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Appendix 
The computations used the extended Huckel method 

with Hii's and other relevant parameters listed in Table 
11. The off-diagonal elements were evaluated with the 
weighted Hij formula.24 
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The C-C, C-H, Ir-centroid, P-H, and Ir-P bond dis- 
tances were set a t  1.41, 1.1, 1.724, 1.42, and 2.42 A, re- 
spectively. The H-Ir-C, bond angle in the vinyl system 
was kept a t  80.0'. The Ir-P-H angle were set a t  123.1'. 

Registry No. C2H4, 74-85-1. 
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13C and 6Li NMR studies have been carried out on tert-butyl- and tert-pentyllithium-6Li in cyclopentane 
solution. The proton-decoupled 13C resonance for the a-carbon of tert-butyllithium-6Li varies from a sharp 
nine-line multiplet above -5 'C, J(13CJLi) = 4.1 Hz, to a sharp seven-line multiplet below -22 "C, J(13C-6Li) 
= 5.4 Hz. This indicates slowing of the fluxional exchange of the tert-butyllithium tetramer at low 
temperatures. A line-shape analysis of the 13C and 6Li exchange-broadened spectra yields activation 
parameters for the fluxional exchange of AH* = 25.0 f 0.1 kcal/mol and AS* = 44 f 1 eu. In contrast, 
the a-carbon of tert-pentyllithium-6Li is a temperature-independent nine-line multiplet with J(13C-6Li) 
= 4.0 Hz. This is interpreted in terms of a similar fluxional process with AG* (188 K) I 7.9 kcal/mol. 
The possible mechanisms for fluxional exchange are discussed. 

Introduction 
It is well-known that alkyllithium compounds exist as 

aggregates, (RLi),, where n depends on the alkyl group, 
solvent, concentration, and temperature.2 Aggregation 
states of alkyllithium compounds in hydrocarbon solvent 
range from dimers3v4 to octamers and nonamers: with the 
majority of compounds existing primarily as tetramers, I, 
and hexamers, 11. These compounds undergo a variety 

I 
R R It 

of exchange processes in solution including inversion at  
carbon bonded lithium, interaggregate carbon-lithium 
bond exchange, and intraagregate carbon-lithium bond 
exchange. While NMR studies have revealed many details 
of inversion at carbon and interaggregate much 

(1) Presented in part at the 189th National Meeting of the American 
Chemical Society Miami, FL April 1985; paper INOR 69. 

(2) (a) Wardell, J. L. Comprehensiue Organometallic Chemistry; 
Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon: Oxford, 
1982; Vol. 1 pp 43-120. (b) Wakefield, B. J. The Chemistry of Organo- 
lithium Compounds; Pergamon: Oxford, 1974. 

(3) Glaze, W. H.; Freeman, C. H. J. Am. Chem. SOC. 1969, 91, 

(4) Fraenkel, G.; Henrichs, M.; Hewitt, M.; Su, B. M. J. Am. Chem. 
SOC. 1984, 106, 255-256. 

(5) Fraenkel, G.; Henrichs, M.; Hewitt, J. M.; Su, B. M.; Geckle, M. 
J. J. Am. Chem. SOC. 1980,102, 3345-3350. 

(6) (a) Witanowski, M.; Roberts, J. D. J. Am. Chem. SOC. 1966, 88, 
737-741. (b) Fraenkel, G.; Beckenbaugh, W. E.; Yang, P. P. J. Am. Chem. 
SOC. 1976 98,6878-85. 

7198-7199. 

less is known about the mechanism of intraaggregate ex- 
change (fluxionality). 

Lithium aggregates have been observed at both the fast 
and slow fluxional exchange limits in hydrocarbon sol- 
~ e n t . ~ - ~  In general, the presence of fluxionality has been 
established on the basis of the multiplicity of the I3C NMR 
resonance of the a-carbon due to carbon-lithium cou- 
plingapg or, where the entire multiplet could not be seen, 
from the value of the observed coupling c o n ~ t a n t . ~  Evi- 
dence for the slowing of the fluxional character of tert- 
butyllithium has also come from the 7Li NMR spectra of 
mixtures of tert-butyllithium and [ (trimethylsily1)- 
methyl]lithium.'O On the basis of these studies, hexamers 
are apparently fluxional under all conditions, while tet- 
ramers exchange more slowly. The presence of empty sites 
on the octahedral hexamer has been proposed as a possible 
explanation for the higher fluxional rate of hexamers 
relative to  tetramer^,^ although details of the mechanism 
for fluxional exchange are unknown. 

Information on the energetics and mechanism of flux- 
ionality would be particularly useful in understanding the 
mechanistic details of the reactions of alkyllithium ag- 
gregates with other compounds. I t  is likely that the 
rate-determining step for some of the reactions of alkyl- 
lithium compounds with other substrates is related to the 
fluxional process. Brown very early suggestedlO that the 

(7) Fraenkel, G.; Hsu, H.; Su, B. M. Lithium, Current Applications 
in Science, Medicine, and Technology; Bach, R. O., Ed.; Wiley: New 
York, 1985; pp 273-289. 

(8) Bywater, S.; Lachance, P.; Wonfold, D. J. J. Phys. Chem. 1975, 79, 

(9) Seebach, D.; Amstatz, R.; Dunitz, J. D. Helu. Chirn. Acta 1981,64, 
2148-2153. 

2622-2626. 
(10) Hartwell, G. E.; Brown, T. L. J .  Am. Chem. SOC. 1966, 88, 

4625-4629 
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Figure 1. Experimental (left) and calculated (right) 13C NMR 
spectra of the a-carbon of tert-butyllithium-% in cyclopentane. 

rate-determining step for the initiation of diene polym- 
erization might involve formation of a species similar to 
the transition state in the intraaggregate exchange of 
tert-butyllithium, since the rate of initiation was much 
faster than the rate of dimer formation. More recent work 
on the X-ray crystal structure of the 3-lithio-1-methoxy- 
butane tetramerll further supports the role of the tran- 
sition state as important in the reactions of organolithium 
compounds. Recent work in our laboratory12 has shown 
that trimethylvinylsilane coordinates readily to tert-bu- 
tyllithium in hydrocarbon solvent above the fluxional 
temperature of the tert-butyllithiun tetramer but does not 
coordinate if added to the tert-butyllithium below the 
fluxional temperature. Prompted by these observations, 
we have undertaken a study of the fluxional exchange 
behavior of alkyllithium aggregates. We report here on 
the fluxional behavior of tert-butyl- and tert-pentyllithium 
in hydrocarbon solvent. 

Results and Discussion 
The proton-decoupled 13C NMR spectrum of tert-bu- 

tyllithium-61i in cyclopentane at  room temperature con- 
sists of two resonances: a singlet a t  32.6 ppm and a nonet 
a t  10.7 ppm (peak separation of 4.1 Hz) assigned to the 
methyl and quaternary carbons, respectively. The nine 
peaks of the nonet are in the ratio of 1:410:1619161041, 
which is the multiplet expected for a 13C nucleus coupled 
to four equivalent 6Li nuclei (I = 1). This is consistent 
with the known fluxional tetrahedral structure, I, of 
tert-butyllithium.8Jo 

(11) Klumpp, G. W.; Geurink, P. J. A.; Spek, A. L.; Duisenberg, A. J. 
M. J. Chem. SOC., Chem. Commun. 1983,814-816. 

(12) Clarke, M. T.; Cheng, A. H. B.; Jones, P. R.; Thomas, R. D. 
Abstracts of Papers, 190th National Meeting of the American Chemical 
Society, Chicago, IL; American Chemical Society: Washington, DC 1985, 
Abstract INOR 366. 

1 -40' 

(13) Clark, T.; Chandrasekhar, J.; Schleyer, P. v. R. J .  Chem. SOC., 
Chem. Commun. 1980, 672-673. 
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A 46  O C  Table I. Uniaue Exchange Tetramers - 
degeneracy E m l  for each Li3 face 

n A A  - 5 8  

11 10 9 8 ppm 
Figure 3. 13C NMR spectra of the a-carbons of tert-butyl- 
lithium-%i at 10.8 ppm and of (t-OC4H9)(t-C4H9):Li4 at 9.1 ppm. 
The sample contains 17% alkoxide based on monomer, or 68% 
cross complex. 

The smaller coupling at  higher temperatures is due to 
signal averaging between the two lithium sites. The rapid 
exchange value is approximately 3/4 of the slow-exchange 
value, as expected. The slight difference from that pre- 
dicted could arise either from a temperature-dependent 
one-bond coupling or from an unresolved remote coupling 
of 0.1 Hz. Although this is of some importance in modeling 
the 6Li exchange spectra, it is too small to be observed in 
the 13C spectra. 

At  low temperatures there are two additional 6Li peaks 
at  0.1 and 0.8 ppm due to (t-OC4Hg)(t-C4H9)3Li4 formed 
from adventitious oxygen. This has been confirmed by 
adding tert-butyl alcohol to a tert-butyllithium solution. 
The 3:l ratio of the peaks clearly shows the tetrahedral 
structure first suggested by Brownlo and more recently 
found for solvated (t-OC4Hg) (n-C4H9)3Li4.14 Upon warm- 
ing, the two peaks broaden and coalesce to a single broad 
resonance at  0.4 ppm, indicating an exchange process be- 
tween the two sites. The observed fluxional exchange of 
tert-butyllithium tetramers was independent of the con- 
centration of butoxide-containing tetramers (0.6-17% 
butoxide based on monomer). 

To explore the nature of the process leading to the 
temperature-dependent 13CJLi coupling for tert-butyl- 
lithium-61i, we have carried out a full line-shape analysis 
of the 13C resonance of the a-carbon. 

Fluxional Exchange Model. Since coupling is re- 
tained even in the fast-exchange limit, the exchange pro- 
cess producing the temperature-dependent coupling 
changes must be intramolecular. Furthermore, the CSU 
symmetry of the spins in the tetrahedral structure (four 
6Li nuclei and one 13C nucleus) results in no mechanistic 
information in the NMR line shape regardless of the type 
of lineshape analysis used.15 We have therefore modeled 
the fluxional behavior assuming a random exchange of the 
single 13C nucleus over the faces of an intact tetrahedron 
of 6Li nuclei by using modified Bloch equations. 

(14) McGarrity, J. F.; Ogle, C. A. J. Am. Chem. SOC. 1985, 1067, 

(15) (a) Meakin, P.; Muetterties, E. L.; Jesson, J.P.; J. Am. Chem. SOC. 
1972,94,5271-5285. (b) Jesson, J.P.; Meakin, P. Acc. Chern. Res. 1973, 
6, 269-275. 

1805-1810. 

Nonexchange 
-3 -3 -3 -3 1 
0 0 0 0 1 
3 3 3 3 1 

Two-Site (3:l) 

1 / 7 A  = l/gk, l / T B  = k ;  PA = 0.75, PB = 0.25 
-2 -2 -2 -3 4 
-1 -1 -1 -3 4 
-1 -1 -1 0 4 
1 1 1 0 4 
1 1 1 3 4 
2 2 2 3 4 

Two-Site (2:2) 

1 1 -1 -1 6 
2 2 1 1 6 

Three-Site (2:l:l) 
1 / T A B  = l / T A C  = 1 / 7 C B  = 1/TBc = l/gk, 1 / T C A  = 1 / 7 B A  = '/gk; 

PA = 0.5, PB = pc = 0.25 
0 0 -1 -2 12 
0 0 -1 1 12 
0 0 1 2 12 

This exchange analysis is only valid if there is no ex- 
change between tert-butyllithium tetramers and (t- 
OC4H9)(t-C4H9)3Li4. Figure 3 is the 13C NMR spectrum 
at  46 "C for a sample of tert-butylIithium-61i in cyclo- 
pentane to which has been added tert-butyl alcohol (17% 
alkoxide based on monomer; 68% butoxide cross complex 
tetramer based on integration of the 13C and 6Li spectra). 
The downfield multiplet a t  10.8 ppm is the nonet for 
rapidly fluxional tert-butyllithium tetramer with Jobsd = 
4.1 Hz. The upfield multiplet a t  9.1 ppm (Jobsd = 3.7 Hz) 
is the a-carbon of the three tert-butyl groups bound to 
lithium in (t-OC4H9)(t-C4H9)tLi4. This indicates that the 
exchange between the cross complex and the tert-butyl- 
lithium tetramers is in fact slow and can be ignored in the 
analysis of the fluxionality of the tert-butyllithium tet- 
ramer. 

Also included in Figure 3 are 13C spectra for the same 
high butoxide concentration sample at low temperatures. 
Lowering of the temperature leads to spectral changes of 
both the multiplets, but they appear to be independent 
of one another. In particular, the coalescence of the 
tert-butyllithium peak is qualitatively identical with that 
expected from the spectra in Figure 1 despite the 28-fold 
increase in the relative concentration of the cross complex. 
The additional features on the tert-butyllithium tetramer 
multiplet at -12 "C are characteristic of these peaks when 
there is low signal to noise and is not indicative of addi- 
tional spectral features. 

The magnetic environment of the I3C nucleus is de- 
scribed by the sum of the 6Li mI values for the three 6Li 
nuclei of a triangular face. Any change of the 6Li mI values 
due 6Li T1 relaxation was assumed to be minimal due to 
the very long 6Li TI relaxation times for tert-butyl- 
lithium-61i in cyclopentane.16 The 81 possible combina- 
tions of the 6Li spin states were separated into 15 unique 
tetramers. These 15 tetramers were further divided into 
four types of exchange behavior, depending on the spin 
states present (Table I): nonexchange, two-site (population 

(16) BLi: TI = 125 s for tert-butyllithium-6Li in cyclopentane at 30 "C 
and 2.1 T. Thomas R. D.; Ellington, D. H.; Clarke, M. T., unpublished 
results. 
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Table 11. Fluxional Exchange Rates and Activation 
Parameters for tert -Butvllithium-6Li in CvcloDentane 

Thomas e t  al. 

i 
sample 2 

(5  M) sample 1 (3 M) 
temv" NMR 6Li NMR NMR 

-5.0 85-100* 
-7.0 68-72 
-8.0 50-62 
-9.0 45-50 
-10.0 34-38 
-15.5 12-15 
-16.0 13 
-16.2 10.6-15.5 
-17.0 8.5-9.5 
-18.0 7.8-8.8 
-19.0 6-8 7 
-19.5 5.2-6.2 
-22.0 3-4 
-22.5 3.1-4.3 
AH',' kcal/mol 25.1 f 0.4 25.0 f 2.6 25.0 f 0.2 
AS': eu 44.2 f 1.7 43.8 f 10 44.1 f 0.9 

AH',,,,~l = 25.0 f 0.1 kcal/mol 

&Soverdl = 44 f 1 eu 

"Temperature in "C (f0.2 "C). bUpper and lower limits of the 
fluxional exchange rate, k ,  in s-l. CFrom a least-squares fit of In 
(k/V vs. 1000/T. 

ratio of 2:2), two-site exchange (3:1), and three-site ex- 
change (2:l:l). Each of the unique tetramers was treated 
separately by modified Bloch equat i~ns , '~  with the ex- 
change lifetimes assigned relative to a common exchange 
rate, k, as shown in Table I. The actual equations used 
are given in the Appendix. The 15 different exchange 
tetramers were then combined with the appropriate de- 
generacies to yield the exchange-broadened spectra, right 
side of Figure 1. 

The 13C exchange-broadened spectra were very sensitive 
to the choice of both the nonexchange spin-spin relaxation 
time, T2, and to the nonexchange one-bond 13C-6Li cou- 
pling. The line width of all of the 13C peaks of the a-carbon 
multiplet a t  both the fast- and slow-exchange limits (26 
and -45 "C) were identical and equal to 1.65 Hz. This was 
therefore used as the nonexchange line width for all the 
theoretical specta. The spin-spin relaxation time was then 
taken to be the reciprocal of 7r times the width at  half- 
height. Differential broadening of the different 13C peaks 
of the multiplet due to coupling to the spin 1 nucleusI8 was 
ignored since at the exchange limits all of the peaks of the 
multiplets had the same line width. 

The line width of the methyl peak was originally con- 
sidered as a possible internal line width standard; however, 
it increased monotonically with a decrease in temperature 
and was greater than the observed line width of the a- 
carbon peaks at and below -60 "C, suggesting an additional 
unidentified exchange interaction. In any case, the line 
width of the methyl peak was not a reliable source of line 
width information for the a-carbon peaks. 

Representative experimental and calculated 13C spectra 
of the a-carbon are shown in Figure 1. The results for 
samples at 3 and 5.0 M concentrations (containing 2.5% 
and 0.6% alkoxide, respectively, based on monomer) are 
summarized in Table 11. It  is clear that there is no con- 
centration dependence on the exchange rates. Additional 
samples with concentrations as low as 0.8 M gave identical 

(17) Sandstrom, J. Dynamic NMR Spectroscopy; Academic: New 
York, 1982 and references therein. 

(18) (a) Harris, R. K. Nuclear Magnetic Resonance Spectroscopy, A 
Physiochemical Vieul; Pitman: London, 1983; pp 138-140. (b) Pople, J. 
A. Mol. Phys. 1958, I ,  168-174. 

' ~ I fast exchange 

, \  i l  

1 \ ~ / I slowexchange 
I 1  
e+ J' 

< 3 
J 

Figure 4. Idealized 6Li spectra showing coupling to natural 
abundance 13C. J is the observed nonexchan e one-bond 13C-6Li 

culated from J (at fast exchange) = (35 + J')/4. 

qualitative results, but no quantitative analysis of these 
spectra was attempted due to the poor signal to noise of 
the 13C NMR spectra. 

The exchange rates were also estimated from the 13C 
satellites of the 6Li resonance. Idealized 6Li spectra 
showing 13C coupling are shown in Figure 4. The slow- 
exchange limit 6Li spectrum can be thought of as the su- 
perposition of three 6Li spectra: (1) a single peak for 
tetramers containing only 12C at  the a-position (95.7%); 
(2) peaks at +'/J and -0 Hz due to the three 6Li nuclei 
adjacent to and the one 6Li nucleus remote to a 13C nucleus 
in a spin state of (2.1%); and (3) peaks at  - l / J  and 
-0 Hz due to the 6Li nuclei in a tetramer with 13C nucleus 
in a spin state of -1/2 (2.1%). If the 13C nucleus does not 
change spin states during the fluxional exchange, which 
is reasonable due to the long T1 relaxation time of the 
quaternary carbon, then the change of the satellites with 
fluxional exchange can be treated as two separate two-site 
exchanges (Figure 4). 

Each of the observed satellites a t  the slow-exchange limit 
was assumed to be the more abundant peak of a 3:l two- 
site exchange. The inner, less abundant peaks of each pair 
were never definitely observed due to overlap with the 
large central peak. Therefore, the difference in chemical 
shift of the observed satellites as they broadened and 
moved toward the central peak with an increase in tem- 
perature was fit to the difference in chemical shift of the 
more abundant peaks in the two 3:l two-site exchanges 
with Wl12 = .098 Hz, J = 5.44 Hz, and J' = .1 Hz (no- 
nexchange chemical shifts of f2.72 and i 0 .05  Hz). Al- 
though clearly not as accurate as a full line-shape analysis, 
the treatment of the 6Li spectra served as a check of the 
analysis of the 13C spectra. The results are consistent with 
the 13C data and are also included in Table 11. 

An Eyring plot for the data is shown in Figure 5. A 
leaat-squares fit of the combined data from the three data 
sets yields AHt = 25.0 f 0.1 kcal/mol and AS* = 44 f 1 
eu. The error bounds quoted likely underestimate the true 
error, especially due to the small temperature range pos- 
sible using this technique. I t  is interesting to note, how- 
ever, that the enthalpy of activation is identical with the 
enthalpy of activation for the exchange reaction of tert- 
butyllithium and [ (trimethylsilyl)methyl]lithium.lg The 

coupling (5.44 Hz). J', the long-range 13C- f Li coupling, is cal- 

(19) Darensbourg, M. Y.; Kimura, B. Y.; Hartwell, G .  E.; Brown, T. 
L. J .  Am. Chem. Soc. 1970,92, 1236-1242. 
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\ 1 

5 -100 

-150 1 h 

-400 - 450 3.70 3 3.75 3.80 3.85 3.90 3.95 4.00 

1000 x 1 / T  
Figure 5. Eyring plot for fluxional exchange of tert-butyl- 
l i thiudl i  in cyclopentane: ., from the 13C NMR spectra of the 
a-carbon, 3 M solution; A from 13C NMR of a-carbon, 5 M so- 
lution; 0 from 13C satellites in the 6Li NMR spectra, 3 M solution. 

I / I  30°C 

-35OC 

Li L 

R 
Figure 7. Fluxional exchange mechanisms: A, dissociation to 
dimers; B, dissociation to an eight-membered ring; C, concerted 
center to edge movement of three alkyl groups. 

upfield but is still a nine-line multiplet with the same 
13CJLi coupling. Below -85 "C all of the peaks of the 13C 
spectrum broaden, apparently due to precipitation of the 
compound, but there is no suggestion of coalescence of the 
a-carbon multiplet. The 6Li spectrum over the tempera- 
ture range +25 to -85 "C is a sharp peak at 0.7 ppm with 
13C satellites indicating a constant J(13C-6Li) of 3.98 f 0.1 
Hz. 

On the basis of the multiplicity and the relative inten- 
sities within the multiplet for the a-carbon, tert-pentyl- 
lithium is also a fluxional tetramer. On the basis of the 
similarity of the observed coupling to that for tert-bu- 
tyllithium, it is very likely tetrahedral. Unlike the tert- 
butyllithium, however, it is rapidly fluxional over the entire 
temperature range studied. 

On the basis of the observed coupling in the 6Li spec- 
trum of 3.98 f 0.01 Hz, the nonfluxional 13C-6Li coupling 
would be 5.31 Hz. With use of this value for the nonex- 
change coupling and a line width of 1.65 Hz, the rate of 
fluxional exchange must be 12500 s-l. This corresponds 
to a AG* (188 K) of less than or equal to 7.9 kcal/mol. The 
comparable AG* (188 K) for tert-butyllithium is 16.7 
kcal/mol. The more sterically demanding tert-pentyl 
group has caused a marked increase in the rate of the 
exchange process even though the aggregation state and 
the geometry of the aggregate have not changed relative 
to tert-butyllithium. 

Exchange Mechanisms. The concentration inde- 
pendence of the exchange rates indicates that the exchange 
is first order in tert-butyllithium tetramers. The very large 
positive AS* and the rate acceleration upon going from 
tert-butyl to tert-pentyllithium both suggest a transition 
state which is less sterically crowded than the ground state. 
This observed exchange behavior is consistent with several 
mechanisms. 

One possible mechanism is dissociation of the tetrameric 
aggregate to dimers, followed by rotation and recombina- 
tion (Figure 7A). Such a mechanism would account for 
the large positive AS* in a noncoordinating solvent and 
the rate acceleration for the more sterically demanding 
tert-pentyl group. As noted above, the enthalpy of acti- 
vation for the fluxional exchange is identical with the 24 
f 6 kcal/mol found earlier for the exchange between 
tert-butyllithium and [ (trimethylsilyl)methyl]lithium.lg 
The rate-determining step for this reaction was assumed 
to be the dissociation of the tert-butyllithium to dimers. 
More recently, the activation parameters for exchange 
between dimers and tetramers of vinyllithium in hydro- 
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carbon were reported t o  be 23 kcal/mol and 46 eu,' again 
essentially identical with the results in this study. 

Dixon, however, has argued20 that 24 kcal/mol is much 
too low for the dissociation of alkyllithium tetramers t o  
dimers. O n  the basis of PRDDO molecular orbital calcu- 
lations, there is a difference of 43 kcal/mol between the 
methyllithium tetramer and dimers. He found, on t h e  
other hand, that there  was very little difference in energy 
between tetrahedral and planar tetramers. This is support 
for the mechanism, first proposed by  Brown,P1 of fluxional 
exchange via an eight-membered carbon-lithium ring 
(Figure 7B). Opening of t h e  tetrahedral t e t ramer  t o  t h e  
eight-membered ring is dissociative and leads t o  a t ran-  
sition state with increased degrees of freedom, both  re- 
quired by  t h e  exchange data. P lanar  ring structures are 
known for [ (trimethylsily)methy1]copper22 and for di- 
methyllithium  upr rate,^^ although, to our knowledge, no  
such ground-state structures a re  known for simple alkyl- 
l i thium compounds. In addition, this mechanism can 
account for the  nearly 6 orders of magni tude differencelo 
between the inter- and intraaggregate exchange rates for 
tert-butyllithium. It is difficult to rationalize the  very slow 
interaggregate exchange based only on solvent cage effects 
if dissociation to dimers does in fact  occur. 

A third possible mechanism is the concerted center-to- 
edge rotation of three of the alkyl groups (Figure 7C). This 
mechanism was first proposed t o  explain the inversion at 
carbon for pr imary alkyllithium  compound^.^^ In such 
a mechanism the carbon bonded to li thium undergoes a 
change to  sp2 hybridization. Such  a transit ion state is 
restricted to methyl or primary alkyl groups and would be 
impossible for a tert iary alkyl group due to steric inter- 
actions with the lithium core. If, however, the tetramer 
(or at least the transition state) is primarily ionic in na- 
t ~ r e , ~ ~  then three alkyl anions could rotate relative t o  the  
lithium core in a concerted center-to-edge fashion. It is 
not clear, however, that such a mechanism could lead t o  
the large positive en t ropy  of activation. 

The precise nature of the transition state for tert-bu- 
tyllithium fluxional exchange remains speculative. How- 
ever, the unexpectedly rapid fluxional exchange of the 
tert-pentyllithium again demonstrates the dramatic effect 
of steric interactions on the properties of alkyllithium 
compounds. Work is currently in progress in our labora- 
tory to identify the role of fluxional exchange in the re- 
actions of alkyllithium compounds with other substrates. 

Experimental Section 
All laboratory manipulations involving the synthesis and sample 

preparation of air-sensitive compounds were performed in an 
argon-filled drybox with atmosphere recirculating through an 
oxygen scavenger or in a high vacuum system. All solvents were 
dried over LiA1H4 and degassed on the vacuum system prior to 
use. 

Preparation of Compounds. Di-tert-butylmercury was 
synthesized from tert-butyl Grignard reagent and mercuric 
chloride in ethyl ether.26 Following normal workup, the tert- 
butylmercury was sublimed on the vacuum line without dynamic 

Thomas e t  al. 

(20) Graham, G.; Richsmeier, S.; Dixon, D. A. J. Am. Chem. SOC. 1980, 

(21) Brown, T. L.; Dickerhoof, D. W.; Bafus, D. A. J. Am. Chem. SOC. 

(22) Jarvis, J.  A. J.; Pearce, R.; Lappert, M. F. J. Chem. SOC. Dalton 

(23) Pearson, R. G.; Gregory, C. D. J. Am. Chem. SOC. 1976, 98, 

102, 5759-5766. 

1962,84, 1371-1376. 

Trans.  1977, 999-1003. 
- .  

4098-4104. 

Commun. 1978, 137-138. 
(24) Clark, T.; Schleyer, P. v. R.; Pople, J. A. J. Chem. SOC., Chem. 

(25) Streitweiser, A., Jr. J. Organomet. Chem. 1978, 156, 1-3. 
(26) Blaukat, V.; Neumann, W. P. J. Organornet. Chem. 1973. 49. 

323-332. 

pumping a t  45 "C (lit. value 78-82 "C a t  5 torr). The 13C NMR 
spectrum in CsD6: 60.4 (9, 1J(13C-1sHg) = 635 Hz), 31.3 ppm (q, 
zJ(13C-199Hg) = 29 Hz). This is consistent with the 13C data 
reported earlier.27 

Di-tert-pentylmercury was synthesized in a similar manner from 
mercuric chloride and tert-pentyl Grignard in ethyl ether,2s 
followed by normal workup and distillation (65-70 "C at 2 torr; 
lit. value 80-84 "C a t  5 torr). The 13C NMR spectrum in C&,: 

29.0 (q, zJ(13C-199Hg) = 26.9 Hz), 13.8 ppm (4, 3J(13C-199Hg) = 
73.2 Hz). 

tert-Butyllithium-6Li was synthesized by direct reaction of an 
excess of 6Li metal (94.5% isotopic abundance, Union Carbide 
Corp., Oak Ridge, TN) and di-tert-butylmercury in cyclopentane.* 
The lithium metal was freshly cut in the drybox and placed into 
a reaction vessel. The mercury compound was added and then 
the vessel evacuated on the vacuum line. Enough cyclopentane 
was distilled into the reaction vessel to produce a 2 M solution 
of tert-butyllithium (based on monomer) assuming complete 
reaction. The reaction was sealed and allowed to shake on a shaker 
table a t  room temperature for 2 weeks. Additional lithium metal 
was added and the reaction vessel allowed to react for an addi- 
tional week. As monitored by 13C NMR, no di-tert-butylmercury 
was present after the second addition of lithium metal. In general, 
the preparation with 6Li metal all took considerably longer than 
the corresponding reactions with 7Li metal, which were typically 
complete in a few days to a week. The cyclopentane solution was 
filtered through a fine glass frit. Either this solution was directly 
used for NMR studies, or the cyclopentane was removed on the 
vacuum line and the tert-butyllithium sublimed to yield white 
crystalline solid. There was no observable difference in the ex- 
change behavior of samples by these two methods. 

tert-Pentyllithium was synthesized in a similar manner from 
excess 6Li metal and di-tert-pentylmercury. In all cases the 
cyclopentane solutions were used directly for NMR studies. 
Attempts to remove the cyclopentane solvent under vacuum 
resulted in a dark viscous oil that decomposed upon further 
pumping. 

NMR Parameters and Conditions. All spectra were obtained 
with proton decoupling on a JEOL FX-9OQ spectrometer at 13.19 
and 22.6 MHz for 6Li and 13C, respectively. The alkyllithium 
solution was contained in a sealed 8-mm NMR sample tube which 
was held coaxially within a 10-mm NMR tube. The outer tube 
contained 1 M LiC104 in acetone-d6 used as the 6Li chemical shift 
reference and lock solvent, respectively. 
AU "i chemical shifts as listed in the text are relative to external 

1 M LiC104 in acetone-& set to 0 ppm and contained no correction 
for the difference in bulk magnetic susceptibility between the 
sample and the reference. It should be noted, therefore, that these 
chemical shift values cannot be directly compared to chemical 
shift values measured with a superconducting magnet. To resolve 
the apparent large differences, 6Li NMR spectra of one sample 
of tert-butyllithium-6Li were run at 13.19 MHz with an iron core 
magnet (JEOL FX-SOQ) and at 44.16 MHz with a superconducting 
magnet (Nicolet NT-300). The measured chemical shift values, 
downfield from external 1 M LiC104 in -acetone-d, are 1.0 and 
0.4 ppm for the iron core and superconducting magnets, re- 
spectively. This corresponds to a corrected chemical shift of 0.8 
p ~ m . ~ ~  

Typical conditions for ,Li observation were a flip angle of 90°, 
90-9 repetition rate, 5 0 - H ~  spectral width, four transients, and 
8K transform. 

I3C chemical shifts were assigned relative to Me& by setting 
cyclopentane to 25.8 ppm. Typical conditions for 13C observation 
were a flip angle of 30°, 3-s repetition rate, 1400-Hz spectral width, 
800-3000 transients, an exponential weighting factor of 34 (0.87-Hz 
broadening), and 8K transform. 

Temperature control was achieved by using the standard JEOL 
temperature controller modified by adding fine adjustment to 

67.4 (s, 'J(13C-lsHg) = 652 Hz), 38.0 (t, zJ(13C-1sHg) = 14.6 Hz), 

(27) Browning J.; Goggin, P. L.; Goodfellow, R. J.; Hurst, N. W.; 
Mallison, L. G.; Murray, M. J. J. Chem. SOC., Dalton Trans. 1978,872-76. 

(28) Marvel, C. S.; Calvery, H. 0. J. Am. Chem. SOC. 1923,45,820-823. 
(29) (a) Becconsd, J. K.; Daves, G. D., Jr.; Anderson, W. R., Jr. J. Am. 

Chem. SOC. 1970,92,430-432. (b) Becker, E. D. High Resolution NMR, 
2nd ed.; Academic: New York, 1980. 
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the temperature range scale in addition to the provided coarse 
adjustments. This enabled smaller temperature fluctuations near 
the ends of the original temperature ranges. The temperature 
of the sample was determined before and after each run by re- 
placing the sample with an identical tube containing a calibrated 
ethanol thermometer. If the two temperatures were not within 
f0.2 O C ,  the spectrum was rerun. 

Line-Shape Calculations. The theoretical spectra were 
calculated by using in-house two-site and three-site exchange 
programs based on the modified Bloch equations." Exchange 
rates were obtained by a visual comparison of calculated and 
observed spectra. The errors quoted for the activation parameters 
only include errors from the least-squares fit of the data. 
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Appendix 
The modified Bloch equations used for calculating the 

line shapes are based on 2.14,2.17, and 2.26 of ref 17. After 
substitution of the lifetime, 7Mt and relative populations 
from Table I, these become 

nonexchange 
iCo = -(YAGA 

two-site (3:l) 

two-site (2:2) 

(-@B - ( ' /3)k)  1 PI GB i(0 5)Co (-o(A - ( ' /3)k)  ' / 3 k  
a(O:5)Cj = [ i 3 k  

three-site (2:l:l) 
i (0.5) C, ( - a ~  - ( ' /3)k)  * /3k  

1 l O W C ]  = (-.c - k )  
i(0.25)CO I / &  

   CY^ - k )  ';$ ] E:] 
where Co = scaling factor, CYM = l / T z ~  - 2ai ( U M  - v), U M  

= resonance frequency of site M = Ernl for each face in 
units of J (Hz), as given in Table I, k = exchange rate, as 
discussed in the text, and G M  = magnetization due to site 
M. 

Registry No. (t-OC4HS)(t-C4HS)3Li4, 103258-95-3; 6Li, 
14258-72-1; tert-butyl alcohol, 75-65-0; tert-pentyllithium, 
68602-09-5; di- tert-butylmercury, 23587-90-8; tert-butyl Grignard, 
2259-30-5; mercuric chloride, 7487-94-7; di-tert-pentylmercury, 
91014-88-9; tert-pentyl Grigrmd, 65673-06-5; tert-butyllithium%, 
103258-93-1; tert-butyllithium, 594-19-4; tert-pentyllithium-6Li, 
103258-94-2. 

Gas-Phase Transition Metal Ion Chemistry: The Reactivity and 
Specificity of Atomic Iron( I), Chromium( I), and 

Molybdenum( I) Ions with Alcohols 
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The reactions of gas-phase atomic transition-metal ions Fe+, Cr+ and Mo', generated by multiphoton 
dissociation ionization (MPD/MPI), with a series of aliphatic alcohols were studied by using Fourier 
transform mass spectrometry. The concepts of reactivity and specificity are used to correlate the different 
insertion reaction chemistry of each metal ion. These metal ions undergo three classes of bond insertion 
reactions: C-0 insertion (dehydration), C-H or 0-H insertion (dehydrogenation), and C-C insertion. The 
total reactivity of each metal ion is a function of its electronic configuration and the aliphatic chain length 
and degree of branching of the alcohols. For straight-chain alcohols containing three carbons or more, 
the order of reactivity is Fe+ > Mo+ > Cr'. For shorter alcohols Mo+ is the most reactive species while 
Cr+ is unreactive with methanol and ethanol. 

Introduction f~nct ional ,~ organic substrates as well as studies of ligand 
effects at the metal  enter^,^ and metal cluster reactions5 
reflects this trend. 

Transition-metal ions are reactive toward many organic 
substrates because their valence electron configurations 
make it possible for the metal ion to insert into organic 

In recent years the literature covering gas-phase metal 
ion reactions, particularly those of metal ions of catalytic 
interest, has grown steadily. The growing volume of ex- 
perimental data dealing with transition-metal ions reacting 
with alkanes, cycloalkanes,~a~ bifunctional,2 and multi- 
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(c) Hettich, R. L.; Freiser, B. S. J. Am. Chem. SOC. 1985, 107, 6222. 
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SOC. 1981,103, 962. (b) Allison, J.; Feas, R. B.; Ridge, D. P. Zbid. 1979, 
101,1332. (c) Armentrout, P. B.; Beauchamp, J. L. J .  Am. Chem. SOC. 
1981,103,6628. SOC. 1984, 106, 2543. 
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