into each other. Usually this
Saunders coupling scheme for free Os and its ions is inadequatejs equivalent to a single electron occupying one of the degenerate
i.e., our limited Cl computations do not include a sufficient pairs of orbitals ¢ and g, (or one of ¢-y2 and dy). In the
number of states to reproduce what is best described in termspresent case, triplet [Os(N}]%", [Os(NH)4H]*", and [Os-

of jj coupling. A less exacting comparison would compare the (NHz)4sH(H2O)]3" are ofC4, symmetry, and thus the nonbonding
total spread in the computed energies, which for{0$ is 4323 six, four, and four electrons, respectively, occupy the degenerate

cm™1, with the experimental value of 6093 cf Similar or dx; and g, orbitals (which transform as in Cy,), along with

even better agreement by such criterion is found for ®3 ( the d2-,2 and @z orbitals (which both transform as), resulting

and OS(°D). in ...e%a.%a.Y, .. !, ande?b,? configurations, respectively. The
With regard to the calculation of spirorbit coupling in calculations on [Os(bD)e]3+ were carried out ifD,, Ssymmetry,

transition metal complexes, it is useful to keep in mind that which resulted in the g, d, and g, orbitals forming a triply
bonding causes the quenching, to a large extent, of the orbitaldegenerate set, while the (unoccupieg)-@ and @ orbitals
angular momentum of the electrons. Appreciable sqirbit were also degenerate, as would be the case i©Oftdlymmetry.
coupling can be expected to occur if the nonbonding metal d Therefore, we decided to label the above groups of orbiigls
electrons occupy open-shell orbitals with nonzero angular and e;, and thus the ground state is triply degenerdig,
momentum that yields a degenerate electronic state, such thatnterestingly, in [Os(NH)4H(H.0)]*", the corresponding sets
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triplet [Os(NH3)4H(CH3CN)]3+ triplet [Os(NH3)4H(CH3CN)2]3+
Figure 10. Structures of triplet [Os(NEJsH(CH;CN)]?" and [Os(NH);H(CHsCN);]™ complexes.

. . . Table 3. Singlet-Triplet Energy DifferencesAE = Esinglet —
of orbitals are, in fact, nearly degenerate. These calculatlonsE wped, Calculated in the Gas Phase and in Aqueous Solution via

are very resource-intensive and could be carried out successfullyihe B3P86 Functional and the IPCM Solvation Model, for
only by the maximum utilization of symmetry. Thus, unfortu- [Os(NHs)4HL;L,] Complexes and Including SpirOrbit Coupling

nately, spir-orbit coupling calculations on [Os(N$tH(CHs- Correction for Selected Molecules (All in kcal mé)

OH)J*" and [Os(NH)sH]3" which haveC; andCs symmetries, solutior? +

respectively, proved too large to carry out at present. For these spin—orbit

systems, therefore, we use the value-6t9 kcal mot? obtained moleculé gas phase  solutior?  correction

for [Os(NHs)sH(H.O)]*" as an estimate of the spirbit [Os(NHg)4]2* 16.1 14.2 21.2

stabilization of the triplet state. [Os(NHg)H]* = [Z]3*  15.7 10.7 15.2
There are no direct experimental data on these complexes [§'(:28)]3; _ 72-% B lg-? 796'85

with which our computed spirorbit energies could be com- [Z:EHzogz%” éﬁ;&s) 01 102 43

pared. However, an analysis of the polarized crystal spectrum [z.(NH.)3* 4.0 (1.4 0.7 6.6

of a tris-acetyl acetone complex, carried out by Dingle,  [Z-(NHs)(CH:OH)] —7.6 (—13.5% —4.2 1.7

suggests, on the basis of the observigg) trigonal splittings, [Z-CNJ** —16.2 —9.5

that in the highe©, symmetry, spir-orbit coupling would split ~ [Z-(CN)2I™ —23.0 —38.8

the2T,4 ground state into a doublet 8150 cnm! and a quartet [é:(%]l)zﬁ _12'? _2112'(‘)3

at 1575 cm. The inferred spirrorbit stabilization of the ground [z (cH.cN)** 34 ~10.0

state agrees well with our calculated value-&f915 cnt?, but [Z-(CH3CN)] 3+ -13.7 —28.1

our computgd spirorbit spllttlng is only 3493 cm?, i.e., 74% 27 — [Os(NHy)aH]. ® Including zero-point energy correctioniEs.

of the experimentally derived value. timated value (using spirorbit correction computed for [Z-()]3*

Spin—orbit coupling is expected to have a significantly (~5.9 kcal mot). ¢ With 6-31G(d) basis on ligandsWith 6-31G(d,p)
smaller effect on the energies of singlet states, especially if the basis on ligands.
energetic separations between the singlet and higher spin states
are large. Our calculations on singlet [Os(f", [Os- are listed in Tables S1 and S2 of the Supporting Information.
(NH3)4H]3*, and [Os(NH)4H(H20)]®" at their DFT-optimized In the case of the four- and five-coordinate parent complexes,
geometries yielded spirorbit energies of the order 10 cnr? [Os(NHz)4)2" and [Os(NH)4H]3T, respectively, the triplet states
or less. are predicted to be distinctly more stable in the gas phase.
On the basis of these calculations, we may conclude that, Among the six-coordinate complexes, the triplets are marginally
although a quantitative prediction of spinrbit coupling effects ~ the more stable electronic states when= H;O, NHs, and
for these large and complex systems has not been achievedCl~, but solvation appears to reverse this trend somewhat, as
the computed energetic stabilizations to the triplet states may for most systems solvation favors the singlet states. On the other

be expected to have a70% accuracy. hand, when L= CN~ and CHCN, the ground state appears
to be singlet. However, the addition of one more ligand to yield
Energetics and Stabilities the seven-coordinate complexes results in singlet ground

states in every case. Moreover, as our test calculations on
(]£OS(NI—|3)5H]3+ and [Os(NH)sH(CH3;OH)]*™ suggest, use of
arger polarized bases on the ligands may further favor the
singlet states.

As noted above, in most cases solvation appears to favor the
singlet states which are generally more compact structurally than
(31) Dingle, R.J. Mol. Spectrosc1965 18, 276. their triplet counterparts. This shows up in the volumes of the

The relative energies of the above complexes in their singlet
and triplet states, in the gas phase and in aqueous solution, ar
summarized in Table 3. The corresponding total electronic
energies, individual solvation energies, and zero-point energies
that were obtained at the computed DFT(B3P86) geometries
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o Table 4. Successive Binding Energies ofdnd L, = H,0,

= 5 . CHlsg)Na, CI~, and CN in [Os(NHs)4HL,L;] Complexes (in kcal
€ o o mo!
é 0 singlet triplet
% o- systemi gas phase solution gas phase solution
s 7 " [Z-(H0)3* AE; —60.1 -30.6 —524 —20.6
= 1 a T = 3+ [Z-(H0)]%* (cis) AE, —53.9 -348 —48.6 -—185
o -0 m o 2+ [Z-(HO)3t (trans) AE, —48.4 —27.6 —405 —16.9
N & 14 [Z-(NH3)]** AE, -788 -463 —67.1 -363
T 15 . [Z-(NH3)(CH;OH)]*" AE, —-58.6 —25.1 —47.1 -20.3
° a [Z-(CN)%* AE; —3935 -88.3 -—-361.6 —68.1
5] . [Z-(CN)z]* AE, —262.6 —-78.7 —2558 —49.4
T3 20 [Zz-(CI)]?+ AE; —-354.7 -—-315 —349.7 -334
Qe , : , : ‘ : , : , [Z-(Cl)5]* AE, —2304 -37.6 -207.0 —4.1

-0.10 -0.05 0.00 0.05 0.10 [Z-(CHCN)J3* AE; —-975 -—424 —85.2 —21.7

[Z-(CHACN),J3+ AE, -828 -359 —657 -17.8
aWithout spin-orbit corrections? Z = [Os(NHg);H].

. . 3_3
V(singlet) - V(triplet) /10°a,

Figure 11. Correlation of singlettriplet solvation free energy
difference with difference of cavity volumes. The dotted line is a linear

fit to the 3+ ion data. that a simple Onsager-type SCRF md&éétof solvation would

be inadequate for these systems. As according to the Born model

1 m of solvation3? the free energy of solvatioNGsoy, of an ion with
#9071 % e x chargeZ in a spherical cavity of radiu®c in a dielectric
400 1 Bl U continuum with dielectric constartis
] hRE ¢
T 350 .- 2
g AG.,, = —(1 - 1L)Z— 2)
= 300 4 solv € ZRC
Q 4
§> 250 | 3+
o ] 00 o o4 a correlation between solvation energy a6~ (whereVc
< 2004 & 2 14 is the cavity volume) could be expected. We found that, indeed,
150 eq 2 was able to predict the solvation energies of the molecules
: with 3+ charge reasonably well, the average difference between
1007 A the Born predictions and the IPCM computed values beithg
S ° - kcal molt (~3%), the largest deviations (21 and 35 kcal mpl
0.8 1.0 1.2 1.4 1.6 18 found for the singlet and triplet [Os(N3H(CH3CN),J3+
v, 0%’ systems, where the spherical cavity approximation may be

expected to be invalid. Similarly large deviations were found
Figure 12. Correlation of the solvation free energies of the complexes fgr the 2+ and 1+ ions, where the Born term is no longer
with their cavity volumes. The dotted line is a linear fit to theé Bn dominant.

data. The inclusion of spir-orbit contributions, as discussed above,
cavities in the dielectric continuum which accommodate the is expected to favor the triplet state systems. If we apply the
solute (determined by the IPCM computations) and which spin—orbit energy correction of-5.9 kcal mof* (computed for
directly depend on the molecular volumes. Indeed, the plot of [Os(NHs)sH(H20)]3") to [Os(NHs)sH]3+ and [Os(NH)sH(CHs-

the singlet-triplet difference in solvation energy against the OH)]3*, the stabilities of the triplet and singlet states would
difference in cavity volumes, shown in Figure 11, indicates a become comparable.

degree of correlation for ions witht3charge. The significant To establish the relative stabilities of the six- and seven-
contribution of solvation to the singletriplet energy separation,  coordinate complexes, the successive binding eneyEsand
which can be as large asl8 kcal mof?in 3+ ions, should be AE;, of the ligands k. and Ly, respectively, were also computed
noted. This suggests that, to a large extent, the magnitude of(without spin-orbit corrections). Defined as the energies of the
the solvation energy in each system is dominated by the Born reactions

term, i.e., by the interaction of the net charge with the dielectric

representing the solvef 34 As a further illustration of this [QS(|\||-|3)4|-|]~°’+ + L=

behavior, a plot of computed solvation energies of all the (3t

molecules studied in this work against their respective computed [Os(NHy),HL ] AE,; (3.1)
cavity volumes is shown in Figure 12. Depending on the net

charge, the plotted points fall into one of three distinct groups. [OS(NHg),HL]*"¥" + LY —

The expected correlation between the free energy of solvation (xHy+3)+

and cavity volumes is clearly displayed by molecules with 3 [Os(NH,),HL,L,] AE; (3.2)

charge but hardly, if at all, by molecules witht2and the computed successive binding energies are presented in Table
charges. The situation is obviously more complex for the latter 4 As exp ected. the bindin en(gr ies %f the li %nds in solution
systems, especially as no obvious correlation between solvation "' P ' 9 9is 9 .

are considerably smaller in magnitude than those in the gas

energies and dipole moments was found either. This SnggeStSphase. However, the most significant finding is that, in general,

532; Born,k M.Z. Phys 192Q 1, 45. ovedia of | the seven-coordinate triplet-state complexes are significantly less
33) Bacskay, G. B.; Reimers, J. R. Encyclopedia of Computationa ; i i Qi

Chemistry Schleyer, P. v. R., Ed.; J. Wiley & Sons Ltd.: Chichester, 1998; stable in solution than their .S'”g"?t counterparts._ As n.Oted
p 2620. already, these are complexes in which the seventh ligand is not

(34) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027. in the first coordination shell, and such a ligand might be
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expected to exchange with a solvating water molecule, which solid-state effects in the calculations. Although the ratio of the
would be manifested in nearly zero binding energy for it in computed frequencies is 1349/8%3 2.39"2 this no longer
solution. In our study, such behavior is evident only in the case represents an isotopic ratio for a particular single mode, but
of the chloride complex. We note in particular that in the case one involving two different modes. It is worth noting that, while
of triplet [Os(NHs)sCH3OH]3*, the binding energy of methanol  in [Os(NHs)sH(CH3OH)]3" the higher frequency OH bend is

at ~20 kcal mof! (Table 4) is sufficiently large that it would ~ computed to be the more intense one, the situation is reversed
not be expected to rapidly exchange with solvent molecules. on deuteration, with the low-frequency peak (at 873 &m

This is in accordance with experimental findings. becoming about 6 times more intense than its high-frequency
The theoretical prediction that triplet [Os(NJ§CHsOH]3* partner. This behavior is consistent with the experimental

could be stable in solution appears to be borne out by the findings of Li, Yeh, and TaubéThe effect of deuteration on

experimental observations of Li, Yeh, and Tadbathough the computed intensities is even more pronounced for free

according to our work methanol is not in the first coordination Methanol, where on deuteration the ratio of the computed low-
shell. On the other hand, as no true equilibrium geometry was t0 high-frequency intensities changes freni to ~150.
found for triplet [Os(NH)sH(CH3CN),]3* in the gas phase, the

current calculations do not lead to any definite conclusions about Population Analysis and Bonding

this proposed molecule. The electron densities of the complexes studied were analyzed
In summary, on the basis of these calculations, the six- by the Roby-Davidson (RD) methoé?!as implemented by
coordinate complexes [Os(NHHL 3+, where Ly = H,0, Ahlrichs and co-worker&13The salient features of the analyses

NH3z, CH:CN, CI-, and CN, are expected to be stable in are summarized in Table 5. According to this analysis, the
solution, in both singlet and triplet states, while true seven- charge on Os ranges from0.8 to 1.1 e when Land L, are
coordinate complexes are expected to be stable only as singletsheutral (O, CHCN), with somewhat larger fluctuations shown
Nevertheless, due to the strong binding of the various ligands in the case of anionic ligands. The charge on the (protonic)
to the respective six-coordinate parent complexes, a number ofhydrogen ligand is largely neutral, ranging fron®.13 to 0.21
triplet-state molecules that conform to the above molecular € The negative values occur only for &nd L. = CN~, while
formulas are predicted to be stable, with the notable exception the largest positive values are observed feahd L, = CHs-

of [Os(NHs)4H(CH3CN);]3*. While spin-orbit coupling would CN. Thus, effectively the GsH bond is between neutral
result in increased stability for the triplet-state systems, the hydrogen and Os(lll), although the formal charge on Os is only

corrections we computed are not large enough to radically alter ~1 €. All the other ligands, therefore, carry a net positive charge
the above conclusions. or are less negative, in the case of anions, than the free ligands.

Li, Yeh, and Taubk also reported the presence of an A shared electron number in the RD analysis is a measure of
absorption band at 1358 cthin the infrared spectrum of solid the degree of covalent bonding between two atoms. Clearly, in

[Os(NHs)sH(CH:OH)]-3CF:SO; which disappears on deutera- the case of the metahydrogen interaction, a strong covalent
tion, while a new band appears at 966 dmTwo possible bond is indicated, consistent with a bonding interaction between

assignments for this band were considered, namely-HDs two open-shell species with comparable open-shell MO energies.
stretch and symmetric deformation of bound Nlthough By contrast, the shared electr_on numberg between Os and the
neither of these was accepted by Li ett@Dur calculated more conventional electron-pair-donating ligands are very much
harmonic Os-H stretch frequency in triplet [Os(N$}sH(CHs- _smaller, 9. as IOW as 0.05 e wheyidnd L, = H0, although
OH)J* is 2189 cnL, which is much too high for this mode to in the case of cyanide the s_hared electron numbe_rs (that include
be considered as a reasonable assignment. (The computédl Os o donation ande back-bondlr_lg).are compgrqble with the values
frequencies for all the systems considered in our work, ranging observed for OsH. These findings are similar to those noted
from 1985 to 2457 cmt, are listed in Table S1 of the Supporting fora “E”‘ber of PY(IV) complexes, where formally H.S well
Information.) The frequency of the symmetric deformation mode as Ch were among the ligands.For both of these ligands,

of the axial NH (see structure in Figure 4) is 1418 chwhich the bonding to Pt was deduced to be covalent.

on deuteration becomes 1072 tmThe isotopic ratio is thus
too low at 1.7%2when compared with the experimental value
of 1.99/2. However, on the basis of our computed frequencies, ~ The [OS(NH)aH(L)m(L2)n] ™ ™+3* complexes (kand L

we wish to propose an alternative assignment, namely that the= H20, NHs, CH;OH, CHCN, CI~, and CN') studied in this
observed frequencies correspond to OH bends in the methanoork could be regarded either as protonated Os(ll) species or
which is bound to triplet [Os(NkJsH]3*. In methanol there are  as hydrides of Os(IV), although our finding is that, in analogy
two bending modes which are combinations of the (C)OH bend With Pt=H bonds, the osmiumhydrogen interaction in these
and the methyl rocking modes. These were computed to be 1330systems is best described as a covalent Os{Hl)bond. In

and 1056 cm! for free methanol (with intensities 10.6 and 12.0 general, the ground states are found to be singlets, with low-
km mol~?, respectively) and 1349 and 1077 chfor bound lying triplet excited states, with the triplesinglet separation
methanol (with intensities 28.9 and 17.7 km ml Replacing  increasing on solvation. While spirorbit coupling is expected
the oxygen-bound hydrogen by deuterium yields 1214 and 873t0 preferentially stabilize the triplets, the computed values in
cm-! for bound CHOD (with intensities 7.1 and 44.7 km  this work are not large enough to radically change the above
mol~1). The analogous peaks in free @D were computed conclusions. It is satisfying that the geometries and the electronic
to be 1232 and 835 cm (with intensities 0.3 and 44.8 km  structures of the complexes can be interpreted and readily
mol~Y). Thus, for [Os(NH)sH(CHsOH)]** and its deuterated understood in terms of a simple Pauling-type hybridization
isotopomer, the computed frequencies of 1349 and 873'cm model in conjunction with conventional ligand field theory. Such
correlate reasonably well with the observed frequencies of 1358an approach provides a simple explanation for the observation
and 966 cmt, respectively. The level of agreement between that no true seven-coordinate triplet state complexes were found.
theory and experiment is considered acceptable, given the Known™3g myivaganam, K.; Bacskay, G. B.; Hush, N.5.Am. Chem. Soc
shortcomings of the theoretical model used and the neglect of200q 122, 2041.

Conclusion
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Table 5. Roby—Davidson Analysis: Charges))(on Selected Atoms/Ligands (in ) and Shared Electron Numbgrisefween Selected
Atoms Calculated from DFT(B3P86) Densities

complex q(H) q(Os) q(L) qL" o(Os—H) o(0Os—N) o(0Os—X1)P o(0Os—X2)P
[Z-(H0)]* (singlet) 0.15 1.11 0.12 1.01 0.36 0.11
[Z-(H,0)J3" (triplet) 0.10 1.11 0.10 1.02 0.41 0.05
[Z-(H20)]3" (cis, singlet) 0.13 1.10 0.09 0.14 0.96 0.34 0.10 0.10
[Z-(H20)]3" (cis, triplet) 0.04 1.09  —0.22 0.34 1.00 0.42 0.05 0.00
[Z-(H20)]3* (trans, singlet) 0.12 1.11 0.12 0.21 0.92 0.28 0.21 0.30
[Z-(H20),]%" (trans, triplet) 0.08 1.07 0.05 0.16 1.02 0.40 0.05 0.01
[Z-(NH3)]3* (singlet) 0.11 1.09 0.35 0.94 0.34 0.39
[Z-(NH3)]3* (triplet) 0.07 1.26 0.10 1.00 0.36 0.08
[Z-(NH3)(CH:OH)]** (singlet) 0.17 0.94 0.23 0.20 1.04 0.31 0.22 0.19
[Z-(NH3)(CHOH)J?* (triplet) 0.08 1.14 0.04 —0.02 1.00 0.38 0.07 0.01
[Z-CNJ?* (singlet) 0.10 094 -0.19 0.99 0.21 1.19
[Z-CNJ?* (triplet) —-0.05 1.18  —0.20 0.92 0.22 1.11
[Z-(CN)J]* (singlet) -0.13 094  —046  —0.41 0.56 0.10 0.81 0.80
[Z-(CN),]* (triplet) 0.10 1.34 0.20 0.14 0.76 0.15 0.97 0.51
[2-CI%* (singlet) 0.15 072 -0.33 0.98 0.39 0.23
[Zz-Cl2" (triplet) 0.10 1.00  -0.07 1.03 0.21 0.47
[Z-(CN)2]* (singlet) 0.01 0.67 -0.60 —0.52 0.81 0.37 0.22 0.21
[Z-(CN)2]* (triplet) 0.03 093 —048  —0.59 0.98 0.35 0.32 0.11
[Z-(CHsCN)J3* (singlet) 0.21 0.99 0.30 1.01 0.34 0.29
[Z-(CHICN)J3* (triplet) 0.12 1.10 0.36 0.89 0.30 0.51
[Z-(CHsCN)J3* (singlet) 0.14 0.73 0.07 0.52 0.96 0.29 0.34 0.38
[Z-(CHCN)J3* (triplet) 0.00 1.05 0.02 0.32 0.96 0.44 0.43 0.13

aZ = [Os(NHs)4H]. P X1 and X2 are the ligand atoms which form bonds with Os.

However, the apparently seven-coordinate triplet-state complex Acknowledgment. We are pleased to acknowledge helpful
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complex which is fairly strongly bound to a methanol molecule

in the second coordination shell. However, according to the
computations, the singlet and triplet states are, in effect,
comparable in their stabilities. On the other hand, in the case
of [Os(NHz);sH(CH3CN),]3", the computations were not stable

and hence do not provide clear predictions of electronic
structure. JA003723R
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