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dipole moment of propynal (2.74 D32 compared with the previous 
value of 2.46 D33). 

Conclusions 
Several important points emerge from this study. 
(1) Propadienone, propynal, and cyclopropenone have com­

parable energies but in the order propynal < propadienone < 
cyclopropenone. 

(2) Propadienone is predicted (6-31G**) to have an equilibrium 
structure which is planar with C20 symmetry but to possess low-
frequency vibrations of ^ and b2 symmetry which allow easy 

(32) Brown, R. D.; Godfrey, P. D.; Woodruff, M. Paper TA7, Proceedings 
of the Eighth Austin Symposium on Gas Phase Molecular Structure, Austin, 
Texas, 1980. 

(33) Howe, J. A.; Goldstein, J. H. J. Chem. Phys. 1955, 23, 1223. 

The rich redox chemistry of Ru" and Ru111 complexes has been 
carefully elucidated, particularly in the early probing and elegant 
work of Taube and his students.1"3 In particular, the strong 
ir-back-bonding ability of Ru has been demonstrated in a series 
of chemical and physical studies. One of the most striking evi­
dences of the ir-base strength of Ru is the easy preparation and 
marked stability of the (NH3)SRu11CN2) (I) complex, which was 
one4 of the first stable dinitrogen metal complexes to be prepared; 
the N2 ligand will5 actually displace water from the aquopenta-
amineruthenium(II). The properties of I have been widely in­
terpreted3 as arising from the strength of its T back-bonding. 
Comparison with the (NH3)6Run (II) complex, which contains 
the same primary coordination sphere but cannot support ir 
back-donation, should be particularly helpful in clarifying the role 
of this interaction. More recently, attention has been focused6"13 
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distortion from such a structure. This may be responsible for the 
apparent disagreement between theoretically calculated and ex­
perimentally observed properties (e.g., rotational constants, dipole 
moment) for propadienone. 

(3) Propadienone can dissociate to vinylidene plus carbon 
monoxide via a transition state resembling a weak complex of the 
products in an endothermic reaction requiring about 32 kcal mol"1 

activation energy. Subsequent rearrangement of vinylidene to 
acetylene leads to an exothermic dissociation plus rearrangement 
reaction. 
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Table I. Internuclear Distances (jigf 

R u ( N H 3 V (NH3) sRuN, J t Ru(NH3) ,3 t 

Ru-N 4.052 Ru-N(eq) 4.014 Ru-N 3.976 
N-H 1.907 Ru-N(ax) 4.044 N-H 1.907 
H-H 3.048 Ru-N 3.645 H-H 3.048 

N-N 1.124 
N-H 1.907 
H-H 3.048 

° Taken from ref 26 and 21. The Ru-N-N group is from the 
dimer and probably overstates the Ru-N distance; see text. 

on the intramolecular electron-transfer properties of binuclear 
complexes containing the (NH3)5Run L species, where L is a 
ir-acceptor ligand (N2, pyrazine, 4,4'-bipyridyl, cyanogen, etc.). 
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Table II 
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II I III 

l la l g(-8.38eV) 

9eg(-8.65eV) 

10alg(-11.81eV) 

8eg(-11.89eV) 

8eu(-18.30eV) 

Ru s 2.00 
Ru p 6.12 Ru1-39 

Ru d 6.49 
N s 1.86 N i . n -
N p 2.85 
H s 0.40 H0-60 

Ground-State Molecular Orbitals and Populations 
4Ia1 (-9.23 eV) (10Or0NH3) 

40 (-116IeVI ( 3 0 % 4 d ) 4U1 ( n . b l evJ (52% N pa) 

39a f - 1 1 6 1 e V 1 ( 3 5 % 4 d ) 
39a, ( H - O l e V ) ( 3 4 % N p C T ) 

17a ( - 1 1 6 9 e V ) ( U % 4 d ) 
Ua 2 ( H - ^ e V ) ( 8 6 % N p w ) 

38a ( - 1 1 9 3 e V ) ( 6 2 % 4 d ) 
JBa1 i H-y ; S e vJ(37%NH3) 

16a (-15 1 9 e V ) ( 9 2 % 4 d ) 16a, I 1 5 . i y e v ) ( g % N H 3 ) 

37a (-15 4 6 e V l ( 8 1 % 4 d ) 
3 7 8 , 1 15-46eV)(13%2p*r) 

15a f-15 4 3 e V l ( 8 1 % 4 d ) 
15a2( l 5 - 4 j e V J ( 1 3 % 2 p w ) 

Total Valence Population 
Ru s 1.88 
Ru p 5.59 Ru2-0' 
Ru d 6.42 
N n e a r s 1.58 
N?ea r p 3.80' 

,N° 

,N0' 

N t a r s l .71 vo. 2, 
N far p 3.08 
N3* s 1.80 
Nax p 4.64 

N i . 

Ne<»p4.71 
H s 0.50 H0-50 

Ha18 (-13.4IeV) 

9eg(-15.51eV) 

10a,g (-19.27 eV) 

8eg (-19.32 eV) 

8eu (-23.95 eV) 

Ru s 1.99 
Ru p 6.13 Ru1-89 

Ru d 5.98 
N s 1.88 N1-78" 
N p 4.91 
H s 0.34 H0-66 

Attempts to understand the bridge-assisted, inner-sphere intra­
molecular electron-transfer rates in these systems require 
knowledge of the electronic structure, particularly10-13 the effective 
electronic matrix elements between localized (largely the Ru 
orbital) sites on the left and right sides of the binuclear complex. 
Several theoretical models10-13 have been put forward to under­
stand this electron-transfer event, but, so far as we have been able 
to ascertain, no quantitative, first-principle, nonempirical data 
have been obtained to characterize the extent of orbital mixing 
and delocalization in these systems. Some important semiempirical 
work has been reported,10-14 in particular with regard to oxidative 
addition reactions and to the extent of bridge-induced valence 
mixing. 

We report here first-principle Hartree-Fock-Slater discrete 
variation method (HFS-DVM)15 studies on I, II, and (NHj)6Ru1" 
(III). These studies indeed indicate strong x back-donation with 
the ir-acceptor ligand of I. In addition, they confirm the as­
signments3,16 of the optical spectra of I and appear to resolve some 
discrepancies in assignment17 of the optical spectra of II and III. 
Finally, they seem to indicate that the strength of the ir inter­
actions, at least for the N2 ligand, militates against a simple 
atom-localized orbital to describe the transfer site in binuclear 
complexes and strongly suggests a Robin-Day18 IH classification 
(delocalized) for well-conjugated ligands with good ir-acceptor 
properties. 

Calculations 
Geometric data used in the calculations are summarized in 

Table I. For purposes of the present calculation, NH3 ligands 
were rotated so that the ions II and III have D^ symmetry; the 
symmetry of I is C1. 

(14) R. Hoffman, M. M.-C. Chen, and D. L. Thorn, Inorg. Chem., 16, 503 
(1977). 

(15) A. Rosen, D. E. Ellis, H. Adachi, and D. E. Ellis, /. Chem. Phys., 65, 
3629 (1976); P. Anderson, M. A. Ratner, and D. E. Ellis, Chem. Phys., 41, 
209 (1979); D. E. Ellis and G. S. Painter, Phys. Rev., B, 2, 2887 (1970). 

(16) Cf. ref 3, 5, and 17. A. D. Allen and K. Bottomley, Ace. Chem. Res., 
1, 360 (1968). 

(17) J. F. Endicott, G. F. Ferraudi, and J. R. Barber, J. Phys. Chem., 79, 
631 (1975); A. J. McCaffery, M. D. Rowe, and D. A. Rice, J. Chem. Soc., 
Dalton Trans., 1605 (1973); P. C. Ford, Coord. Chem. Rev., 5, 75 (1970). 

(18) M. B. Robin and P. Day, Adv. Inorg. Chem. Radiochem., 10, 248 
(1967). 

m 
( N H 3 I 6 R u 

4Ia1 — 9 2 3 

30a, , 40a, , I7a2 —11.61 , .66 , .69 
38a, —11.93 

I 6a 2 _ 15.19 
37a, , I 5a 2 — —15.46 , 15.43 

36a, — 18.70 

8eu 23.95 

Figure 1. Calculated orbital energies: I = (NH3)5RuN2
2+; II, 

(NH3)6Ru2+; III, (NH3)6Ru3+. Note that all orbital energies are nega­
tive. 

Numerical minimum basis sets were used for N and H, while 
5s and 5p functions were included for the Ru atoms. For im­
provement of the basis sets, self-consistency was attained in the 
HFS-DVM molecular calculation, then the resulting Mulliken 
populations were used to calculate better atomic basis functions.15 

This process was performed only once for N and H but was 
repeated many times for Ru, to obtain a high-quality Ru basis 
set. Ionization potentials (IP's) and energies of optical transitions 
were calculated by a transition operator method.19 This procedure 
contains only one free parameter, the exchange/correlation factor 
Xa (taken as 0.7 here); it should yield an accurate and unbiased 
description of the electronic structure of these complexes. 

Results 
A. Ground States. Ground-state molecular orbitals near the 

Fermi level, with their corresponding eigenvalues, are shown in 

(19) J. C. Slater, Adv. Quantum Chem., 6, 1 (1972). 
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Table III. Variation of (NH3)S RuN2
 2* Molecular Orbital Energies 

with Ru-N, Distance 

^Ru-N -
6.176A 

8.84 
8.84 

10.99 
12.77 
14.18 
14.22 
14.19 
Ru1-'3 

-^Ru-N -
1.928 A 

10.29 
10.20 
10.24 
10.44 
13.87 
14.17 
14.15 
Ru1-" 

^Ru-N -
1.716 A 

10.73 
10.66 
10.77 
11.77 
15.06 
15.32 
15.29 
Ru2-12 

17a, 
4Oa1 

39a, 
38a, 
16a2 

15a2 

37a, 

Table II and in Figure 1. Note for II and III that the presence 
of the H atoms has caused a lowering of symmetry, such that the 
set of five orbitals which consist primarily of Ru 4d functions are 
(8egi, 8eg2, 10alg; 9egl, 9eg2) instead of the usual (t2g; eg); here 
the 1 and 2 denote the individual partners in the eg representation. 
However, one can see that the set (8egl, 8eg2, 10alg) is nearly 
degenerate, with an energy difference of about 0.08 eV for the 
II and about 0.06 eV for III. The Fermi energy cuts, as expected 
from simple crystal field arguments, between MO's consisting 
largely of Ru (dxy, dX2, dyi) and MO's containing principally Ru 
( d ^ , dzz). Very roughly, III has an energy level structure quite 
similar to that of II, but with the levels all dropped by about 7 
eV due to the higher formal charge. 

Closer examination reveals significant differences between II 
and III. In particular, the energy difference between the Ru eg 
orbitals and the ammonia lone pairs decreases from 9.7 to 8.4 eV 
as the charge increases, leading to more a occupancy on the metal 
and stronger a bonds (which imply, as observed, a higher sym­
metric M-(NH3)6 stretch frequency). This is apparent in the total 
and orbital Mulliken populations listed in Table II. We see here 
that, in accord with the Pauling electroneutrality principle, the 
formal charges on the metal in II and III are reduced to 1.386 
and 1.893, respectively. The d population in II, however, is 6.49 
rather than the crystal field value of 6.00, due to a acceptance. 
This effect is more pronounced, as expected from the orbital 
energies, in III, where the a acceptance by the Ru is greater, and 
the difference between calculated and crystal field d populations 
is 0.98 electron. A second difference between II and III is the 
decrease in the gap between the metal dir orbitals and the am­
monia lone pairs upon loss of (formally) one dw electron. This 
is easily understood on an electrostatic basis. The ionized electron 
was principally in the dir orbitals, so they are stabilized more (lose 
more electron repulsion) than the ammonia orbitals. Indeed the 
populations of Table II show that the major change in charge is 
solely in the metal d's; there is a good deal of charge coming out 
of the ammonias (0.49 electron), but each N or H changes little. 

The calculations of I are slightly complicated by lack of geo­
metrical data. Crystals containing I are disordered,20 and no 
precise data are therefore available. The N2-bridged species 
[(NH3)5RuN]2

4+ has been studied;21 the Ru-N distances there 
are 2.14 and 2.12 A for the axial and equitorial ammonias and 
1.928 A to the bridge nitrogen; the N-N distance is 1.124 A. One 
expects, however, that the Ru will be of higher effective positive 
charge in the mononuclear than in the binuclear complex because 
of more significant back-bonding; this should decrease the Ru-N 
distance. This same suggestion has been made by Kettle and 
co-workers22 on the basis of the vibrational spectrum; in the azido 
species, the Ru-N changes from 1.93 to 1.89 A. We have 
therefore performed calculations for several choices of the Ru-N 
distance and find that the results are quite sensitive to this geo­
metric parameter (as must be expected for a strong a- and ir-
bonding situation). We will describe first the results for the 

(20) J. Chatt, J. R. Dilworth and R. L. Richards, Chem. Rev. 78, 589 
(1978); F. Bottomley and S. C. Nyburg, Acta Crystallogr., Sect. B., 24B, 1289 
(1968). 

(21) I. M. Treitel, M. T. Flood, R. E. Marsh, and H. B. Gray, J. Am. 
Chem. Soc, 91, 6514 (1969). 

(22) M. Bee, S. F. A. Kettle, and D. B. Powell, Spectrochim. Acta, Part 
A, 3OA, 585 (1974); 31A, 89 (1975). 
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Figure 2. Schematic molecular orbital splitting diagram. The N2 orbitals 
have been shifted down from their free-molecule values in view of the 2+ 
charge. 

putative geometry, with the 1.876-A Ru-N bond. 
Upon exchange of an NH3 for N2, ir back-bonding becomes 

available and the electronic structure changes considerably; 
qualitatively, the changes are described by the MO splitting di­
agram of Figure 2. Table III and Figure 1 show that the Ru-
(NH3)5 moiety in I is partially between that in III and that in 
H. This is most apparent in the HOMO energy but is also clear 
in the charge distribution on the ammonias. Most striking is the 
strong splitting in the Ru t^ levels, with the two which can stabilize 
by back-donation (the dominant components of 37aj, 15a2) being 
stabilized by this covalent interaction by 0.3 eV, compared with 
the non-back-bonding, nearly pure Ru d level 16a2. The analogous 
splitting is only 30% as big in II. The gap at the Fermi level is 
essentially the same in I as it was in II, largely because the relevant 
LUMO (3Sa1) and HOMO (16a2) levels are nearly pure Ru a, 
with a small admixture of ammonia and essentially no dinitrogen 
contribution. The populations show the back-bonding very clearly: 
The Ru d and the ammonia populations are sensibly the same as 
in II, but the metal charge is 0.7 unit higher, due to the outflow 
of dir density onto N2. The gross charge on the N2 (-0.27) is in 
keeping with estimates from ESCA work23 and previous14 

semiempirical calculations; the observed decrease in N2 stretch 
frequency from 2330 cm"1 in the free ligand to 2100-2170 cm"1 

in the complex mirrors the weakening of the N2 bond by the 
acceptance. The strong imbalance of charge on the N2 is an 
interesting result, since the charge polarity on the N2 has been 
a point of some contention.14 We find the more negative N atom 
to be the one directly bonded to the metal; this is in agreement 
with arguments based on the vibrational spectrum23 but in dis­
agreement with good semiempirical calculations on analogous 
model species.14 Nevertheless, we feel that this picture, which 
arises from stronger back-bonding in the closer N, is a reasonable 
one. 

The high positive charge on the Ru should polarize the N2 in 
the fashion suggested by our calculation; the allyl analogy used 
previously14 may be deceptive, since the extent of mixing of the 
N2 ir with the Ru is quite small (probably because of the large 
energy difference); the N2 T* does mix, but then the allyl analogy 
(Ru-N-N as the three carbons) would involve only the lowest 
MO of allyl and would indeed predict the negative charge to be 
at the near (Ru-bonded) N. This point is not susceptible to proof 
by density difference crystallography due to disorder20 but might 
be investigated by 15N NMR techniques. 

Taube has stressed3 the synergic nature of the ir back-donation 
and the a donation; our calculations show that both are strong 
enough that the crystal field picture based on pseudooctahedral 
symmetry is a very poor starting point for assignment of the spectra 
or chemical properties. This covalency is very apparent in the 
energy level diagrams of Figure 1. While our calculated crystal 
field splitting A of 25 900 cm"1 for II is in excellent agreement 
with the ligand field value of 27 100 given24 by Schmidtke, there 
is little relation to the diagram for I, where the covalency leads 

(23) B. Folkesson, Acta Chem. Scand., 26, 4008 (1972); ibid., 27, 276 
(1973). 

(24) H. H. Schmidtke and D. Garthoff, HeIv. Chim. Acta, 49, 2039 
(1966). 
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Table IV. Energy of HOMO ->• LUMO Transition in 
Ruthenium Hexaammines 

A£(t 2 g^ eg),a eV 

compd calcd exptl e, m"1 cm"1 

[Ru(NH3)J2+ 3.24 3.22b 39b 

3.10c 30c 

[Ru(NH3)J3+ 3.82 3.87c 100c 

a The t2g -*• eg transition is actually a (alg,eg) -> eg transition in 
system due to the lower (D3^) symmetry. & Room temperature, 
in 0.01 M KBH4, ref 17. c Room temperature, in 0.1 M NaClO4, 
ref 17. 

to very substantial changes in the level scheme. The HOMO level 
16a2 is still dominantly (92%) d^, and the LUMO 3Sa1 is 53% 
dx2_y, with the remaining contributions from ammonia; these d 
functions are of the wrong symmetry for mixing with dinitrogen. 
Mixing with ir* (roughly 13%) has lowered the 37ai, 15a2 (mostly 
dxz and d^) by 0.3 eV; this mixing is quite important in inter­
pretation of bridged binuclear complexes, since most models ignore 
bridge contributions to the occupied states (although Lauher has 
stressed10 their importance). Our preliminary results on both the 
pyrazine-bridged and dinitrogen-bridged [(NH3)5Ru]2

v mixed-
valence species indeed show such mixing.25 

As indicated above, the predicted bonding and energy levels 
are very sensitive to distance. Table III gives the energies of states 
near the Fermi level as a function of Ru-N2 distance. Both the 
(T and ir interactions are expected to become stronger as the 
distance shortens, and, accordingly, both the total stabilization 
of the occupied d's and the total Ru positive charge increase with 
closer approach of the N2 ligand. 

B. Spectral Behavior. Koopmans' theorem is not valid in the 
Hartree-Fock-Slater scheme, and therefore we have calculated 
ionization potentials by using the transition state procedure.19 For 
the hexaammines II and III, this yields predicted IP's of 16.04 
and 23.36 eV; note that these are very much larger than the 
eigenvalues (orbital energies) discussed above. We also calculated 
the IP for III at the geometry of II and vice versa. These ge­
ometries differ26 by 0.04 A, and we calculate the IP's to differ 
by 0.04 eV. 

The optical spectra are also calculated by a transition-state 
procedure. For the hexaammines, our results are presented in 
Table IV; the agreement with experiment24,27 is very good, and 
the fairly small«values are consistent with the formally forbidden 
nature of the transition. We also calculate the ligand -* metal 
CT band (7a2u + 8eu -* 10alg) at 5.93 eV in III; thus this cannot 
be the low-lying optical band but might correspond to the stronger 
band (e ^ 475) observed at 4.51 eV.28 

(25) M. J. Ondrechen, unpublished results. 
(26) H. C. Stynes and J. A. Ibers, Inorg. Chem., 10, 2304 (1971). 
(27) T. J. Meyer and H. Taube, Inorg. Chem., 7, 2369 (1968). 
(28) P. C. Ford, ref 17. 
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In the more covalent species I, a strong band appearing16 at 
221 nm (5.61 eV; t = 13 000) has been assigned to the Ru dx 
- • N TT* charge transfer; it should be strong due to good overlap 
and because, in the simplest two-site model, the transition is from 
a pair of ir (Ru ir + N ir*) to a pair of ir* (-Ru ir + N **), a 
classic Mulliken29 CT band. We find this transition (37aj + 15a2 

— 17a2 + 4Oa1) at 5.1 eV for the Ru-N distance of 1.876 A. (The 
excitation would be between e levels in C4„, but these split due 
to the inequivalence of the H upon C4 rotation). The (16a2 -* 
17a2 + 4Oa1), which is not forbidden but should be far weaker 
due to poorer overlap, occurs at 5.33 eV at this geometry. The 
relaxation effect is roughly 0.5 eV for these transitions; this 
substantial value arises from the considerable charge flow involved. 
The Mulliken charge on Ru goes up from 2.09 to 2.19, and the 
total on N2 goes from -0.28 to -0.47 the excitation from 16a2. 
(In II and III there is less charge flow upon its d —* d excitation, 
and the relaxation effect is only 0.1 eV.) The experimental optical 
band for I is broad enough to include both components.30 

Comments 
The good comparison of our calculated results with intuitive 

bonding concepts and with experimental optical spectra is en­
couraging for the use of DVM-HFS for other metal complexes, 
both organometallic and Werner-type. The use of flexible basis 
sets is necessary; the strong polarity in I, for instance, means that 
the basis functions on the four inequivalent types of N will differ 
considerably. The most striking feature of our calculations on 
the Allen-Senoff ion I are the extent of covalency and back-
bonding and the considerable participation of the N ir* in the 
occupied orbitals 37a] and 15a2. As noted above, this is of some 
interest in connection with intramolecular electron transfer, since 
it implies that localization in a mixed-valent species such as 
[(NH3)5RuN]2

5+, even in a possible distorted (mixed-valence) 
geometry, may well still involve some density on the bridge. This 
would argue that such species might prefer10'30 not to localize but 
to remain average valent (Robin/Day III). Work on this question 
is continuing. 
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