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The INDO/I  semi-empirical molecular orbital model is employed to analyze the reaction between olefins and cis- and trans- 
Ru(V1)-dioxo complexes. Interesting differences in the reactivity of these seemingly similar complexes toward olefins exist. For 
the cis-RuV'02 system, products formed from the cleavage of the C==C double bond (Le. carbonyls) are obtained. The trans isomer 
is selective for epoxidations. Three distinct pathways for interaction between the cis-Ru02 complex and ethylene were 
considercd-[I + 21, [2  + 21, and [ 3  + 21 cycloaddition-as were the intermediates derived from these pathways. The dioxo- 
metallacycle is formed from the [ 3  + 21 pathway. INDO/I  calculations show that the dioxometallacycle is the global minimum 
for the interaction of ethylene and the cis-RuO?+ complex. Conversion of the dioxometallacycle to epoxide products is energetically 
unfavorable. For the rrans-RuV'O, complex no dioxometallacycle forms and only epoxides (by a nonconcerted [ 1 + 21 pathway) 
are formed 

Introduction 
Since the discovery tha t  the reaction of an Fe(II1)-porphyrin 

complex with iodosobenzene (C6HS-1-0) could mimic t h e  re- 
activity of the 02/cytochrome P-450 system,',2 there has been an 
abundance of research on metal-oxo c ~ m p l e x e s . ~  Theoretical 
calculations on this and other related metal-oxo complexes have 
been carried Experimentally, a growing amount of work 

( I )  (a) Groves, J. T.; Nemo, T. E.; Myers, R. S .  J .  Am. Chem. SOC. 1979, 
101, 1032. (b) Groves, J. T.  J .  Chem. Ed. 1985, 62, 928. 

(2) Theoretical analyses of the various oxidations that are characteristic of 
the monooxygenase cytochrome P-450 with O('P) used as a model for 
the active species, as well as investigations into the extensions to ferry1 
complexes, have been carried out by Loew and co-workers. (a) O('P) + various organics: Pudzianowski, A. T.; Loew, G. H. Int .  J .  Quantum 
Chem. 1983, 23, 1257. (b) Theoretical studies of cytochrome P-450: 
Loew, G. H.; Collins, J .  R.; Luke, B.; Waleh, A.; Pudzianowski, A. T. 
Enzyme 1986, 36, 54. (c) O('P) + propylene: Pudzianowski, A. T.; 
Loew, G. H. J .  Mol. Catal. 1982, 17, I .  (d) O(,P) + CHCL,/CCL,: 
Pudzianowski, A. T.; Loew, G. H.; Mico, B. A.; Branchflower, R. V.; 
Pohl, L. R. J .  Am.  Chem. SOC. 1983, 105,3434. (e) Hydroxylation of 
camphor derivatives: Collins, J. R.; Loew, G. H. J .  Bioi. Chem. 1988, 
263,3164. (f) OOP) + C2H4/CH4: Pudzianowski, A. T.; Loew, G.  H. 
J .  Am.  Chem. SOC. 1980, 102,5443. (g) O(]P) + CH3NH2: Pack, G. 
R.; Loew, G. H. Int .  J .  Quantum Chem. 1979, 6, 381. (h) O('P) + 
R-CH,: Pudzianowski, A. T.; Loew, G. H. J .  Phys. Chem. 1983,87, 
1081. (i) O('P) + aromatics: Korzekwa, K.; Trager, W.; Gouterman, 
M.; Spangler, D.; Loew, G. H. J .  Am. Chem. Soc. 1985,107,4273. (j) 
O('P) + amines: Goldblum, A.; Loew, G. H. J .  Am.  Chem. SOC. 1985, 
107, 4265. 

(3)  The recent reviews by Holm (Holm, R. H. Chem. Rev. 1987,87, 1401) 
and Mayer and Nugent (Mayer, J. M.; Nugent, W. A. Mefal Ligand 
Mulriple Bonds; Wiley: New York, 1988) provide an excellent exam- 
ination of much of the work that has been done on metal-oxo systems. 

(4) (a) Theoretical and experimental references for epoxidation catalysts 
for metal-oxo and related systems: Jsrgensen, K. A. Chem. Rev. 1989, 
89, 431, (b) Ru'VL502+-catalyzed epoxidations: Cundari, T. R.; Drago, 
R. S. Inorg. Chem. 1990, 29, 487. (c) Ru(lV)L502+-catalyzed alcohol 
oxidations: Cundari, T. R.; Drago, R. S. Proceedings of the 1989 
Sanibel Symposium. Int. J .  Quantum Chem. 1989,23,489. (d) FeO- 
(porphyrin)(SCH,) and FeO(porphyrin)(imidazole): Loew, G .  H.; 
Kert, C. J. ;  Hjelmeland, L. M.; Kirchner, R. F. J .  Am. Chem. SOC. 
1977, 99, 3534. (e) Loew, G. H.; Herman, Z. S .  J .  Am. Chem. Sor. 
1980, 102,6173. (f) VO+ and RuO': Carter, E. A,; Goddard, W. A. 
J .  Phys. Chem. 1988, 92,2109. (9) FeO(porphyrin)(py): Yamamoto, 
S.; Teraoka, J.; Kashiwagi, H. J .  Chem. Phys. 1988.88.303. (h) FeO 
and RuO: Krauss, M.; Stevens, W. J. J .  Chem. Phys. 1985.82, 5584. 
(i) NiO, PdO, MOO, CrO, and Ago: Bauschlicher, C. W.; Nelin, C. 
J.; Bagus, P. S .  J .  Chem. Phys. 1985,82,3265. (j) FeO: Bagus, P. S.; 
Preston, H. J .  T. J .  Chem. Phys. 1973, 59, 2986. (k) Various metal- 
oxo: Yamaguchi, K.; Takhara, Y.; Fueno, T. In  Applied Quantum 
Chemistry; Smith,  V. H . ,  Ed.; Reidel: Dordrecht, 1986; p 155. ( I )  NiO: 
Walch, S. P.; Goddard, W. A. J .  Am. Chem. Soc. 1978,100, 1338. (m) 
FeO(protop0rphyrin IX)(imidazole), FeO(prot0porphyrin IX), FeO- 
(chlorin)(imidazole), and FeO(ch1orin): Hanson, L. K.; Chang, C. K.; 
Davis, M. S.; Fajer, J. J .  Am.  Chem. SOC. 1981, 103, 663. (n )  FeO- 
(porphyrin)(H,O): Tatsumi, K.; Hoffmann, R. J .  Am. Chem. SOC. 
1981, 103, 3328; Tatsumi, K.;  Hoffmann, R. Inorg. Chem. 1981, 20, 
3771.  (0) FeO(porphyrin)(H20): Jmgensen, K. A. J .  Am. Chem. SOC. 
1987, 109.698. (p) FeO(porphyrin)(py): Strich, A,; Veillard, A. Theor. 
Chim. Acta 1981,60, 379. (4) MnO(porphyrin)+ and MnO(porphy- 
rin)(acetate): Nappa, M. J.; McKinney, R. J. Inorg. Chem. 1988, 27, 
3740. 
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has been focused on metal-dioxo, M ( 0 ) 2 ,   compound^;^,^ theo- 
retically, less attention has been paid t o  the bonding and reactivity 
of these complexes.6 Griffith has derived qual i ta t ive rules for 
predicting which geometric isomer is the most stable as a function 
of d orbital population for polyoxo complexes.6b Jmgensen and 
Hoffmann have studied the interaction of ethylene with Os04 using 
t h e  extended Hiickel method.6f Rappt and Goddard have used 
generalized valence bond calculations to study the oxidation of 
ethylene by various do molybdenyl and chromyl compounds.6g 

Dioxo complexes are of particular interest for various reasons. 
First, they are plausible intermediates  in the  activation of O2 by 
a single meta l  ~ e n t e r ~ ~ s ~ ~  (eq 1) .  Ru(I1)  complexes have been 

L , M ~  + o2 - L,M~+~(o)*  ( 1 )  

s h o ~ n ~ ~ ~ ~  to regenerate the active oxidizing species in the  presence 
of O2 without the need for expensive and difficult to handle oxygen 
atom transfer reagents.' Second, there is an interesting difference 
in the  product  dis t r ibut ions for the cis- and t r ~ n s - R u ~ ~ ( 0 ) ~  
complexes; the  cis complexesSa lead to predominantly carbonyl 
products  formed by the  cleavage of t h e  C=C double bond;  the  
trans complexesSk yield epoxides as t h e  major product. Third, 
many interesting pathways may be envisioned for oxidations in- 
volving these dioxo systems ar is ing from the similarity of the 
cis-Ru02 moiety with ozone. 

I t  is the  aim of t h e  present research to gain a bet ter  under- 
s tanding of the Ru(V1)-dioxo/organic substrate interaction, to 
explore comparisons between the Ru(VI)-dioxo and Ru(IV)-oxo 
complexes, and t o  investigate the causes of the difference in 
reactivity between the cis and trans isomers. 

(5 )  (a) RuV'(N-N)2(0)?+: Bailey, C. L.; Drago, R. S. J .  Chem. SOC., 
Chem. Commun. 1987, 179. (b) R u " ' L ~ ( O ) ~ ~ + :  Perrier, S.; Kochi, J. 
K. Inorg. Chem. 1988, 27,4163. (c) trans-RuV'(TMP)(0),: Groves, 
J. T.; Ahn, K. H. Inorg. Chem. 1987, 26, 3831. Groves, J .  T.; Quinn, 
R. J .  Am. Chem. SOC. 1985, 107, 5790. Groves, J. T.; Quinn, R. Inorg. 
Chem. 1984, 23, 3844. (d) OsV'N4(0)22+ and R U ~ ' N , ( O ) ~ ~ + :  Dobson, 
J. C.; Meyer, T. J. Inorg. Chem. 1989,28,2013 and references therein. 
(e) RuV'N4(0)?+: Che, C. M.; Wong, K. Y.; Mak, T. C. J .  Chem. Soc., 
Chem. Commun. 1985, 988. (f) Mo02(NS,): Harlan, E. W.; Berg, J. 
M.; Holm, R. H. J .  Am. Chem. SOC. 1986, 108, 6992. (g) Cr02C12: 
Sharpless, K .  B.; Teranishi, A. Y.; Backvall, J. E. J .  Am.  Chem. SOC. 
1977, 99, 3 120. 

(6) (a) MOO?' and UO?+: Tatsumi, K.; Hoffmann, R. Inorg. Chem. 1980, 
19, 2656. (b) MO,: Griffith, W. P.; Wickins, T. D. J .  Chem. SOC. A 
1968,400. (c) FeO,: Blyholder, G.; Head, J.; Ruette, F. Inorg. Chem. 
1982, 21, 1539. (d) Wv'02L4: Brower, D. C.; Templeton, J. L.; Mingos, 
D. M. P. J .  Am. Chem. Sor. 1987, 109, 5203. (e) Thol  and U022*:  
Pyykko, P.; Laakkonen, L. J.; Tatsumi, K. Inorg. Chem. 1989, 28, 1801. 
(f) OsO, + ethylene: Jsrgensen, K .  A,; Hoffmann, R. J .  Am. Chem. 
SOC. 1986, 108, 1867. (g) MO,CI, (M = Cr, Mo): RappE, A,; God- 
dard. W. A. J .  Am. Chem. SOC. 1982, 104, 448, 3287. 

(7 )  RuCI2(PPhl), has been used to catalyze the epoxidation of olefins 
utilizing molecular oxygen: (a) Fusi, A,; Ugo, R.; Zanderighi, G. M. 
J .  Cural. 1974, 34, 175. (b) Turner, J. 0.; Lyons, J .  E. Tetrahedron 
Lert. 1972, 29, 2903. 
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Figure 1. Geometries of the cis- and trans-Ru"(NH=CH-CH= 
NH)*(O)?+ model complexes used in the present study. 

Calculations 
The calculations were carried out by using a semi-empirical INDO/ l a  

program developed by Professor Michael C. Zerner (Department of 
Chemistry, University of Florida) and co-workers.8C,d The restricted 
open-shell Hartree-Fock (ROHF) formalism9 was used for open-shell 
species. Gradient-driven geometry optimizations'0 were carried out on 
the various complexes to yield stationary points on the potential energy 
surface (PES). Convergence to a minimum on the PES was assumed 
when the gradient was less than 5.0 X hartree/bohr. Energies 
converged well within 0.1 kcal mol-' in all cases. Numerous INDO/I 
calculations have been performed for pertinent reference molecules to 
ascertain the suitability of the INDO/I model for the description of the 
bonding in second-row transition-metal compounds.8d The results show 
that the INDO/I method performs exceptionally well for a variety of 
calculated properties such as equilibrium geometries, ordering of geo- 
metric isomers, atomic charges, orbital energies, e k a d  The results for 

(8) (a) Pople, J. A.; Beveridge, D. L.; Dobosh, P. A. J .  Chem. Phys. 1967, 
47, 2026. (b) Pople, J .  A.; Beveridge, D. L. Approximate Molecular 
Urbiral Theory; McGraw-Hill: New York, 1970. (c) Bacon, A. D.; 
Zerner. M. C. Theor. Chim. Acta 1979, 53, 21. Anderson, W. P.; 
Edwards, W. D.; Zerner, M. C. Inorg. Chem. 1W6, 25, 2728. (d) The 
extension of the INDO model to the second transition series is presented 
in: Anderson, W. P.; Cundari. T. R.; Drago, R. S.; Zerner, M. C. Inorg. 
Chem. 1990, 29, I .  

( 9 )  Edwards, W. D.; Zerner, M. C. Theor. Chim. Acta 1987, 72,  341. 
( I O )  (a) Head, J.  D.; Zerner, M. C. Chem. Phys. Lett. 1985, 122. 264. (b) 

Head; J .  D.; Zerner, M. C. Chem. Phys. Lerr. 1986. 131. 359 .  

Cundari  and Drago 

cin-[Ru(O) 21N-N)2I2* 

Figure 2. Frontier orbital splitting diagrams derived with the aid of the 
angular overlap model (AOM) for and cis- and truns-ML4O2 complexes. 
The vertical and/or horizontal dashed lines represent the orientation of 
the ?r-symmetry orbitals in the ligand of interest. 

pertinent Ru-oxygen systems have been presented elsewhere.4b 

Results 
1. Electronic Structure of cis- and trans-Ru(V1)-Dioxo 

Complexes. The model complexes used in this present study are 
cis- and ~~~~~-[Ru"'(NH=CH-CH=NH)~(O)~]~+ (hereafter 
referred to as cis- and trans-RuOz2+, Figure 1 ) .  cis- and 
trans-Ruv'02 complexes have been employed by various workers 
for the oxidation of different organic  substrate^.^^^ Optimization 
of the R u - 0  bond lengths in the cis and trans complexes show 
the equilibrium value to lie near I .7 1 8,, in excellent agreement 
with the values of 1.718 and 1.705 8, reported by CheSe for 
RuV'Oz2+ complexes with nitrogen ligands. Geometric details are 
given in Appendix A. Analogies have been made between mo- 
nooxo-Ru(lV) complexes and O:b (with respect to the covalency 
of the r system and the presence of low-energy singlet and triplet 
states1'). Thus, an analogy may be drawn between the Ru- 
(VI)-dioxo complexes and ozone. 

The frontier orbital splitting diagrams for the cis-divacant and 
square-planar ML4 complexes are well-known.I2 Interaction of 
these ML, fragments with two oxygen atoms each yields the d 
orbital splitting diagram in Figure 2.  The results were derived 
with the aid of the angular overlap model'2 (AOM) and as such 
neglects second-order interactions between metal-based AOs of 
the same symmetry. With this simple picture, predictions about 
the bonding in d2 dioxo complexes can be made. There are, 
however, serious deficiencies in this simple model such as ignoring 
the repulsion of the d, by the mcCc of the glyoxal diimine, ignoring 
( n  + 1)s and ( n  + l )p  participation, no accounting for electron- 
electron repulsions, etc. With Figure 2 as a first approximation, 
the trans isomer is predicted to be more stable due to the lower 
energy of the HOMO (d,).6b However, an INDO/I calculation 
places the cis isomer lower in energy than the trans by 34 kcal 
mol-'. The reasons for this discrepancy are unclear although it 
may be attributed to a deficiency in the model complex, the 

( 1  I )  Dobson, J .  C.; Helms, J. H.; Doppelt, P.; Sullivan, B. P.; Hatfield, W. 
E.: Meyer, T. J. Inorg. Chem. 1989, 28, 2200. 

(12 )  Burdett. J .  K .  Molecular Shapes; Wiley: New York, 1980; p 65. 
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Figure 3. Orientations of ethylene relative to the cis-Ru02 fragment that 
characterize the [ I  + 21, [2 + 21, and [3  + 21 pathways. 

INDO/I method, or a single determinant representation for the 
ground state of the dioxo complexes. Our extensive work with 
INDO/I and Ru-oxo-catalyzed oxidations leads us to believe that 
the latter problem is the dominant factor. It is interesting to note 
that including electron correlation crudely (Le. correlating the four 
highest occupied and the four lowest unoccupied MOs by using 
configuration interaction-double excitations) reverses the energy 
ordering-the trans isomer is now lower by 35 kcal mol-’. The 
greater correlation contribution for the trans isomer is a result 
of its frontier orbitals (the highest occupied and lowest unoccupied 
MOs have significant Ru d r - 0  PA character) being closer in 
energy. This leads to lower energy excited configurations and more 
extensive mixing. One must be careful in applying CI to semi- 
empirical methods such as INDO/I  since the parameters are 
obtained from experiment (which includes electron correlation). 
An overcorrection for electron correlation may result. The fact 
that both cis- and trans-RuV102 and Osv1O2 complexes have been 
experimentally determined3 implies that the d2, dioxo geometries 
are close in energy and that factors such as steric repulsions may 
play an important role in determining the ground-state geometry. 

2. cis-RuOz2+/Ethylene Reaction Pathways. The delocalized 
nature of the A bonding in the R u 0 2  moiety, and the analogy with 
ozone, readily suggests a variety of pathways and intermediates. 
In this paper the terms intermediate and structure are used to 
refer to geometries that do and do not, respectively, represent 
minima on the PES. Three concerted pathways (and their non- 
concerted variants)-[I + 21, [2 + 21, and [3 + 21- were con- 
sidered; they led to the oxo/epoxide (OE), oxo/metallaoxetane 
(OM) and dioxometallacycle (DM) intermediates, respectively 
(Figure 3). The [ I  + 21 pathway is characterized by the for- 
mation of two C-0  bonds between the two C atoms of ethylene 
and one 0 atom of the dioxo complex. In lhe [2 + 21 pathway 
Ru-C and C-0 bonds are formed. In the [3 + 21 pathway two 
C-O bonds are formed between the two C atoms of ethylene and 
the two 0 atoms of the dioxo complex. In a concerted pathway, 
both bonds are formed at the same time; in a nonconcerted 
pathway, one bond is formed first and then the second is formed. 

Initial geometry optimization yielded weakly bound minima 
on the potential energy surface (PES) similar to those obtained 
for the Ru(1V)-oxo complexes.4b The average distance from the 
center of the C-C bond of eth lene to the center of the line that 

relative to the metal complex does not affect the strength of the 
binding (=IO kcal mol-’) as would be expected from a nondi- 
rectional electrostatic interaction. The amount of electron density 
transferred (<0.1 electron) is small, coming chiefly from the olefin 
?r MO. Perturbation of either reactant from their isolated op- 
timized geometries is insignificant. These complexes have recently 
been advanced by Bruice and Ostovic (referred to as charge- 
transfer complexes) based on an experimental analysis of Fe- 
(porphyrin)-oxo-mediated epo~idati0ns.l~ These charge-transfer 
complexes were obtained regardless of the initial orientation of 
the olefin relative to the complex as long as the initial separation 
between the reactants is greater than approximately 2.7 

A. [ l  + 21 Pathway. In the concerted [ 1 + 21 pathway the 
olefin is perpendicular to the vector which describes the Ru-0  

connects the two 0x0s is ~ 2 . 5  K . The orientation of the ethylene 

( 13) Bruice. T. C.; Ostovic. D. J .  Am. Chem. SOC. 1989, I I I ,  65 1 1 .  

bond. Furthermore, the Ru-0 bond vector bisects the center of 
the C-C bond of the ethylene. Bringing the ethylene along the 
concerted [ 1 + 21 pathway, Figure 3, eventually leads to a large 
repulsion between the ethylene A MO and the oxo lone pair. 
Single-point INDO/ 1 calculations (dioxo and ethylene geometries 
were kept fixed) show that even as far out as rco = 2.0-2.5 8, 
moving the ethylene off the concerted [ 1 + 21 pathway, Le., where 
the Ru-O bond no longer bisects the center of the C-C bond, leads 
to a lowering of the total energy by decreasing the two-orbital, 
four-electron repulsion between the oxo lone pair and C2H4 A MO. 
This stabilization gets larger (as a result of greater overlap and 
hence greater interaction) as rco approaches covalent values. 
Deviation of the ethylene from the concerted [ 1 + 21 pathway 
causes it to approach the [2 + 21 and [3 + 21 pathways (Figure 
3). At large separations, there is no preference for either tra- 
jectory. Once this perturbation from the concerted [ I  + 21 
pathway is induced, formation of the oxo/epoxide can occur in 
a nonconcerted manner, i.e. one C-0  bond forms and then the 
second as revealed by INDO/I  geometry optimization. An 
oxo/epoxide intermediate (singlet spin state) was found, by ge- 
ometry optimization, on the PES with Ru-O bond lengths of 1.84 
8, (oxo) and 2.18 8, (epoxide). These results are consistent with 
experimental values of 1.77-1 3 6  A for Ru(IV)-0 complexesSe 
and 2.03 and 2.07 8, for t ran~-[RuCl,(NO)(OH)1~- and trans- 
[ R u ( N H ~ ) ~ ( N O ) ( O H ) ] ~ + ,  respecti~e1y.I~ 

B. [2 + 21 Pathway. In the concerted [2 + 21 pathway the 
olefin C-C and complex Ru-0 bonds are parallel, the T MOs 
point directly at each other. As mentioned above, a t  large sep- 
arations between the ethylene and cis-Ru02 translation of the 
ethylene from a [ 1 + 21 trajectory toward either a [2 + 21 or [3 
+ 21 pathway is equally favorable (Figure 3). However, single- 
point calculations (once again the substrate and oxidant geometries 
were frozen) show that as the C-0  bonds approach covalent 
values, the [2 + 21 pathway becomes increasingly disfavored in 
relation to the [3 + 21 pathway. Simple Woodward-Hoffmann 
considerations state that a concerted, planar [2 + 21 cycloaddition 
is unfavorable for a four electron system. The Ru-0 a bond, as 
noted above, is highly covalent. Thus, a lowering of the activation 
energy which causes the “forbiddeness” of the [2 + 21 pathway 
is not expected. A series of geometry optimization along the [2 
+ 21 pathway were carried out and did not isolate an intermediate 
(the oxo/metallaoxetane, OM). An artificially constructed O M  
is not an optimized minimum on the [2 + 21 pathway. Starting 
with a reasonable geometry for the o x o m e t a l l ~ c y c l e ~ ~  and then 
submitting this structure to an INDO/ 1 geometry optimization 
show that the structure undergoes further geometric relaxation 
(and energy lowering) to arrive at a dioxometallacycle intermediate 
(singlet spin state). 

C. [3 + 21 Pathway. In  the concerted [3 + 21 pathway the 
cis-Ru02 moiety of the oxidant and the C atoms of the substrate 
are coplanar. Also, both C - 0  distances are equal at all points 
on the concerted [3  + 21 pathway. A concerted [3 + 21 cyclo- 
addition is an allowed reaction for a six-electron system. The 
correlation diagram is shown in Figure 4. Notice the correlation 
of the olefin T MO with a *-symmetry MO (denoted schematically 
by a p orbital but predominantly 4 d ~  in character) on the Ru. 
This leads to the formal two-electron reduction of the Ru(V1)- 
dioxo complex to yield the d4 O-RuIVO-CH2CH2 intermediate; 
INDO/ 1 geometry optimization yields the bond lengths Ru-0 
= 1.94 A, C - 0  = I .4l A, and C-C = 1.52 8,. These values are 
in good agreement with the 2.03 and 2.07 8, Ru-0 bond lengths 
quoted above for the two ruthenium-hydroxy complexes’4a and 
the C-0 and C-C bond lengths in tetrahydrofuran, C-C = 1.54 
f 0.02 8, and C - 0  = 1.43 f 0.03 The 0-Ru-0 angle is 
8 1’. As the progress of the geometry optimization was followed, 
it was observed that the addition is concerted; Le., both C-0  bond 
lengths are always equivalent. 

I 

(14) (a) Sutton, L. E., Ed. Interatomic Distances; Chemical Society: Lon- 
don, 1958. (b)  Groves has recently characterized a Ru”(porphyrin)- 
(epoxide) complex with a R u - 0  bond length of 2.22 A: Groves, J .  T.; 
Han, Y.; Van Engen, D. J .  Chem. SOC., Chem. Commun. 1990, 436. 
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Figure 4. Orbital correlation diagram for the [3  + 21 addition (or 1,3- 
dipolar addition) of ethylene to a c i s - R u 0 7  fragment. 

The dioxometallacycle is roughly 90 kcal mol-l lower in energy 
than the oxo/epoxide intermediate. As the O M  structure does 
not represent a stationary point on the potential energy surface, 
it is not possible to compare the energy of the optimized DM and 
O E  minima with an ”artificially” constructed OM.I5 The energies 
of the two minima, DM and OE, can be rationalized. If the Ru-0 
bonds are considered to approximately cancel each other out, then 
the difference in energy between the DM and the OE corresponds 
to the difference in energy between the C-0 bonds formed. In 
the DM, two unstrained C - 0  bonds are formed (BE = 85 kcal 
mol-’ 16); in the OE, two strained, epoxidic C-0 bonds are formed 
(BE = 50 kcal mol-’ 1 7 ) .  Thus, a rough bond energy estimate 
is 70 kcal mol-’, in qualitative agreement with the INDO/l result. 

3. Interaction of Ethylene with ~ r a n s - [ R ~ ~ ’ ( O ) ~ ( N - N ) ~ l ~ + .  The 
study of the t r a n s - R ~ O ~ ~ +  complex is motivated by the desire to 
understand the epoxidation system R U ( T M P ) ( O ) ~ . ~ ~  As with the 
monooxo complex, two pathways are envisioned for rrans- 
RuO?+-a [ 1 + 21 and a [2 + 21 cycloaddition. It was originally 
hoped that the effect of the trans ligand on stabilizing the two 
intermediates-bound epoxide and oxometallocycle-could be 
studied. However, as with every other Ru-oxo complex we have 
studied,4b a [2 + 21 “intermediate” is not a stable, isolable sta- 
tionary point on the potential energy surface. Once again, the 
strength of the Ru-oxo H bond should be regarded as the chief 
obstacle standing in the way of the [2  + 21 pathway. A bound 
epoxide intermediate is formed preferentially for the rrans-Ru(O), 
and trans-Ru(O)(TH F) complexes. INDO/ 1 geometry opti- 
mization shows that the formation of the bound epoxide is non- 
concerted; Le., one C-0 bond is formed first and then the second. 
The only interesting difference between the two intermediates is 
the planar (with respect to the Ru-0-C-C atoms) epoxide co- 
ordination mode in the former and the nonplanar coordination 
mode i n  the latter. Since the d4 Ru(O)(bound epoxide) complex 
has a vacant dH set, the planar coordination mode of the bound 
epoxide allows for maximum interaction with the epoxide H 
symmetry nonbonding MO. In  the d6 Ru(THF)(bound epoxide) 

( 1 5 )  Zerner, M .  C. Personal communication. 
(16) Huheey. J .  E. Inorganic Chemistry, 3rd ed.; Harper and Row: New 

York, 1976; pp 230-2. 
(17) Groves. J .  T.; Ahn. K.  H.; Qu inn ,  R .  J .  Am. Chem. SOC. 1988, 110, 

4217. 
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Figure 5. Schematic showing the composition of the HOMO of the 
cis-Ru-oxolepoxide and the orbital to which it is eventually converted 
to in the DM. The glyoxal diimine ligands have been removed for clarity, 
and all atoms shown are coplanar. 
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Figure 6 .  Starting geometry of the dioxometallacycle and the coordinates 
(P and R )  that were used to construct the PES in  Figure 7. 

complex, both dH orbitals are occupied and the bent coordination 
mode of the epoxide arises from the desire to keep the repulsive 
Ru d r - 0  PH interaction a t  a minimum. 

4. Geometric Rearrangement of cis-Ru(O)(epoxide) to Ru- 
(dioxometallacycle). The interaction of cis-Ru02 with ethylene 
yielded two distinct covalently bound minima-the oxo/epoxide 
(OE) and the dioxometallacycle (DM). The question arises as 
to whether the formation of the OE is part of competing pathway 
or a “pit stop” on the way to the more stable dioxometallacycle. 
A look a t  the HOMO is informative (Figure 5). This H O M O  
may be stabilized1* by increasing the in-phase overlap between 
the Ru d orbital and the 0, p orbital as well as the in-phase overlap 
between the Cb p orbital and Ob p orbital. To  accomplish this 
a closing of the Ob-Ru-O, angle would be the simplest motion. 
The Ob-Ru-O, angle was compressed from 90’ while other 
geometric parameters were kept the same. INDO/ 1 yielded an 
activation barrier of =6 kcal mol-’ (0-Ru-0 = 64’). An analysis 
of the wave functions indicates a process involving the concerted 
breaking of one C - 0  bond (epoxidic) with the concomitant for- 
mation of a stronger C - 0  bond. Thus, it seems plausible to 
propose the dioxometallacycle, and the pathway leading to it, as 
the main route for the oxidation of olefins by a cis-Ru(VI)02 
complex. Groves’ report” of cis/trans epoxide isomerization by 
a Ru(1l)-porphyrin complex is consistent with the notion that the 
bound epoxide is not “inactive” once it is formed as well as with 
C-0 bond breaking being somewhat facile. 

5. Conversion of the Dioxometallacycle to Products. With the 
dioxometallacycle having been shown to be the most favored 
intermediate, pathways for its conversion to epoxide products were 
studied next. For the sake of simplicity, the RuOC2H40 moiety 
was made symmetrical (i.e. local C,, symmetry) (Figure 6). A 

. 

( 18) Walsh, A .  D. J .  Chem. Soc. 1953, 2260 
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Figure 7. 3D PES constructed for the conversion of the dioxometallacycle 
intermediate into epoxide products. P (which is measured as the change 
in the Cb-Ob bond) ranges from 141 to 248 pm, R ranges from 0 to 90°, 
and E ranges from -138.814 to -138.491 au. E indicates the oxo/ep- 
oxide, D is the dioxometallacycle, and T is the transition state that 
connects them. 

potential energy surface, patterned after that used by Purcell in 
his extended Huckel analysis of peroxometallacycle decomposition 
(M-0-0-C-C, M=Rh(lll), MO(VI) '~)  was constructed. Two 
independent coordinates characterize this PES: P, a displacement 
of the C2H40a fragment parallel to the x axis (Figure 6), and R, 
counterclockwise rotation of this C2H40, fragment about an axis 
passing through C, and perpendicular to the y axis (Figure 6). 
There are also two dependent coordinates: a shortening of the 
Ru-0, bond (from 1.94 to 1.70 A) that is necessar when the 

displacement along f) and a closing of the Oa-ca-Cb angle (from 
116' to 57.5') to form the epoxide (6(e(oa-c,-cb)) = -5' per 
0.1-A displacement along P). The PES (P X R X E )  thus obtained 
is shown in Figure 7 .  The dioxometallacycle (D in Figure 7 )  is 
in a deep potential energy well with respect to epoxide (E in Figure 
7) .  P ~ r c e l l ' ~  reports a similar DM (referred to as the diolate19) 
to be in a potential energy well relative to epoxide. The unfa- 
vorability of epoxide formation from the DM is easily explained 
in thermodynamic terms by realizing that this pathway entails 
the conversion of two unstrained C-0  bonds (in the DM) into 
two strained, epoxidic C-0 bonds in the product. Thus, a pathway 
that forms stronger C-0 bonds is needed to provide any driving 
force. Cleavage of the C-C bond to form two C=O bonds could 
provide this pathway. The bond energy of a C=O bond is 190 
kcal mol-1.'6 
Discussion 

The stated goals of the present research were to get a better 
understanding of the metal-dioxo/organic substrate interaction, 
to explore comparisons between the metal-dioxo and metal-oxo 
complexes, and to investigate the causes of the difference in 
reactivity between the cis- and trans-Ru(V1)-dioxo complexes. 

The results of this research, as with our previous study of the 
oxidation of olefins by Ru( IV)-oxo complexes$b confirm that the 
experimental results are easily explained in simple frontier-orbital 

I 

Ru(lV)-oxo product is formed (G(r(RU4b)) = -0.02 K per 0.1-8, 

(19) Purcell, K .  F. Organometallics 1985, 4 ,  509. 
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or Woodward-Hoffmann terms. The trans-dioxo complex is quite 
similar to the monooxo complex despite the change in formal 
oxidation state; Le., the most favorable pathway is a nonconcerted 
[ 1 + 21 cycloaddition to form a RuIv(0)(bound epoxide) inter- 
mediate. Both reactions can be though of as a nucleophilic attack 
of the olefin on the oxo oxygen. First, one C - 0  bond is formed, 
and positive charge builds up on the terminal unbound carbon, 
which then interacts preferentially with the electron-rich oxo to 
yield the bound epoxide. The lowest energy pathway for cis- 
Ru02/olefin interaction is quite different-a [3 + 21 cycloaddition 
or a 1,3-dipolar addition. In the cis isomer, both oxygens are 
accessible to the same olefin, and thus different pathways for olefin 
oxidation are encouraged as a result. The DM is favored due to 
the stronger C - 0  bonds that can be made. 

Finally, how can the difference in reactivity of the cis- and 
t r a n ~ - R u ~ ' ( O ) ~  complexes be accounted for? The trans complex 
is more selective for epoxidations and is very stereospecific.5bf 
The cis complex, on the other hand, leads to a large amount of 
cleavage products.5a 

The larger selectivity for epoxidation pathways and high ste- 
reospecificity for the trans isomer is consistent with the most 
favorable pathway being the formation of the trans-Ru(O)(ep- 
oxide) by a nonconcerted [ I  + 21 addition similar to that for 
Ru( IV)-oxo-catalyzed e p o ~ i d a t i o n s . ~ ~  The small loss of stereo- 
chemistry that is observed is consistent with a process in which 
the formation of the second C-0  bond is comparable to rotation 
about the C-C  bond of the open structure. Formation of carbonyl 
products by a side reaction that entails trans- - cis-Ru02 isom- 
erization is not indicated. Meyer and co-workers have shown that 
~ i s - O s ( b p y ) , ( O ) ~ ~ +  is unstable with respect to the trans isomer 
in solution.sd The trans isomer is indefinitely stable in solution.5d 

For the cis isomer, the greater amount of carbonyl product arises 
from the fact that conversion of the dioxometallacycle to Ru- 
(IV)-oxo plus epoxide is a highly endothermic process. The weak 
epoxidic C-O bonds allow no driving force for this pathway. Any 
small amount of epoxide that results in the oxidation of olefins 
by ~ i s - R u O , ~ +  has several plausible origins. First, the higher 
energy cis-oxo/epoxide may be solvated or disproportionate before 
it can be converted into the DM. The calculated activation barrier 
of ~6 kcal mol-' might allow the cis-oxolepoxide a long enough 
lifetime for this process to occur. Second, isomerization of the 
cis-Ru02 complex to the trans isomer followed by epoxidation 
may occur. Finally, there may be present some partly oxidized 
Ru(1V)-oxo complex present in solution. The strengthening of 
the C-0 single bonds in the DM to the double bonds of the 
cleavage carbonyl products is evidently sufficient enough to ov- 
ercome the energy that must be spent in breaking the C-C bond 
of the DM. The well-known cleavage of O=C double bonds by 
R u 0 4  by way of a ruthenate diester, 02Ru-O-CH2-CH2-0, 
supports this view.20 A preliminary comparison of the decom- 
position pathways to bis(carbony1) complexes for the ruthenate 
diester and the dioxometallacycle, using an analysis similar to that 
employed by Hoffmann et al. in their study of the conversion of 
metallocyclopentanes to bis(o1efin) complexes,2' indicates that both 
pathways are similar. Furthermore, both processes are allowed 
if one applies the simple concepts of Braterman and Cross.22 In 
both the case of the cyclic diester and the case of the dioxo- 
metallacycle, the C-C u bond correlates with a low-energy, 
metal-based virtual orbital of the same irreducible representation. 
This leads to the necessary two-electron reduction of the metal 
on going from the five-membered ring to the bis(carbony1) species. 
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Appendix A 
Ru(NH=CH-CH=NH)~(O)~~+ Geometry. A. Glyoxal Di- 

imine.I4 The bond lengths and bond angles for the glyoxal diimine 
ligands were taken from those of bipyridine. R(N-H) = 1.0 A; 
R(C-H) = 1.09 A; R(N=C) = 1.35 A; R(C-C) = 1.50 A; 
O(N-C-C) = 116.1O. 

B. Other. The Ru-N bond lengths were chosen to be the same 
as those found to be the equilibrium value in the INDO/l  ge- 

29. 2308-23 I 3  

ometry optimization of [Ru(NH=CH-CH=NH),(NH,)- 
(O)]*+, i.e. ~ 2 . 1  A. This gives good agreement with the exper- 
imental values of 2.17-2.24 A for Ru(V1)-dioxo complexes with 
nitrogen ligands reported by Che et aLSe The equilibrium Ru-0 
bond lengths were determined by varying both Ru-0 bonds si- 
multaneously (by the same amount) while the geometry of the 
rest of the complex was kept fixed. The equilibrium value of 1.71 
8 obtained is in excellent agreement with the values of 1.71-1.72 
A obtained by Che and co-workers for Ru(VI)-dioxo complexes." 
R(Ru-N) = 2.06 8; R(Ru=O) = 1.71 A. 
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Luminescence from Diplatinum( 111) Tetraphosphate Complexes: Dynamics of Emissive 
da* Excited States 
Yeung-gyo K.  Shin,$ Vincent M. Miskowski,*gs and Daniel G. Nocera*,fJ 
Receioed December 27, I989 

Solids and low-temperature solution glasses of the diplatinum(lI1) tetraphosphates Pt2(HP04)4L2" (L = H20, n = 2; L = CI or 
Br, n = 4) exhibit red luminescence upon irradiation with near-ultraviolet light. Emission lifetimes and quantum yields of crystalline 
potassium salts were measured over a wide temperature range (10-300 K). Room-temperature lifetimes of 0.33, 0.71, and 0.39 
w s  for the axially substituted aquo, chloro, and bromo Pt"',L2 tetraphosphates, respectively, increase dramatically with decreasing 
temperature. The temperature dependence of the lifetime is derived from the thermal population of a nonemissive state energetically 
proximate to a lowest energy emissive excited state of da* character ( A E  = 1126, 2256, and 21 17 cm-' for the Rii1,(H2O),, !?i1i2C12, 
and Pti112Br2 tetraphosphate complexes, respectively). Temperature-dependent quantum yield measurements in conjunction with 
lifetime data reveal that the nonradiative decay rate constant of the upper excited state is 102-104 greater than that of the emissive 
excited state. Spectroscopic analysis of electronic absorption, excitation, and emission spectra is consistent with an excited-state 
model in which the emissive state is assigned to the (BJEu), B2J3E,)) spin-orbit component of the '(dr*da*) configuration, 
and the higher energy deactivating excited state is the EJ'E,) spin-orbit component. 

Introduction 

The lowest energy electronic transitions of many singly bonded 
metal-metal (M-M) complexes involve the population of the do* 
metal-metal Typically, significant weakening of the 
metal-metal interaction results upon promotion of an electron to 
the do* orbital, and not surprisingly, photoinduced cleavage of 
the metal-metal bond has emerged as the dominant excited-state 
decay pathway of M-M species.s-16 The d7-d7 dimer Mn2(CO),o 
is the cornerstone example of such a photochemical process. 
Excitation into the dimer's absorption manifold, which is domi- 
nated by the intense d i d o *  absorption band and weaker d r d o *  
band to lower energy,17 leads to cleavage of the Mn-Mn bond 
to yield neutral 'Mn(CO)S radical f r a g m e n t ~ . I * - ~ ~  Because do* 
deactivation pathways a re  extremely efficient, the lifetimes of 
electronically excited M-M complexes are  short,2s and lu- 
minescence from M-M complexes is rare. T o  this end, coordi- 
nation of M-M cores by bridging ligands will prevent metal-metal 
dissociation and the expectation of luminescence from M-M 
complexes is a reasonable one. Indeed recent observations of 
luminescence from diplatinum(ll1) pyrophosphite complexes, 
Pt,(pop),X?- (pop = (H02P) ,0 ,  X = halide),26 a binuclear di- 
rhodium(l1,O) fluorophosphine complex, Rh,[(F,P),N(CH,)],- 
(PF3)C12,27 and bidentate phosphine derivatives of Re2(CO)l,28 
represent the first examples of do* luminescence. These complexes 
contain bridging ligands with only one bridgehead atom, and thus, 
deactivation by metal-metal bond cleavage in the excited state 
is circumvented. However, although retention of the M-M core 
in the excited state is a necessary condition of do* luminescence, 
it is not sufficient. The paucity of emissive M-M complexes 
despite the synthesis of several bridged complexes during the past 

'Contribution No. 7927. 
*Michigan State University. 
5California Institute of Technology. 
l1 Alfred P. Sloan Fellow and Presidential Young Investigator. 

years suggests that subtler, less well understood perturbations play 
an important role in the deactivation of do* excited states. 
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