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zero. Thus, the results in Figure 5 are consistent with the small 
ASo, for (COT)Fe(C0)3 and (CHT)Cr(CO), of 8.7 and 5 cal 
K-I mol-I, Table 11, and the expected small geometry changes 
deduced in the preceding section from the observed changes of 
bonding in the neutral molecule and the negative ion. 

be also quite high before a slowdown below collision rates is 
observed for gas phase ion-molecule  reaction^.^*^'-^^ Therefore, 
although the dip in the rate constant plot for (CHT)Fe(CO), is 
smaller than those for Bd and CHD shown in Figure 3, still a 
substantial geometry change is indicated by the plot. 

The rate constant plots for (COT)Fe(CO)S and (CHT)Cr(C- 
0)3, shown in Figure 5 ,  exhibit essentially no decrease of rates 
at near zero exoergicities. A very small dip would be expected 
from the consideration that the forward rate should go down to 
half of the collision rate when the exoergicity is exactly equal to 
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Previous rate studies of N,N-dimethylhydrazone metalations 
by LDA in THF/hexane or TMEDA/hexane (TMEDA = N,- 
N,N',N'-tetramethylethylenediamine) implicated mechanisms 
involving deaggregation of LDA dimers without participation by 
additional donor solvent (eq 1, R1 = Me, R2 = NMe2).*J We 
concluded that TMEDA functions as a monodentate rather than 
bidentate ligand in both the ground state (e.g., 1) and the transition 
state.2 Furthermore, the surprisingly low affinity of TMEDA for 
LDA led us to question the mode of action of TMEDA as a ligand 
for lithium in a more general sense.3 In this communication we 
will provide evidence that LDA/TMEDA-mediated metalations 
of simple N-isopropyl imine 2 proceed by a mechanism involving 
a dimer-monomer pre-equilibrium akin to that observed for the 
isostructural N,N-dimethylhydrazones. In contrast, metalation 
of imine 3 bearing a pendant NMe2 moiety is extremely rapid 
and proceeds by a mechanism involving facile dissociation of both 
TMEDA ligands from LDA dimer 1 followed by direct reaction 
of the LDA dimer. We ascribe the change in the rate equation 
to the Me2N moiety. The kinetics provide clear evidence of a 
ligand-assisted metalation (complex-induced proximity effect; 
CIPE)4 and gives experimental support to speculations that lithium 
amide open dimers may be important reactive intermediates5-' 

Metalations of imine 2 and the 2,2,6,6-tetradeuterio derivative 
2-d, by LDA in TMEDA/hexane mixtures, maintained at 0 OC 

( I )  GalianeRoth, A. S.; Collum, D. B. J .  Am. Chem. Soc. 1989, 1 1 1 ,  
6772. 

( 2 )  Bernstein, M. P.; Romesberg, F. E.; Fuller, D. J.; Harrison, A. T.; 
Collum, D. B.; Liu, Q.-Y.; Williard, P. G. J.  Am. Chem. Soc. 1992, 114,5100. 

(3) Collum, D. 8. Acc. Chem. Res. 1992, 25, 448. 
(4) For detailed discussions of complex-induced proximity effects, chelation 

effects, and other synonymous influences of internal ligation, see: Beak, P.; 
Meyers, A. 1. Acc. Chem. Res. 1986,19, 356. Hay, D. R.; Song, 2.; Smith, 
S. G.; Beak. P. J.  Am. Chem. Soc. 1988.110, 8145. Gronert, S.; Streitwieser, 
A., Jr. J. Am. Chem. Soc. 1988, 110, 2843. Chen, X.; Hortelano, E. R.; Eliel, 
E. L.; Frye. S. V. J. Am. Chem. Soc. 1992, 114, 1778. Das, G.; Thornton, 
E. R. J.  Am. Chem. Soc. 1990,112,5360. Klumpp, G. W. Red.  Truu. Chim. 
Puys-Bus 1986, 105, 1. van Eikema Hommes, N. J. R.; Schleyer, P. v. R. 
Angew. Chem., Inr. Ed. Engl. 1992, 31, 755. 

( 5 )  Romesberg, F. E.; Gilchrist, J. H.; Harrison, A. T.; Fuller, D. J.; 
Collum, D. B. J .  Am. Chem. SOC. 1991, 113, 5751. 

(6) Romesberg, F. E.; Collum, D. B. J .  Am. Chem. SOC. 1992,114,2112. 
(7) The open dimer of lithium 2,2,6,6-tetramethylpiperidide (LiTMP) 

bearing a single chelating TMEDA ligand has been characterized: Nichols, 
M. A,; Williard, P. G. Unpublished results. 

2 3:R-Me 
4 : R - H  

M.2N 1 

with an ice bath, were monitored using an FT-IR continuous-flow 
method described The primary kinetic isotope effect 
(kH/kD = 7.7 f 1.0) and rate equation (eq 2) are consistent with 
a mechanism involving dimer dissociation (eq 1, R, = H, R2 = 
CHMe2).1J Moreover, the completely analogous rate equations 
for metalation of NJV-dimethylhydrazones and N-isopropyl imines 
indicate that the Me2N moieties of the hydrazones do not hnction 
as obligatory ligands during the metalation. 

-d[tIldt = k'[substrate][LDA]l~2[TMEDA]O ( 2 )  

We investigated the possibility that inclusion of a second ligand 
on the imine N-alkyl substituent might, through chelation, cause 
an increased metalation rate characteristic of a CIPE.4 Such a 
CIPE should be accompanied by a fundamental change in the 
mathematical form of the rate equation. The metalations of 4 
and 4-d4 proved to be too fast to monitor within the restrictions 
of the continuous-flow IR cell, clearly demonstrating that the 
pendant Me,N of 4 facilitates the metalation relative to 2. 
Fortunately, reduced metalation rates of the methylated derivatives 
3 and 3-d3 allowed for reasonably precise rate measurements.I0 
An unusually small kinetic isotope effect ( k H / k D  = 2.0 f 0.1) 
was accompanied by a substantial change in the rate equation (eq 
3).8 The first-order dependence on [LDA] and first-order de- 
pendence on [319 implicate a direct metalation by the intact LDA 
dimer fragment. The inverse second-order dependence on 
[TMEDA] (Figure 1) causes a striking exponential increase in 
metalation rate with decreasing TMEDA concentration and points 
to a mechanism involving dissociation of both ql-TMEDA ligands 
prior to metalation. In previous studies we had shown that THF 
is superior to TMEDA as a ligand for LDA. Indeed, addition 
of 2% by volume THF to metalations of 3 in TMEDA or TME- 

(8) Bell, R. P. The Proron in Chemistry; Cornell University Press: Ithaca, 
NY, 1973; Chapter 12. 

(9) The independence of the measured rate constants on imine concen- 
tration and the high quality of the nonlinear least-squares fits clearly dem- 
onstrate the reaction orders for imines 2 and 3 to be unity. Although the two 
diastereomers of 3 must react at different rates, these differences appear to 
be well within experimental error. 
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Figure 1. Plot of kobd versus [TMEDA] in hexane cosolvent for the 
metalation of imine 3 (0.004 M) by LDA (0.13 M) at 0.0 * 0.5 O C .  The 
curve depicts the result of an unweighted nonlinear least-squares tit to 
the general exprtssion kobd = kqTMEDA]" + k", The adjustable pa- 
rameter n corresponds to the order in TMEDA (-2.02 * 0.01). The 
parameter k"(0.52 1W3) corresponds to the observed rate constant for 
the metalation via monomers (q l ) . I o  

DA/hexane mixtures causes essentially complete inhibition of the 
metalation.I0 

In the context of MNDO calculations we noted that open dimers 
could provide a viable pathway for reaction of lithium amide 
dimers without intervening deaggregation.6JI We now present 
such a mechanism as consistent with the rate data (eq 4). Open 
dimer 5 is certainly not the only possible intermediate; however, 
despite little precedence for open dimers in the literature prior 
to 1990," recent ~poctroscopic,~J~ computational? and crystal- 
lographic' support for lithium amide open dimers makes 5 highly 
plausible. As to the origin of the double TMEDA dissociation, 
MNDO calculations predicted quite unequivocally that lithium 
amide open dimers are viable intermediates only when unsolvated 
on the internal lithium: Moreover, the 8-membered-ring transition 
state has been shown to be optimal for related internal proton 
abstractions.13 We hasten to add that the mechanism depicted 
in eq 4 is not generally available to 3; metalation of 3 in THF 
displays rate behavior consistent with the mechanism specified 
by eqs 1 and 2.1° 

-d[2Vdt - k'[2][LDA][TMEDA]-2 (3) 

m&N'L" y e : :  me "\,/" " 

+ - -2 TUEOA [ %y )"NU.. ] = + ~  L l < N 1  r * ( 4 )  

In summary, a number of features of the mechanism depicted 
in eq 4 are without precedent or contrary to conventional wisdom. 
These include (1) the high lability of TMEDA toward dissociation; 
(2) a TMEDA-dependent rate acceleration stemming from dis- 
sociation of two TMEDA ligands; (3) metalation via an LDA 
dimer rather than monomer; and (4) promotion of aggregate 
(relative to monomer) reactivity by a bidentate interaction with 
the substrate. The observed change in the mathematical form 

(IO) Metalations of 3 in dimethylethylamintan imtructural analog of 
TMEDA incapable of bidentate coordination4lisplay the same rate profile 
and small KIE. These and other studies will be described in due course. 

( 1  I )  For a calculated open dimer-like transition state, see: Kaufmann, E.; 
Schleyer, P. v. R.; Houk. K. N.; Wu, Y.-D. J .  Am. Chem. SOC. 1985, 107, 
5560. 

(12)  For additional solution structural studies of open dimers, see: Pa- 
quette, L. A.; Bauer, w.; Sivik, M. R.; Bllhl, M.; Feigel. M.; Schleyer, P. v. 
R. J .  Am. Chem. Soc. 1990, 112,8776. Jackman, L. M.; Rakiewicz, E. F. 
1. Am. Chem. Soc. 1991, 113, 1202. 

(13) McManus, S. P.; Capon, B. Neighboring Group Participation; Ple- 
num Press: New York. 1976; p 58. 

of the rate equation provides an important criterion for invoking 
participation by internal  ligand^.^ 
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We have reported the startling observation that a lone pair on 
a dienophile can have a very large effect on the exo/endo selectivity 
in Diels-Alder reactions.' The large preference for the transition 
structure with the nitrogen lone pair exo was attributed to a 
repulsive interaction between the mystem of butadiene and the 
nitrogen lone pair in the endo transition structure. We have found 
that related electrostatic interactions in other reactions may be 
attractive or repulsive, depending on the charge densities at various 
sites in the transition structures. 

The ene reaction of propene with formaldehyde imine can 
proceed with CC bond formation and hydrogen transfer to the 
nitrogen or with CN bond formation and hydrogen transfer to 
the methylene group of formaldehyde imine. Experimentally, there 
are far fewer examples of ene reactions with imines as the enophile 
than alkenes or carbonyh2 These types of reactions typically 
fall into three groups: (1) reactions of imines with electron- 
withdrawing groups attached to the nitrogen3 such as reaction A; 
(2) retro-ene reactions of amines4 such as reactions B and C; and 
(3) intramolecular ene reactions of N-acyl imines with CN bond 
formation (D)5 (Scheme I). 

Ab initio molecular orbital calculations were performed on the 
simplest parent reaction with GAUSSIAN 90.6 The geometries 
of the reactants and transition structures were optimized using 
restricted Hartree-Fock theory and the 3-21G and 6-31G* basis 

Harmonic vibrational frequency calculations were per- 
formed to confirm the nature of all stationary points. Energies 
of each RHF/6-31G* stationary point were calculated with in- 
clusion of electron correlation using second-order Mallet-Plesset 
theory9 and the 6-31G* basis set. The CHELPG program was 

(1) (a) McCarrick, M. A.; Wu, Y.-D.; Houk, K. N. J .  Am. Chem. Soc. 
1992,114, 1499. (b) McCarrick, M. A.; Wu, Y.-D.; Houk, K. N. Unpub- 
lished results. 

( 2 )  (a) Hoffmann, H. M. R. Angew. Chem., Inr. Ed. Engl. 1969,8, 556. 
(b) Oppolzer, W.; Snieckus, V. Angew. Chem., Int. Ed. Engl. 1978, 17,476. 
(c) Mikami, K.; Shimizu, M. Chem. Reu. 1992, 92, 1021. 

( 3 )  (a) Achmatowicz, 0.; Pietraszkiewicz, M. Chem. Commun. 1976,484. 
(b) Achmatowicz, 0.; Pietraszkiewicz, M. J .  Chem. Soc., Perkin Trans. 1 
1981,2680. (c) Tschaen, D. M.; Weinreb, S. M. Tetrahedron Lcrt. 1982,23, 
3015. (d) Braxmeier, H.; Kresze, G. Synthesis 1985, 683. 

( 4 )  (a) Earl, R. A.; Vollhardt, P. C. Heterocycles 1982, 19, 265. (b) Viola, 
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(b) Lin, J.-M.; Koch, K.; Fowler, F. J .  Org. Chem. 1986, 51, 167. 
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