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fact, the P=P = bond is about as strong as the Si==C bond, in
spite of the fact that silaethylene contains only one third-row atom.

Borden and co-workers®! have offered a simple explanation of
the difference between P and Si multiple bonding, in terms of
so-called “inert-pair effect”. Atoms in the third row are reluctant
to form sp hybrids, leading to preferred bond angles near 90°.
To form a = bond Si must hybridize, giving up its predominantly
s lone pair, whereas P need not.

trans-HPPH is found to be more stable than the H,PP isomers
by around 27 kcal/mol. The lowest energy unimolecular process
converting trans- to cis-HPPH is rotation about the « bond, in
contrast to the inversion mechanism for HNNH.!” H,PP has two
quite closely spaced states, a bent triplet and a planar, doubly

(61) (a) Feller, D.; Davidson, E. R.; Borden, W. T. J. Am. Chem. Soc. 1988,
107, 2596-2597. (b) Cherry, W.; Epiotis, N.; Borden, W. T. Acc.
Chem. Res. 1977, 10, 167-173.

bonded singlet. Confident prediction of the ground state of
phosphinophosphinidene must therefore await the experimental
demonstration of such a compound.

The hydrogenation of diphosphene to diphosphine is computed
to be exothermic by 25 kcal/mol, in good agreement with the
experimental estimate of 21 & 8 kcal/mol.” The concerted hy-
drogenation has a quite substantial barrier (about 63 kcal/mol)
and proceeds via an initially one-sided attack. Pyrolysis of the
saturated diphosphine has a lower barrier for 1,1-elimination to
H,PP than 1,2-elimination to HP=PH (67 vs. 87 kcal/mol). (We
have not considered other possible channels, such as H + HPPH,,
or PH + PH,)
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The properties of the N,S*" dianion are calculated by using Hartree—Fock—Slater and MNDO methods and are related to those
of N,S and experimental results. A locally stable NSN?- species with an NSN angle of 135° is characterized, and a decomposition

channel to N, + S is identified.

I. Introduction

A C,, form of the sulfur dinitride fragment, NSN, appears to
be transferred in various reactions encountered in sulfur nitride
chemistry.> This motivated us recently to report a Hartree—
Fock-Slater (HFS) MO-LCAOQ? calculation for the N,S species.!
While the linear NNS form appeared to be the ground state of
the molecule, we were abe to detect a local minimum for a sym-
metric species with an NSN angle of 90° (NSN-90), with a barrier
of some 9-15 kcal/mol toward decomposition into N, + S.
However, the symmetrical NSN species has not been isolated so
far. Nevertheless, the N,S?" dianion has been obtained recently
by two different routes.*’

The crystal structure of N,S?" is not known, but on the basis
of vibrational spectra* there seems to be no doubt that it has a
symmetrical NSN form. It seems interesting to complete our
calculations on the NSN fragment by reporting features for the
dianion of this species. We focus on the geometrical structure,
the UV spectrum, and the electronic structure and relate our
findings to the neutral NSN fragment and to experimental results.

II. The NSN Fragment

It is useful to start by recalling briefly the main features of the
electronic structure of NSN and relate them to the NSN? anion.
The NSN-90 fragment single determinant valence orbital con-
figuration is a,%a,%b,2b,* with four = electrons (a, and b,). The
lowest unoccupied MO (LUMO), 3b,, is a ¢ orbital with moderate
SN bonding character and very strong NN antibonding behavior.
Thus, the occupancy of this orbital to form a dianion should
strengthen somewhat the SN bonds and open the NSN angle. At
NSN angles of <60° there is a decomposition channel leading
to the formation of N, and S. The configuration of the wave
function for this species is a,%a2"b,*b,* where the a, orbital, which
is NS bonding and NN antibonding, is now empty while 2b,, an
antibonding, 7*\g orbital, is occupied with the result that the NS

* University of S&o Paulo.
Y University of Calgary.

bond is weakened and the NN linkage strengthened through the
la, — 2b, electron transfer.

As remarked earlier, the absolute minimum for the N,S species
is a linear NNS form, and this too can be analyzed as to the effect
of adding two electrons. The LUMO of linear NNS is a 7 orbital
with antibonding NN character and little NS bonding. The
addition of two electrons to this orbital would certainly weaken
the overall bonding. Furthermore, since this orbital is degenerate,
the linear NNS?- anion is unlikely to be stable.

III. The NSN?- Anion

II.1. Geometry. As a first step for the geometry optimization
of the NSN?- anion we employed the MNDO program, which
is well suited for this purpose.5’ Keeping the SN distance fixed
at 1.6 A and letting the NSN angle vary up to 180°, one can locate
a minimum for the standard heat of formation, AH®, between
110 and 120° (Figure 1). A full optimization in this region leads
to an NSN angle of 118° and a SN distance of 1.53 A. At low
angles AH;°® decreases steadily indicating a decomposition channel
just as in NSN and leading, in this case, to N, + S*~ with a barrier
toward decomposition of ca. 25 kcal/mol.

As for the HFS method, the total statistical energy, Er, indicates
a very flat minimum for an NSN angle around 135°, NSN-
135(2-) (Figure 2), with the NS distance fixed at 1.6 A. Further
variation of the NS distance indicates a minimum for 1.60 A.
Again, for small angles, there appears to be a decomposition
channel (cf. Figure 2).

II1.2. Electronic Structure of the NSN-135(2-) Anion. In the
following sections we provide a description of the electronic
structure of NSN(2-) based on the HFS results for an NSN angle
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Figure 1. Variation of the standard heat of formation, AH°, with the
NSN angle in the NSN(2-) anion as provided by the MNDO method.
The SN distance is fixed at 1.6 A.
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Figure 2. Total statistical energy, Er, as a function of the NSN angle
in NSN(2-). The SN distance is fixed at 1.6 A.

of 135° and SN distance of 1.60 A.

IIL2.1. Bonding Properties of the MO’s. The configurational
of the ground state of NSN-135(2-) is a,%a,?b,%b,5. Other than
the fact that the NN interactions are of less concern for the
geometry of the anion, the characteristics of the MO’s of NS-
N-135(2-) are, to a large extent, the same as for NSN-90. Some
differences can be noted however; for example, in the lower part
of the stack 3a; and in the frontier region 4a; and the newly
occupied 3b, orbital are all altered somewhat. Indeed, the an-
tibonding 3a, orbital of the neutral species becomes NS bonding
in the anion whereas 3b,, which is moderately bonding in NSN-90,
acquires more bonding character when occupied. On the other
hand, the lone pair type orbital 4a, of NSN-90 adds some an-
tibonding character in the ion. As a result of the trend in the above
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Figure 3. Correlation diagram for the frontier orbitals of NSN-135(2-)
and NSN at various angles.

orbitals one expects a slight enhancement of the overall SN bond
strength, which does happen (see section II1.2.2). In general terms,
the ground state of NSN-135(2-) may be described as ¢*(a*)574,
which leaves, on balance, one ¢ and two 7 occupied bonding
orbitals.

I11.2.2. Overall Electron Density Distribution. The charges in
NSN-135(2-) are —0.85 on N and -0.30 on S. Comparison of
these values with charges in NSN-90 (-0.015 and -0.30, re-
spectively) implies that the two extra electrons are evenly dis-
tributed among the three centers.

The Mulliken atom-atom SN overlap population of 0.47 in-
dicates a single bond, somewhat stronger than in NSN-90. The
splitting of the overlap population into the ¢ and the 7 systems
indicates a 0.37 7 contribution and a 0.11 ¢ contribution. The
corresponding values for NSN-90 are of 0.28 = and 0.13 0.
Consequently, one can describe NSN-135(2-) as primarily linked
by 7 bonds resulting fom four = electrons distributed over the three
centers, i.e., two electrons per linkage.

III.2.3. Eigenvalues and Electronic Transitions. While the two
extra electrons of the anion may be considered as going into the
LUMO of NSN-90, i.e., 3b,, this orbital does not remain as the
highest occupied MO (HOMO) of the anion but is pushed down
in the stack and 4a,; becomes the HOMO. In order to determine
whether the orbital reorganization is a result of the addition of
the two electrons or of the change in geometry, we have followed
the behavior of the frontier orbitals of NSN as one goes from an
NSN angle of 90° to 120° in steps of 10° (Figure 3). Itis
actually 4a;, HOMO-1 in NSN-90, which becomes HOMO in
NSN-135(2-). As Figure 3 indicates, a change in geometry will,
of itself, cause the necessary reorganization of orbitals (the crossing
occurs at an angle of 110°).

The lowest allowed transitions in NSN-135(2-) are 4a; — 2b,
(6 — ) and la, — 2b; (# — =*). We have calculated the
wavelengths of both transitions with Slater’s transition-state
method® and the HFS function. The value for 4a, — 2b, is 470
nm whereas the # — =* transition is calculated to be at 340 nm.
Both these values are at variance with the experimental A, of
253 nm.’ In this connection it is worth noting that the 4a, — 2b,
(n — #*) transition in ozone corresponds to the weak band at 600
nm, not to the strong characteristic 250-nm band.® The latter
involves rather more complex rearrangement of orbital occupancy
in ozone,'? and such may also be the case in N,S". Indeed, using
the same scheme as for ozone!® for the 4a, and 2b, orbitals gives,
for the 120° conformation, a value of 236 nm for A, whereas
for the 135° conformatlon one obtains Amax 312 nm, the two values
bracketing the experimental value of 253 nm.

IV. The NNS? Anion

As anticipated (section II), the linear NNS?- anion appears
to be a triplet. The MNDO-calculated value for AH;® is ca. 100
kcal/mol lower for the triplet than for the singlet at this geometry.

(8) Slater, J. C. 4dv. Quantum Chem. 1972, 6, 1.
(9) Hay, P. J.; Dunning, T. H,; Goddard, W. A. J. Chem. Phys. 1975, 62,
3912,
(10) Rearrangements involving transitions such as (4a,)2(2b,)° — (4a,)°-
§2b1)2 have been cited (see ref 9 section C) as contributing to the band
in ozone.
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This triplet is not 2 minimum in the energy-geometry surface but
is on a decomposition channel toward S* + N,. We could locate
a minimum for a singlet bent form of NNS?- with an NNS angle
of 120° and NN and NS distances of 1.17 and 1.72 A, respec-
tively. This bent NNS?- conformation is some 150 kcal/mol below
the symmetric bent NSN?" anion described in the previous section.
Nevertheless, an HFS analysis of the bonding in this bent NNS?-
singlet indicates an unstable species. Indeed, the atom-atom
overlap populations show a strong NS antibonding interaction and
little NN bonding. Further this state is crossed by the triplet
decomposition channel leading to S*" and N, mentioned above.
Thus the NNS? bent form would be unstable through intersystem
crossing to the unbound triplet state.

V. Conclusions
The stability of the symmetric N,S?~ species relative to that

of the apparently elusive symmetric N,S reaction fragment is not
too surprising. Both the NS bond and the barrier to decomposition

are considerably stronger in the dianion. We find png(2-) = 0.47
vs. pns = 0.41 and AHy(2-) = 25-30 kcal/mol vs. AH,, = 9-15
kcal/mol. Not surprisingly, the dianion can be considered as the
reduction product of N,S. The changes in structure, such as angle
opening, and orbital energies are primarily those expected on
addition of two electrons to N,S. As in the case of the isoelectronic
species, ozone, the UV band at 253 nm likely corresponds to a
more complex transition than just a single excitation 4a; — 2b;.

Contrary to the case of the neutral N,S species, which has an
asymmetric linear ground state, the asymmetric form of the di-
anion, according to our results, is unstable toward decomposition
into S + N,.
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The complexes Ru(bpy),_,(taphen),** (n = 0-3, bpy = 2,2’-bipyridine, taphen = dipyrido[3,2-c:2’,3’-¢]pyridazine) have been
prepared, and their absorption spectra, emission spectra, emission lifetimes, luminescence quantum yields, and redox potentials
have been measured. The first reduction potential of the three taphen-containing complexes is almost the same as (~ -0.72 V
vs. SCE) and much less negative than that of Ru(bpy);?* (~1.35 V). The first oxidation potential increases by 0.11 V as each
bpy of Ru(bpy);?* is replaced by taphen. The maximum of the metal-to-ligand charge-transfer (MLCT) absorption band of the
taphen-containing complexes lies at slightly higher energy than that of Ru(bpy);**, while the emission maximum lies at lower
energy. The lifetime of the emitting excited state is in the 1-us range at 77 K and in the 0.1-us range at room temperature, as
expected for formally triplet MLCT excited states. Ru(taphen),** does not follow the correlation observed by other RuL;**
complexes between energy of the absorption maximum and [E, /Z(RuLf*/ M~ E, /2(RUL32+/ *)], showing that different =*(taphen)
orbitals are involved in the two processes. Examination of the analogous correlation involving the emission maxima shows that
the w*(taphen) orbital involved in reduction is presumably the same as that involved in the luminescence emission. A possible
explanation for this behavior lies on the inverted energy ordering of the =* y and x orbitals in taphen compared with that found
for a,o’-diimines. At 77 K the excited-state lifetime of Ru(bpy);_,(taphen),?* seems to be governed by the energy gap law. The
shorter lifetimes of the complexes containing taphen at room temperature should not result from deactivation via *MC since the
energy gap between the luminescent *MLCT levels and the upper lying *MC level is expected to be larger than in Ru(bpy);**.

Introduction

After the discovery®? of the extremely interesting photochemical
and photophysical properties of Ru(bpy)s** (bpy = 2,2’-bi-
pyridine),*® a number of analogous Ru complexes have been
prepared to obtain a better understanding of the metal-ligand and
ligand-ligand interactions and to tune the excited-state properties
in a controlled manner.>'® Continuing our studies in this field,
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we have synthetised a new family of Ru(II) complexes that contain
the quite interesting taphen ligand (taphen = dipyrido[3,2-
¢:2,3"-e]pyridazine, Figure 1). We report here results concerning
a spectroscopic, photophysical, and electrochemical investigation
of the Ru(bpy);_,(taphen),?* complexes (n = 0-3) and a com-
parative discussion of the observed properties.

Experimental Section

Ru(bpy);?*, Ru(bpy),(taphen)?*, Ru(bpy)(taphen),?*, and Ru(ta-
phen);** as PF, salts were prepared and purified by following a proce-
dure previously described.!” The synthesis of taphen will be reported
elsewhere.?® The solvents used were acetonitrile or ethanol-methanol
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