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example is provided by the reaction of H2 with I, a 
six-coordinate Re1 complex, to form the seven-coordi
nate Re111 complex II. This reaction is not reversed 
under 60 psi of N2 pressure; in this respect it is unlike 
the addition of H2 to CoH(N2)L3 to form CoH3L3, a 
readily reversible reaction. 

A hydrido-ethylene complex, ReH(C2H4)(dppe)2
7 

(VII), is formed on shaking a benzene solution of I under 
60 psi of ethylene pressure. No evidence was found for 
insertion of C2H4 into the Re-H bond; retention of the 
latter in VII is demonstrated by the r 16.92 quintet in 
the 1H nmr spectrum. The bound ethylene proton 
resonance occurs at r 7.64 (CS2 solution),14 consider
ably shifted from the value for free ethylene (r 4.67 
in CCl4) or ethylene in Zeise's salt (r 5.27),1S but not 
excessively different from the shift for 7r-bonded ethyl
ene (KC=C), 1541 cm-1) in [Re(CO)4(C2H4)2]PF6 

(T 6.6 in D2O).16 It appears reasonable to formulate 
VII as a six-coordinate T-ethylene complex of Re1, 
and to view its formation as a simple substitution 
reaction. The only other stable hydrido-ethylene com
plexes of which we are aware are NbH(CoHs)2(C2H4)

17" 
and JTOKS-[PtH(C2H4)(PEtS)2]BPh4 ;

17b the latter has 
been formulated as a four-coordinate ^-ethylene com
plex. 

Carbon monoxide slowly displaces N2 from I in 
benzene solution to form the carbonyl analog, trans-
ReH(CO)(dppe)2

7 (VIII), in quantitative yield. That 
VIII has retained trans geometry is confirmed by the 
presence of a high field quintet and its value of 7(P-H) 
(Table I). The low value of v(CO) is consistent 
with the suggestion of Chatt, et al.,1 that terminal car
bonyl complexes with low KCO) will have dinitrogen 
analogs. Finally, we note that the higher value of 
r(Re-H) for the N2 complex I, as compared to the CO 
complex VIII, suggests that N2 has a somewhat smaller 
trans influence than CO.9 A similar conclusion has 
been reached on other grounds.18 
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Steric Hindrance in Triplet Electronic 
Energy Transfer1 

Sir: 

Systematic studies of the rates of triplet electronic 
energy transfer processes have mainly focused upon 
the effects of energetics on the efficiency of energy 

(1) Presented in part at the 8th Western Regional Meeting of the 
American Chemical Society, San Francisco, Calif., Oct 1972. 

transfer.2-4 These studies have led to the following 
conclusions: (1) when the triplet energy of the donor 
exceeds the triplet energy of the acceptor by more than 
3 kcal/mol, the energy transfer rate is at the diffusion-
controlled limit; (2) as the triplet energy of the donor 
decreases below this level, energy transfer rates drop 
very sharply. Several exceptions to these general 
rules have been noted and explained as steric hindrance 
to triplet energy transfer.5-8 Since the accepted elec
tron-exchange formulation for triplet energy transfer 
requires an effective collision between the donor and 
acceptor molecules,9 the possibility of steric hindrance 
might be expected. However, there have been no 
systematic studies of the magnitude of steric effects 
upon the rates of triplet electronic energy transfer.10 

We have measured the rates of quenching of triplet 
triphenylene in benzene solution by a series of azo 
compounds with a variety of steric properties. The 
triplet energy of triphenylene has been established to 
be 66.6 kcal/mol in a nonpolar solvent.11 The de
termination of triplet energies for aliphatic acyclic azo 
compounds has been more difficult, but the best esti
mates are about 53-56 kcal/mol.1213 Thus, triplet 
energy transfer from triphenylene to an azo compound 
is sufficiently exothermic to allow a prediction of a 
diffusion-controlled rate constant. Small substituent 
effects upon the triplet energies of individual azo com
pounds should not affect this prediction. We have 
found, however, that the rate of triplet energy transfer 
from triphenylene to azo compounds can be sub
stantially less than the diffusion-controlled limit, de
pending upon the steric bulk of the substituents sur
rounding the azo functional group. 

All of the azo compounds were synthesized by the 
method of Stowell14 and were determined to be >95% 
pure by gas chromatographic analysis. Samples were 
prepared in purified4 benzene and degassed by five 
freeze-pump-thaw cycles to an ultimate pressure of 
at least 1O-6 Torr. Quenching rates were determined 
by standard flash photolytic kinetic techniques,4 using 
a modified Xenon Model 710 apparatus.15 Rate con
stants were obtained as the slopes of linear Stern-Vol-
mer plots of observed first-order decay rate constants, 
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using at least five different quencher concentrations.16 

The measured quenching rate constants are listed in 
Table I. 

Table I. Rate Constants for Quenching of Triplet Triphenylene0 

Quencher 

/rfiro-Stilbene" 
Azo-rc-butane 
Azoisobutane 
Azo-^ec-butane 
Azo-1-adamantane 
Azo-te«-butane 

Rate constant, 
M'1 sec-16 

6 X 10» 
6 X 108 

3 X 10» 
6 X 108 

6 X 10s 

3 X 108 

° In benzene solution at room temperature; measured triphenyl
ene triplet lifetime 1 X 10 - 4 sec. h Estimated error limits ± 2 0 % . 
' This case represents the diffusion-controlled rate previously 
measured to be 7 X 10* M~' s ec - ' ; see ref 4. 

The quenching rates clearly drop sharply as substitu
tion is increased about the azo functional group. A 
completely diffusion-controlled rate is observed only 
with azo-fl-butane, and the quenching rates steadily 
decrease as the alkyl substituents proceed from primary 
to secondary to tertiary. Except perhaps for azo-1-
adamantane, the observed rate constants correlate 
extremely well with what would be expected purely on 
the basis of steric effects. The rate of quenching of 
triplet triphenylene by a cis azo compound, 2,3-diaza-
bicyclo[2.2.1]heptene-2 (1) (E? = 60 kcal/mol), has 

been determined to be 3 X 109 M~l sec -1 in benzene 
solution.18 Although the azo functional group in 1 
is attached to secondary substituents, the cis stereo
chemistry almost certainly renders the chromophore 
more accessible than the trans stereochemistry of the 
corresponding azo-sec-butane. 

Based upon Dexter's theoretical formulation of elec
tron-exchange energy transfer,19 it has been calculated 
that triplet energy transfer rateos should fall off one order 
of magnitude for each 1.2 A increase in separation 
between the donor and acceptor chromophores.1020 

Molecular models and calculations indicate that a 
tertiary substituent, such as fm-butyl or 1-adamantyl, 
possessesoa van der Waals radius which would extend 
about 1 A beyond that of a ir system.10 Thus, triplet 
energy transfer from triphenylene to azo-n-butane 
proceeds at a diffusion-controlled rate because the 
donor and acceptor chromophores may come into direct 
contact, but triplet energy transfer from triphenylene 
to azo-ter/-butane occurs at a rate one order of mag
nitude less than diffusion-controlled because the ter
tiary substituents keep the donor and acceptor chromo
phores (van der Waals radii) separated by about 1 A. 

(16) Although the subject of energy transfer to azo compounds has 
been the source of substantial confusion,13'17 the method of monitoring 
triplet decay rates assures that we are observing only triplet quenching. 
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The specific orientation which leads to this prediction 
involves the azo compound lying flat over the plane of 
the triphenylene molecule. 

The rate of singlet energy transfer from triphenylene 
to azo-rert-butane has been determined both by fluores
cence lifetime quenching and by fluorescence intensity 
quenching to be 5.6 X 109 and 6.2 X 109 M~l sec"1, 
respectively.13 Since this rate constant is at the diffu
sion-controlled limit, it would appear that steric hin
drance is substantially less important in the transfer of 
singlet electronic excitation in solution.2122 

We are currently determining the rates of quenching 
of lower energy sensitizer triplet states by the same 
series of azo compounds, in order to ascertain the effect 
of energetics upon the magnitude of these steric effects. 
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Nature of the 2-Bicyclo[2.1.1]hexyl Cation1 

Sir: 

It is commonly observed that cyclobutylcarbinyl 
derivatives rearrange on solvolysis to cyclopentyl com
pounds.2 A particularly interesting example of this 
type of rearrangement is found with bicyclo[2.1.1]hexyl-
2 derivatives for here the rearranged ion is degenerate 
with the unrearranged ion (eq 1). This case has been 

(D 

studied by Meinwald and Gassman3 and by Meinwald 
and Crandall.4 They have presented evidence showing 
a rearrangement of the type shown above and found 
the rate of solvolysis to be greater than might be ex
pected for simple open ions. This led to the suggestion 
that the species formed on ionization might be a bridged 
ion (eq 2). 

This appeared to be a case in which a stable ion or 
equilibrating group of ions might be found. Thus, the 
reaction of 2-chlorobicyclo[2.1.1]hexane5 with antimony 
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