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transfer of an electron to the arene is unknown but may be fa
cilitated by a bridging iodide as suggested by Kumada in his 
Ni-catalyzed synthesis of biphenyls.13 Kochi has suggested an 
electron-transfer mechanism for halide exchange of arenes in 
nonpolar solvents.14 

The mechanism suggests that NiX4
2" is a reducing agent for 

chloroarenes. Accordingly, we have performed some preliminary 
electrochemical measurements on the NiBr2 system. All mea
surements were performed in DMF at a Pt disk-working electrode 
against a silver wire reference. The supporting electrolyte was 
0.1 M tetra-H-butylammonium tetrafluoroborate, and the con
centration of the substrate was 0.005 M. Cyclic voltammetry at 
100 mV/s sweep rate indicates an oxidation wave for solutions 
of NiBr2 and NaI that does not appear in the cyclic voltammogram 
of either component separately. While not unequivocal, this 
observation is consistent with the formation of a better reducing 
agent in solution upon interaction of NiBr2 and NaI. The nature 
and reducing ability of this species is unknown. Mechanistic study 
and application of this new method to the synthesis of other 
systems is underway. 
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A number of recent1"5 results demonstrate that transition metal 
carbon bond homolyses occur in solution at only slightly elevated 
temperatures. Up until now, these important observations have 
been interpreted1"* in terms of models' that do not include the 
effects of the cage pair intermediate which is unique to solution 
phase studies (Scheme I, Figure 1). We wish to point out that, 
as has been demonstrated with organic peroxides,6-9 the cage effect 
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must be considered in M-L bond homolyses in solution. We 
provide here a set of equations that will help clarify the connection 
between observed activation parameters (MI*obsi and AS*obsd) 
and those for the homolytic elementary step in solution (A/f*1(s), 
AS*i(s)). These equations, while straightforward, have not been 
previously emphasized in the cage literature. They are especially 
significant for M-L systems, many of which cannot be studied 
in the gas phase where bond dissociation is not complicated by 
the cage effect. The formalism provided here is therefore of 
considerable current interest. 

Scheme I shows the phenomenological version of our cage effect 
model,6 cast in terms of a metal-carbon (M-L) bond homolysis. 
The free-energy diagram, corresponding to this scheme, is shown 
in Figure 1 where the two limiting cases (Ad » Ac, solid line and 
A0 » fcd, dashed line) are indicated. The AL1 of Scheme I is the 
rate constant for recombination of free radicals to form the cage 
pair. The rate constant designated kc is for cage pair combination 
and is expected to be greater than AL1 (kc ^ AL1). The kd step 
in Scheme I is meant to describe the diffusive disappearance of 
the cage pair and is also not, in general, expected to be equal to 
AL1.
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Scheme I defines A1 as the rate constant for the formation of 
the cage pair in solution. The A:T process of Scheme I designates 
the reaction of one or both of the free radicals (M", L') with a 
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distinct from AiZL1, AH*d, and AH*c in solution. For simplicity, recombi
nation is the only chemical cage reaction that we have included in Scheme 
I. Disproportionations, etc. could be included6 and in fact are probable for 
M-L systems with |3-hydrogens.2f (b) The suggestion,1 widely employed2"5 

prior to the availability of eq 2 and 3 herein, that bond dissociation energies 
can be obtained by simply subtracting the activation enthalpy for a diffu
sion-controlled reaction in the solvent in which AH*obsi was measured (AZZL1 
~ 2 kcal/mol for acetone or toluene) requires the implicit assumptions that 
Fc ~ 1 and that solvation effects are not important. Most literature estimates 
of Fc are not this large in fluid solvents such as those used for the A//'0i,s<1 
determinations. However, most quantitative values for Fc come from cage 
pairs with intervening small molecules. Higher Fc values are possible in M-L 
systems where no small molecule is formed in the homolytic event. A high 
value of Fc means that the rate determining transition state is *<j (Figure 1); 
*d is well removed from *i and is subject to medium effects in addition to 
M-, L- structural effects. Schemes1 that do not recognize the cage pair 
intermediate will not be able to separate these effects, (c) The activation 
entropy associated with eq 1, defined ln(fcob8<!/7") as 7"goes to infinity is AS"„ 
= ASVs) - J?-ln| 1 + exp[(AS'c - AS'^/R)}. This definition does not apply 
except at T—•• <=. (d) This approximation rests on purely numerical results 
and is quite distinct from the analytic expression for AZZ*,^ (eq 2). It is 
accurate outside of the 0.1 < Fc <0.9 interval and is otherwise good to about 
±2 eu. AS*obsd does not have as good a definition as usual unless Fc is a 
constant over the temperature range used for the fcobsd measurements. 
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radical trap (T) such as DPPH,6f TEMPO,1'2 or an efficient 
hydrogen donor." Under conditions where the trap (T) is present 
in modest concentrations113 (~0.1 M) and in excess of [M-L], 
the observated rate constant (&0b,d) for the homolysis process will 
be given by eq 1. The term in brackets is the complement of the 

Fc = *„/(*,. + k6) (la) 

fractional cage efficiency, Fc, which is defined as shown in eq la. 
Taking the first derivative of fcobsd (eq 1) with respect to 7"1 yields 
eq 2. Here AH*obsi is the usual Inik^ T) / (I / T) slope, A#*,(s) 

AH*obsd = A#*,(s) + Fc-[A#*d - AH*C] (2) 

is the activation enthalpy for the kx step in solution, while AH* d 
and AH*c are the steps in Scheme I that are unique to the solution 
phase where the cage intermediate pertains. Equation 2 is quite 
important in showing the proper connection between Ai/*obsd and 
AH*i(s). It reveals that Fc, AH*6, and AH*c but not AH*L1 could 
be corrections in obtaining AZf̂ 1(S) from AH*obsi.

m 

The relationship between the observed10^ activation entropies 
and those for the elementary steps of Scheme I is given in eq 3. 
The AS*d - AS*C term could be a substantial part of AS*obsi 
depending on Fc. 

AS*obsd <* A5*,(s) + Fc-[A5*d - A5*e] (3) 

Equations 2 and 3 make it clear that the cage efficiency factor, 
Fc is a variable that must be considered. The value of F0 certainly 
changes with changing solvent, temperature, and M-L structure. 
No experimental data on even an approximate Fc value for any 
M-L bond homolyses, much less its variation, have been provided 
as yet. There is a continuum between F1. ~ 0 (AG*C higher than 
AG*d) and F0 ~ 1.0 (AG*C lower than AG*d (Figure I)), and it 
is not known, at the present time, where M-L systems fit into this 
spectrum. 

Equation 1 teaches that measurement of both &obsd and Fc at 
several temperatures will give ^1 and hence AH*x(s) directly 
without the complication of AH*d - AH* 0 (at least within the 
confines of Scheme I). Oxygen-18 scrambling studies for peresters 
are cases where eq 1 has been used to estimate the cage effect. 
In M-L homolysis, the equivalent measurement could be the rate 
of racemization of an M-L having a chiral carbon ligand. If either 
the molecular tumbling*1316"20 of the carbon radical with respect 
to the M- or an appropriate internal rotation6' in the carbon radical 
(at the cage pair stage) were much faster than kc, then the rate 
constant for racemization would give ̂ 1 of Scheme I directly. The 
cage effect would be evident in a lower value for &olMd under the 
same conditions.15 However, the precedents from the organic 
literature show that some retention of oxygen-18 label611 or carbon 
configuration6^16"20 are the result for cage combination, even for 
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systems in which Fc is small. If organometallic systems do exhibit 
high F0 values, as has been implicitly assumed10b in recent work 
on M-L systems, then racemization rates might not count every 
homolytic event.15a 

Finally, we should like to point out that a cage pair is effectively 
a diradical and, as Houk21 has shown for the carbene-olefin 
reaction and Doubleday22 has discussed for 1,4-diradicals, the 
activation enthalpy for bond formation, corresponding to k0 of 
Scheme I, can be negative. A negative value for AH*c is quite 
possible and simply requires that A5*c be sufficiently negative 
to make AG*C positive.23 Equations 2 and 3 teach that negative 
values for AH*0 and A5*c increase the cage effect contribution 
to AH* 

obsd and AS'0l)sd since they reinforce the positive values of 
AH*d and A5*d. 

In summary, we have provided an improved set of relationships 
for evaluating apparent activation parameters for M-L and other 
dissociation processes in solution. The equations make it clear 
that attention to the cage effect is mandatory before any final 
interpretation of variations in Ai/*obsd and AS*obs<i for M-L bond 
homolysis is possible. The equations presented here set the stage 
for the evaluation of bond dissociation energies derived from 
solution phase kinetics. The connections between AH1 *(s) and 
bond dissociation energies involve an additional set of consider
ations which are treated elsewhere.2f 
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Lithium dialkylamides have played a prominent role in the 
development of carbon-carbon bond-forming reactions.1 Nev
ertheless, our understanding of dialkylamide solution structures 
relies heavily on indirect methods such as analogy with solid-state 
structures2"7 or with solution structures of more-or-less related 
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