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Table II. Experimental and Calculated AC* Values and Relative Rate Constants for Cycloaddition of Dienophiles with Cyclopentadiene 

at 293 K 

dienophile AG*xp° A G * ^ * k^v A:rei
calcd 

ethylene 27.67 2.5 X I0~5 (estd)9 1.48 X ICT3 

acrylonitrile 24.07 23.76 1 1 
fumaronitrile 21.27 78 

20.63 184 
maleonitrilc 21.06 88 
1.1-dicyanoethylene 17.84 18.89 43 X 103 4.2 X 103 

1,1,2-tricyanoethylene 16.37 16.6 ~46X104 15 XlO4 

1,1,2,2-tetracyanoethylene 13.85 13.7 ~4I.4X106 19 X 106 

" A.Saucr, H. Wiest, and A. Mielert, Ber., 97,3183 (1964). '' Calculated according to eq 1 with AC*(BR,) = AC*(BR2) = 40kcal/mol 
for ethylene, p = 1.6, AGrxn = -20 kcal/mol and a-CN radical resonance energy = 9 kcal/m. 

It is useful to examine the response of the Diels-Alder re
action of cyano-substituted dienophiles with cyclopentadiene. 
The appropriate nonconcerted derivatives are shown in Scheme 
II. While none of the thermochemical quantities have been 

Scheme II 

0O1O » = a ~ ~ P.RAG rxn 

determined experimentally, it is possible to estimate them using 
Benson's group additivity relations.6 However, since only 
relative AG* values shall be calculated, these values need not 
be estimated with more than moderate accuracy. What is 
important is that activation free energies of the nonconcerted 
alternatives will decrease by the value of the «-cyano radical 
resonance energy (9 kcal/mol).7 With p = 1.6 the values of 
AC* for all of the various cyanosubstituted dienophiles can be 
reproduced within 1.0 kcal/mol and the relative rates calcu
lated to not differ by more than a factor of 2 to 10 from those 
observed (see Table II). 

This model of substituent effects does not prove that the 
Diels-Alder reaction is concerted; other experimental work 
is far more persuasive in this regard,* but it does nicely ratio
nalize substituent effects cited as evidence against concert.9 

However, other substituents and dienes must be pursued within 
this framework before general applicability can be claimed. 
In particular, steric effects may also play an important role, 
and these are currently being analyzed.1 0 1 3 
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Charge-Transfer Luminescence from a Nonaromatic 
a-Diimine Complex of Ruthenium(II) 

Sir: 

Since the introduction of tris(2,2'-bipyridine)ruthenium(II), 
[Ru(bpy)3p+ , as a photosensitizer,1 there has been a surge of 
interest in the excited-state properties and chemistry of 
[Ru(bpy)3p+ and related polypyridine complexes of d6 met
als.2-3 This interest has been augmented in part by their po
tential utilization in solar energy conversion and in laser ap
plications.4-5 

To date all charge-transfer (CT) emissions from Ru(II) 
complexes have occurred with molecules containing aromatic 
bipyridines, phenanthrolines, and their isoelectronic nitrogen 
substituted ligand analogues.5a-68 We report here proof that 
an aromatized cyclic ligand is not essential for CT emission. 
CT emissions can arise when only the a-diimine ( - N = C — 
C = N - ) functionality or at most a perturbed cv-diimine is 
present. This result opens up a broad new class of ligands9 for 
preparing potential CT emitting photosensitizers. 

We have prepared the tris(2,2'-bi-2-thiazoline)rutheni-
um(II) complex,10 [Ru(bt)3p+ , where bt has the following 
structure. 

0002-7863/79/1501-4394S01.00/0 © 1979 American Chemical Society 
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Figure 1. Room temperature absorption of [Ru(bpy)3]2+ ( - - - ) and 
[Ru(bt)3]2+ (—) in ethanol-methanol) (4:1 v/v). Corrected emission 
spectra of [Ru(bpy)3]2 +(---) and [Ru(bt)3]2+(• 
nol-methanol (4:1 v/v) glass. 

) at 77 K in an etha-

QM^ 
The room-temperature absorption and low-temperature 

emission spectra of [Ru(bt)3]2+ along with those for the pro
totype CT emitter [Ru(bpy)3p+ are shown in Figure 1. 
[Ru(bt)3]2+ does not emit in solution at room temperature; at 
77 K the emission is weak ($ = 3 X 1O-4),13 but is easily 
measurable and the decay time is 80 ns. In spite of the great 
skeletal differences between the bt and bpy ligands, the simi
larity between the two sets of spectra is striking. Except for the 
former complexes' bathochromic shifts in the absorption (2650 
cm"1) and emission (4230 cm - ' ) , the structure, band shapes 
and widths, and molar extinction coefficients for the two 
complexes are almost identical. The intense absorption of 
[Ru(bt)3]2+ at 19.42 kcm-1 (e 16 600) is very similar to the 
low-lying CT bands of [Fe(bt)3p+ 15 and a related series of 
saturated a-diimine-Fe(II) complexes.16 The observed blue 
shift on going from Fe(II) and to Ru(II) complexes is char
acteristic of metal-to-ligand CT (MLCT) transition of 
polypyridine complexes. On these grounds we assign the low-
energy absorption of [Ru(bt)3p+ to a MLCT transition.17 

We assign the emission of [Ru(bt)3p+ to a d-7r* MLCT 
transition. This assignment is supported by the following 
considerations. The emission is at least 8 kcm-1 too low in 
energy to arise from a ligand fluorescence or phosphorescence. 
The sharpness and vibrational structure of the emission is 
characteristic of MLCT emissions,6^8 but not of d-d emissions 
of d6 complexes which are much broader and structureless at 
77 K.18 Also, we would expect bt to function as a ligand with 
a reasonably high crystal field strength which would raise the 
lowest ligand-field excited states19 to well above the ~13-
kcm-1 emitting level. Also, the splitting between the first 
emission maximum and the most intense CT absorption is ~6.4 

kcm-1 which again is consistent with a MLCT assignment; for 
polypyridine-Ru(II) and -Os(II) complexes exhibiting CT 
emissions, these spacings are 4.5-6.5 kcm-1. 

Crosby and co-workers have demonstrated that spin-orbit 
coupling is so great in [Ru(bpy)3p+ and related Ru(II) com
plexes, that a singlet-triplet classification of their CT states 
is probably meaningless.7 For similar reasons a fluorescence 
or phosphorescence assignment to the emission of [Ru(bt)3]2+ 

would be meaningless, and we refer to this emission only as a 
luminescence from a spin-orbit CT state. 

As further verification of a d-7r* CT assignment of the 
emission of [Ru(bt)3p+, we have compared the intrinsic life
time, To, of [Ru(bt)3p+ with the value estimated from the 
semiempirical spin-orbit coupling model20 of Demas and 
Crosby which was originally used with Ru(II)-polypyridine 
complexes. The To from emission results was ~240 /is, while 
that estimated from the spin-orbit coupling model was ~60 jis. 
Given the simplicity of the model, the agreement is satisfactory 
and further emphasizes the similarity in emission character 
of Ru(II)-polypyridine complexes with those containing only 
the a-diimine chromophore. 
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Stereochemistry of the Permanganate Oxidation 
of 1,5-Dienes 

Sir: 

In 1965 Klein and Rojahn reported that oxidation of 1,5-
dienes structurally related to geraniol and nerol (1, R] = R2 
= R4 = CH3; R3 = H; R5 ?± R6) with potassium permanga
nate under slightly alkaline conditions afforded 2,5-bis(hy-
droxymethyl)tetrahydrofurans 2 with relative stereochemistry 
as shown in eq 1.' -1 From a mechanistic viewpoint, these results 

Scheme I 

R2 R3 Ra 

are provocative, particularly in light of the recent proposals 
of Sharpless concerning the mechanism of oxidations of olefins 
by oxo transition metal species.3 They are especially intriguing 
from the standpoint of synthetic chemistry in suggesting that 
stereocontrolled synthesis of 2,5-bis(hydroxymethyl)tet-
rahydrofurans 2 with/our chiral centers (R 1 ?̂  R2; R5 ^ R6) 
may be accomplished via stereoselective synthesis of the ap
propriate 1,5-diene precursor. To our knowledge, no report 
concerning permanganate oxidation of a 1,5-diene containing 
four unsymmetrically substituted olefinic carbons (1, Ri 7̂  
R2; R5 7̂  R6) has appeared in the literature, and no quanti
tative analytical data regarding the extent of stereospecificity 
of the transformation for any 1,5-diene is available for mech
anistic consideration. Therefore, as part of a study on the scope 
and mechanism of this reaction, particularly relating to the 
development of methodology for stereocontrolled total syn
thesis of tetrahydrofuran containing natural products (e.g., 
monensin4), we describe here our work on the oxidation of the 
three isomeric 2,6-octadienes. 

The results of our study show that diols 2a-c (Scheme 1) are 
indeed formed from dienes la-c, respectively, with >97% 
stereospecificity. A mechanistic rationalization of these results 
is presented. Our mechanism involves Sharpless type3 [2 + 2] 
insertions of the olefinic 7r bonds into metal oxo bonds of 
manganese. The key tetrahydrofuran-forming step is a re
ductive elimination with migration of carbon from manganese 
to oxygen with retention of configuration. 

The known (Z,Z)-, (E,Z)-, and (£,£)-2,6-octadienes la, 
lb, and Ic, respectively5 (Scheme I), were prepared stereo-
selectively in our laboratories from 1,5-hexadiyne. Oxidative 
cyclization of (Z,Z)-2,6-octadiene ( la, 2 molar equiv of 
KMnOa, 10% aqueous acetone solvent, CO2 ebullition, —20 

Scheme II 

"MnO4 ' 

/Oo 

MnOp 

0 C, '/2 hr) followed by filtration of Mn02, removal of acetone 
and water in vacuo, and simple gravity chromatography of the 
residue on silica gel gave a pure diol, assigned structure 2a,6 

albeit in a disappointingly low 32% yield. Similarly, oxidation 
of dienes lb and Ic produced diols assigned structures 2b and 
2c, respectively.6 The cis-2,5-disubstituted tetrahydrofuran 
assignment was made based upon literature precedent1 and 
upon an analysis of the product obtained from oxidation of 
1,5-hexadiene. In this case the known1-7 m-2,5-bis(hydroxy-
methyl)tetrahydrofuran is produced with no trans diol impurity 
detectable by 13C NMR. The structural assignments for diols 
2a-c were confirmed by single crystal X-ray analysis of the 
bicyclic ketal 3,6 prepared from diol 2a as shown in Scheme 
I. This crystal structure establishes the 2R,3S configuration 
for diol 2a2 allowing an unambiguous assignment of relative 
stereochemistry for all three diols based upon symmetry 
properties readily deduced from the 1H and 13C spectra. 

Gas chromatographic analysis of the purified diols 2a-c 
showed very little cross contamination. For example, GC 
analysis of diol 2b on an 0.2% Carbowax 2OM on Chromasorb 
2OW column showed <0.5% diol 2c and 2% diol 2a. An abso
lute lower limit of 97% stereospecificity was set for this reaction 
by a careful GC analysis of the crude reaction mixture from 
oxidation of (Z,Z)-2,6-octadiene ( la) . This analysis showed 
a peak with the same retention time as diol 2b, with 3% the area 
of the peak corresponding to diol 2a. 

Classical ideas concerning the mechanism of the perman
ganate oxidation of olefins8 offer little help in understanding 
this rather remarkable transformation. Though several possible 
modes for formation of diols 2a-c may be envisioned, the high 
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