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radical trap (T) such as DPPH,6' or an efficient 
hydrogen donor." Under conditions where the trap (T) is present 
in modest concentrations1Ia (-0.1 M )  and in excess of [M-L], 
the observated rate constant (koM)  for the homolysis process will 
be given by eq 1. The term in brackets is the complement of the 

koM = [ l  - F,]*kl 
Fc = kc/(kc + kd) 

(1) 
( l a )  

fractional cage efficiency, F,, which is defined as shown in eq la. 
Taking the first derivative of k,, (eq 1) with respect to T' yields 
eq 2. Here A P o ~  is the usual ln(kow/n/(l/n slope, A P l ( s )  

(2) 
is the activation enthalpy for the k, step in solution, while AH'd 
and AH', 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 AHtoW and 
AHt l ( s ) .  It reveals that F,, AH*& and but not AH*-, could 
be corrections in obtaining AH'](s) from AH*ow.lob 

The relationship between the observedlhvd activation entropies 
and those for the elementary steps of Scheme I is given in eq 3. 
The h S * d  - AS', term could be a substantial part of AS',, 
depending on F,. 

AHtobd = AH*l(S) 4- F,.[AH*d - AH',] 

M t o ~  N &?*,(S) + F , * [ u * d  - ,I (3) 
Equations 2 and 3 make it clear that the cage efficiency factor, 

F, is a variable that must be conridered. The value of F, certainly 
changes with changing solvent, temperature, and M-L structure. 
No experimental data on even an approximate F, value for any 
M-L bond homolyses, much less its variation, have been provided 
as yet. There is a continuum between F, - 0 (AG', higher than 
AGld) and F, - 1.0 (AG', lower than AGld (Figure I)), and it 
is not known, a t  the present time, where M-L systems fit into this 
spectrum. 

Equation 1 teaches that measurement of both kow and F, a t  
several temperatures will give kl  and hence AH*,(s) directly 
without the complication of AH'd - AH', (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 t ~ m b l i n g ~ ~ * ' ~ J ~ ~ ~  of the carbon radical with respect 
to the Me or an appropriate internal rotation6' in the carbon radical 
(at the cage pair stage) were much faster than k,, then the rate 
constant for racemization would give k ,  of Scheme I directly. The 
cage effect would be evident in a lower value for ko, under the 
same  condition^.^^ However, the precedents from the organic 
literature show that some retention of oxygen- 18 label" or carbon 
configuration6f*'"20 are the result for cage combination, even for 

~ ~ 
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systems in which F, is small. If organometallic systems do exhibit 
high F, values, as has been implicitly assumedIob in recent work 
on M-L systems, then racemization rates might not count every 
homolytic event.'5a 

Finally, we should like to point out that a cage pair is effectively 
a diradical and, as Houk2I has shown for the carbene-olefin 
reaction and DoubledayZZ has discussed for 1,4-diradicals, the 
activation enthalpy for bond formation, corresponding to k, of 
Scheme I, can be negative. A negative value for AH', is quite 
possible and simply requires that AS', be sufficiently negative 
to make AG', positive.23 Equations 2 and 3 teach that negative 
values for AH*, and AS', increase the cage effect contribution 
to AH*,w and L L ! ~ ' , ~  since they reinforce the positive values of 

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 AH*obSd and Utobsd 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 AH, '(s) and 
bond dissociation energies involve an additional set of consider- 
ations which are treated elsewherea2' 
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Lithium dialkylamides have played a prominent role in the 
development of carbon-carbon bond-forming reactions.' Nev- 
ertheless, our understanding of dialkylamide solution structures 
relies heavily on indirect methods such as analogy with solid-state 
s t r u c t ~ r e s ~ - ~  or with solution structures of more-or-less related 
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cryoscopic measurements, Snaith and co-workers demonstrated 
that (1) the complex ladder structure of lithium pyrrolidide 
solvated by PMDETA (PMDETA = pentamethyldiethylenetri- 
amine) observed crystallographically appeared to coexist with a 
variety of other uncharacterized structural forms in hydrocarbon 
solutionsZC and (2) [Cy,NLi.HMPA], (Cy = cyclohexyl, HMPA 
= hexamethylphosphoramide) and unsolvated (PhCH,NLi), (Ph 
= phenyl) exist in hydrocarbon solutions as concentration-de- 
pendent dimer-monomer and trimer-monomer mixtures, re- 
~ p e c t i v e l y . ~ ~ ~  On the basis of cryoscopic measurements, Seebach 
reported that lithium diisopropylamide (LDA) exists as a 5:l 
monomer/dimer mixture in tetrahydrofuran at -108 OC." 

We describe herein several simple NMR spectroscopic ex- 
periments which demonstrate that lithium isopropylcyclohexyl- 
amide (LICA) exists as a 1:l mixture of stereoisomeric dimers 
cis-1 and trans-1 in tetrahydrofuran (THF). 

(THF), (THO,, I I 
c y ~ i , ~  0 Li\ ,,I~cY \  CY^,,^ 0 Li \ l l l l i -~r 

i - P r y N \  ~ ~ \ i . p r  i.pr/N\ /'\Cy Y $1 

Communications to the Editor 

a/"- I 

Figure 1. N M R  spectra of lithium isopropylcyclohexylamide (LICA): 
(A) partial "C N M R  spectrum of a 0.20 M solution in 0.59 M THF- 
toluene-ds a t  -90 "C showing the N-CH methine resonances (cf. ref 13); 
(B) 6Li N M R  spectrum of a 0.21 M solution of [6Li,'5N]-LICA in 9.93 
M THFltoluene-ds a t  -90 "C; (C) IsN N M R  spectrum of a 0.20 M 
solution of [6Li,'SN]-LICA in 0.41 M THF/toluene-ds at  -40 "C. (The 
small doublets appear sporatically and are believed to be trace impurities 
arising from the synthesis and handling of the labeled substrate.) The 
6Li and "N N M R  spectra were calibrated to 0.30 M LiCI/MeOH (0.0 
ppm) and 0.15 M ['5N]-aniline/THF (50 ppm) as described previously 
(ref loa).  

N-lithiated ~pec ies .~*~- l '  We are aware of only three direct 
spectroscopic determinations of lithium dialkylamide solution 
structures. With 'Li NMR spectroscopy in conjunction with 
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cis-1 trans-1 

13C NMR spectroscopic analysis of LICA in THFltoluene-d, 
mixtures at -89 OC showed resonance duplication indicative of 
a 1:l mixture of two structural forms (Figure lA).I3 A complete 
independence of the peak ratios on amide concentration over a 
10-fold range (0.06-0.55 M) and T H F  concentration over a 60- 
fold range (0.20-12.0 M) showed the two species to be equivalently 
aggregated and equivalently solvated. 

6Li NMR spectroscopy failed to resolve the two structural 
forms; a sharp singlet (6 1.89 f 0.01 ppm) was observed at all 
T H F  concentrations and temperatures. Accordingly, we turned 
to 6Li-'5N double labeling studies, which, in conjunction with 6Li 
and I5N NMR spectroscopy, have recently been shown to provide 
a powerful tool for determining nitrogen-lithium connectivities 
of lithium anilides and lithiated imines.10Jl.15 

The 6Li and I5N NMR spectra of [6Li,15N]-LICA are depicted 
in Figure 1.16 The 1:2:1 triplet in the 6Li NMR spectrum of 
[6Li,*5N]-LICA (6 1.89 ppm, lJN-u = 5.1 Hz) is indicative of an 
N-Li-N connectivity. The partially overlapping pair of 1 :2:3:2:1 
pentuplets observed in the I5N NMR spectrum (6 7 1.3 ppm, 
= 4.8 Hz; 6 70.9 pm, IJLi+ = 5.3 Hz) shows a Li-N-Li con- 
nectivity and confirms the presence of two structural forms. The 
combined Li-N-Li and N-Li-N connectivities indicate that LICA 
exists as some form of cyclic oligomer. The approximate 5-Hz 
N-Li coupling is notably large relative to the 3-4-Hz coupling 
of the corresponding N-phenyl-substituted cyclic oligomer ..lo,ll 

The organolithium and T H F  concentration-independent ?so- 
nance doublings are suggestive of stereoisomeric dimers cis- and 
tranr-1.I' Although higher cyclic oligomers predicted by theory1* 

(12) Seebach, D.; Bauer, v. W. Helu. Chim. Acta 1984, 67, 1972. 
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have been isolated and crystallographically characterized on three 
occasions (viz [(PhCHJ2NLiI3, [(Me3Si)2NLi]3, and [Me2C- 
(CH2)$Me2NLiI4), they are all void of coordinating solvents. 
In contrast, the etherates of (PhCH2)2NLi and (Me3Si)2NLi 
crystallize as disolvated cyclic dimers4v5 (as do other related lithium 
amide derivatives) while an etherate of MezC(CH2)$Me2NLi 
remains u n c h a r a c t e r i ~ e d . ~ ~ ~ * ~  By noting the symmetry of ster- 
eoisomeric trimers i and ii, further arguments can be made sup- 

r 

i 

I i 

Li, ,il 
1% 

cy ?Pr 

i ii 

porting dimers rather than trimers (or higher oligomers) as the 
predominant forms of LICA in THF solution. The 15N-6Li 
coupling patterns of i and ii would exhibit as many as three 6Li 
resonances, three 15N resonances, and three separate resonances 
for each carbon atom in the skeleton. Such spectral complexities 
were not detected by three quite different forms of N M R  spec- 
troscopy. Thus, we concur with Snaith and co-~orkers '~  that the 
higher order cyclic oligomers are probably restricted to ligand-free 
lithium amides and, in turn, assign the observed aggregates of 
LICA as cis- and trans-1. 

The invariance of the 6Li shift of LICA over T H F  concen- 
trations spanning 0.2-1 2.0 M, taken in conjunction with crys- 
tallographic studies of N-lithiated species solvated by simple 
monodentate donors, is consistent with a single coordinated THF 
per lithium in dimers cis- and trans-1. However, Seebach and 
co-workers have crystallographically characterized an unsym- 
metrical trisolvated dimer of a related N-lithiated species.& In 
addition, solution structural studies of lithium diphenylamide dimer 
and the corresponding lithium diphenylamide-lithium bromide 
mixed dimer in THF/hydrocarbon solutions uncovered evidence 
of higher degrees of solvation.Iob Thus, the solution solvation states 
of cis-1 and trans-1 are not evident at this time. 

As evidence of the relative importance of aggregated, mixed 
aggregated, and monomeric forms of lithium dialkylamides in 
determining reactivity and selectivity begins to accumulate,20 
detailed solution structural information will become an increasingly 
important component of predictive models. 
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Magnesiate ions, formed by equilibria such as that in eq 1 but 
in amounts too small to detect by N M R  spectroscopy, were 

3R2Mg + 15-C-5 s RMg(15-(2-5)' + R5MgT (1) 

suggested as being the species responsible for the striking chemical 
behavior of solutions resulting from addition of 15-crown-5 to 
EtOEt or T H F  solutions of dialkylmagnesium compounds.' 
Subsequent studies showed that appropriate cryptands, far more 
effective than crown ethers as coordinating agents for Mg, form 
substantial amounts of such ions. Structures of solid NpMg- 
(2,1, l-cryptand)+Np3Mg- (Np = neopentyl) and [EtMg(2,2,1- 
cryptand)+lzEt6Mgz2- were determined,l and IH N M R  spectra 
of solutions prepared from several diorganomagnesium compounds 
showed absorptions attributed to similar  specie^.^-^ This com- 
munication now reports direct observations of the species in eq 
1. 

Crystals (mp 129 "C) suitable for X-ray analysis slowly formed 
when an EtOEt solution of Me2Mg (2 mL, 1.5 M) was layered 
over a benzene solution of 15-crown-5 (2 mL, 0.5 M). X-ray 
analysis6 revealed MeMg( 15-crown-5)+ units and (Me5Mg2-), 
chains, presumably having the indicated charges. As shown in 
Figure 1, the Mg of the cation is bonded in an equatorial fashion 
to all crown ether oxygens and lies just 0.42 A out of their mean 
plane. This Mg also is bonded to an apical methyl group (Mg-C 
2.140 (7) A). The other apical position is occupied by one methyl 
group of the anionic polymer chain, though at  a Mg-C distance 
of 3.28 A.' Within the four-membered ring, bond angles are 
similar to and bond lengths slightly longer than those in the 
M q M g  structure, which has adjoining Mg's linked by two bridging 
methyl groups.s 

Solutions now have been prepared, many of which are stable 
for days or weeks at  room temperature, whose 'H N M R  spectra 
indicate the presence of significant amounts of RMg(crown)+ and 
magnesiate ions. The spectrum in Figure 2, of a benzene solution 
containing approximately 5.2 N p  groups per 15-crown-5 residue, 
is a convenient example to consider. This spectrum shows two 
crown ether absorptions (A, a 2.99; C, a 3.31) and two sets of 
Np absorptions (A, a -0.40 for the CH2 and a 1.22 for the CH,'s; 
B, a 0.34 for the CH2 and d 1.54 for the CH,'s). For several 
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