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Abstract: 6Li and 1N NMR spectroscopic investigations of lithium diisopropylamide-mediated ester enolization

in THF, t-BuOMe, HMPA/THF, and DMPU/THF (HMPA= hexamethylphosphoramide, DMPH 1,3-
dimethyl-3,4,5,6-tetrahydro-2(l)-pyrimidone) reveal substantial concentrations of mixed aggregates. While
previous quantitative rate studies revealed that the metalations by lithium diisopropylamide (LDA) homonuclear
dimers proceed at nearly solvent-independent rates, the reactivities of the intermediate mixed aggregates are
markedly lower and quite sensitive to the choice of solvent. The autoinhibition correlates with the relative
stabilities of the mixed aggregates. However, the relative stabilities do not correlate in a simple fashion with
the ligating properties of the solvent.

Introduction The preceding paper describes quantitative rate studies of the

In the 1960s mixed aggregation effects on alkyllithium- lithium diisopropylamide-mediated ester enolization (e§*¥).

mediated anionic polymerizations were clearly documehted.

Beginning with a seminal review in 1984 followed by a second i ot ,OL'
in 19882 Seebach mounted a campaign to alert synthetic organic Sk _“’ifsxfg—°m- OAO"'B“ 1
chemists to the possible consequences of aggregation and mixed 1 2

aggregation on organolithium reactiotisThere is now ample
evidence, for example, that mixed aggregates of lithium amides
form and influence their chemist®.However, there are very
few instances in which insights have been gleaned d®to
these mixed aggregates influence reacti¥ity.

solvent = +-BuOMe, THF,HMPA/THF, or DMPU/THF

By carrying out the reactions under pseudo-first-order conditions
with the ester maintained at low concentrations so as to eliminate
the effects of mixed aggregation, we showed that the nearly
(1) lons and lon Pairs in Organic ReactionSzwarc, M., Ed.; Wiley: solventindependentmetalation rates in four very different
New York, 1972; Vols. 1 and 2. Szwarc, larbanions, Liing Polymers, solvents (.BUOMe, THF, HMPA/THF, and DMPU/THF) belie

and Electron-Transfer Processédaterscience: New York, 1968. Morton, : ; :
M. Anionic Polymerization: Principles and PracticAcademic Press: New highly solventdependentchanges in mechanism. However,

York, 1983.Anionic Polymerization: Kinetics, Mechanism, and Synthesis ~Under more standard conditions employed in preparative organic
McGrath, J. E., Ed.; American Chemical Society: Washington, 1981. chemistry, the LDA and ester would be used in nearly equimolar

g:ugbﬁ”_'g'v(\fétpe-r? %ﬂgﬁ:g&%@;&%ﬁ%@cﬁ K?i,g%ﬂ%E‘ 3,403.Roovers,  proportions. During the course of such enolizations, lithium
' (2') S"eegach mngewl Chem.. Int. Ed. E’nglgéa 27 1624. Seebach enolates are generated while the lithium diisopropylamide (LDA)

D. In Proceedings of the Robert A. Welch Foundation Conferences on is consumed; the conditions change continuously as a function
Chemistry and Biochemistryviley: New York, 1984. of percent conversion. If LDAlithium enolate mixed ag-

3) (a) For leading references to mixed aggregation effects in organo- . .
IithguZn( c)hemistry, sge: Jackman, L. M; Ra&i%wi%z, E.JFAM. Chen'?. gregates form to an appreciable extent along the reaction

S0c.1991, 113 1202. Kremer, T.; Harder, S.; Junge, M.; Schleyer, P.v. R. coordinate they wilhnecessarilyinfluence reactivity.
Organometallics1996 15, 585. Thompson, A.; Corley, E. G.; Huntington, This paper outlines investigations of the LDA-mediated

M. F.; Grabowski, E. J. J.; Remenar, J. F.; Collum, D.JBAm. Chem. P " s
Soc 1998 120 2028. (b) For leading references to mixed aggregation effects enolization of esterl under conditions that optimize the

in lithium amides, see: Romesberg, F. E.; Collum, D.JBAm. Chem. influence of mixed aggregates. Using primarflyi and 5N

S0c.1994 116 9198. (c) Remenar, J. F.; Collum, D. B.Am. Chem. Soc. ~ NMR spectroscopy, we will show that intervening mixed

1997 k9, 5573. (d) Leung, S. S. W.; Streitwieser, A.Org. Chem1999  aggregates retard the rates of enolization in all solvents. The
’(4) Debue, J.S.: Collum, D. BL. Am. Chem. Sod.988§ 110, 5524. onset and degree of autoinhibition correlates qualitatively with
(5) Majewski, M.; Nowak, PTetrahedron Lett1998 39, 1661. the formation and relative stability of intervening mixed
(6) Huisgen, R. IrOrganometallic ChemistryMonograph Ser. No. 147

American Chemical Society: Washington, DC, 1960; pp-88. (8) Collum, D. B.Acc. Chem. Red.993 26, 227. For other reviews of
(7) For crystal structures of lithium amide mixed aggregates, see: lithium amide structural investigations, see: (a) Gregory, K.; Schleyer, P.

Williard, P. G.; Hintze, M. JJ. Am. Chem. S0d987 109, 5539. Mair, R. v. R.; Snaith, RAdv. Inorg. Chem1991, 37, 47. (b) Mulvey, R. EChem.

S.; Clegg, W.; O'Neil, P. AJ. Am. Chem. So&993 115, 3388. Engelhardt, Soc. Re. 1991, 20, 167. Beswick, M. A.; Wright, D. S. I€omprehensie

L. M.; Jacobsen, G. E.; White, A. H.; Raston, C.lborg. Chem.1991, Organometallic Chemistry jlAbels, F. W., Stone, F. G. A., Wilkinson,

30, 3978. Williard, P. G.; Hintz, M. JJ. Am. Chem. S04.99Q 112, 8602. G., Eds.; Pergamon: New York, 1994; Vol. 1, Chapter 1.

Zerges, W.; Marsch, M.; Harmes, K.; Boche, 8xgew. Chem., Int. Ed. (9) Sun, X.; Collum, D. BJ. Am. Chem. So200Q 122, 2452-2458.

Engl. 1989 28, 1392. Clegg, W.; Greer, J. C.; Hayes, J. M.; Mair, F. S.; (10) Sun, X.; Kenkre, S. L.; Remenar, J. F.; Gilchrist, J. H.; Collum, D.

Nolarn, P. M.; O'Neil, P. A.lnorg. Chim. Actal997, 258 1. B. J. Am. Chem. S0d.997, 119, 4765.
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Table 1. SLi and >N NMR Spectral Data”

compd 6Li, 0 (m, Juin) 5N, 6 (M, Juin)

2a 0.38,0.35,0.28,0.12,0.01

3a 1.87 (t, 5.0) 70.2 (g, 5.0)

7a 1.36 (d, 5.3) 73.1(q, 5.3)

8 2.55 (t, 4.8) 70.5 (br m)
1.65 ()¢

%a 2.08 (t, 4.5) 71.1(q, 5.2)
1.34(d, 6.4)

2b —0.29 (s}

3b 1.91 (t, 5.0) 74.7 (9, 5.0)

7b 0.83(d, 5.1) 76.3(g, 5.1)

2c —0.04,—-0.25,-0.50,-0.5F%

3c 1.60 (t, 5.0) 74.3(q, 5.2)

7c 0.93 (d, 5.1) 76.9 (q, 4.7)

2d —0.35 (s}

3d 1.88 (t, 4.9) 73.3(q, 4.7)

7d 0.90 (d, 5.1) 75.3(q, 5.1)

4 2.08 (t, 4.4) 71.1(q, 4.9)
1.71 (t, 5.3)

5 1.74 (1, 5.0), 79.2 (br g, 5.7)

1.19 (d, 5.4), 1.00 (d, 6.7)

aSamples int-BuOMe were recorded at60 °C. All others were
determined at-90 °C. ® Spectra were recorded on samples containing
0.13 M total lithium concentration (normality). Coupling constants were

77.6 (q, 5.5)
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bound ligands have been observed on a number of occdsions,
strongly coordinating ethereal cosolvents such as THF can
catalyze the exchange of other ligands via an associative
process? Indeed SLi and 15N NMR spectra recorded on 0.1 M
solutions of PLi,’5N]LDA containing 0.5 equiv of DMPUin

the poorly coordinating t-BuOMéreveal mixed solvaté along

with dimers3aand3d (Table 1). Mixed solvatd displays two
distinct SLi resonances couplétto a single'>N resonancé®

s
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As an aside, solutions ofl[i,®N]JLDA in DMPU/THF aged
at 0°C slowly form a new species over several hours believed
to be mixed aggregatecontaining the dipole-stabilizébanion
of DMPU 18 The atomic connectivity o6 was confirmed by

measured after resolution enhancement. Multiplicities are denoted assingle frequency decouplintfsof the thre€®Li resonances (1:

follows: s= singlet, d= doublet, t= triplet, g= quintet, br mult=
broad multiplet. The chemical shifts are reported relative to 0%RiRal/
MeOH at—100°C (0.0 ppm) and neat MBEt (25.7 ppm). AllJ values
are reported in hertZ.All signals attributed to homonuclear enolate
aggregates2@-d) are singlets? Recorded at-125 °C. ¢ Obscured by
another resonancéThis resonance is very sensitive to the [DMPU].

1:1) and two®N resonances (1:1). Treatment of the solution
containing putative mixed aggregdsvith TMSCI affords the
silylated DMPU derivatives as shown by comparison with a
sample prepared independently us&BulLi.’® DMPU meta-
lation does not occur detectably under the conditions of the ester
enolizations.

aggregates. However, the relative propensities to form mixed  Structures of LDA/Lithium Enolate Mixed Aggregates.

aggregates doot correlate with the coordinating power of the
solvents.

Results

LDA Solution Structures. Previous investigations have
shown that LDA is a disolvated dime84 and3b) in ethereal
solvents® Moreover, HMPA quantitatively displaces THF from
dimer3b to afford dimer3c without detectable deaggregatibn.
To complete the structural foundations, we investigated LDA
in DMPU/THF solutions using a combination of NMR and IR

Analyses of {Li,’>N]LDA (0.1 M) with 1.0 equiv of estef-d;%°

at —90 °C in THF, HMPA/THF, and DMPU/THF reveal
exclusively LDA dimers3b—d.?* Warming the samples periodi-
cally to —50 °C and cooling back down te-90 °C reveals
mixed dimers7b—d, each displaying a characteristld doublet
and®N quintet (Table 1); spectra are archived in the Supporting
Information. As the enolizations proceed to completion, un-
characterized enolate4—d) appear at the expense of the
mixed dimers?

spectroscopies. The spectra are archived in the Supporting i* O-+Bu OLi-S,
Information. EPrun: o
FFT' |Tl N\ = O-tBu
S
S BEEO :
BTN INSERT 3eis < Hmea
s 3d; S = DMPU 7a; S = +BuOMe 2a; S = +-BuOMe
7b; S =THF 2b; S=THF
7¢; S = HMPA 2c; S = HMPA
7d; S = DMPU 2d; S = DMPU

IR spectra recorded on 0.1 M solutions of LDA in THF
containing 2.0 equiv of DMPU per Li clearly show carbonyl
absorbances at 1658 and 1636 ¢rorresponding to free and
bound DMPU (respectivel\}12 The results are fully consistent
with the formation of DMPU-solvated dimedd. SLi and 1°N
NMR spectra recorded on 0.1 M solutions &ifi[1>N]LDA 13
in DMPU/THF (1.0-10 equiv) contain exclusively &.i triplet
and 15N quintet anticipated for cyclic dimeB8d (Table 1).
Addition of <1.0 equiv failed to show two discretéli
resonances expected for mixed solvate-&20 °C, indicating
that the free and LDA-bound DMPU are in rapid exchange on
the NMR time scales. While distinct free and lithium amide-

(11) Romesberg, F. E.; Gilchrist, J. H.; Harrison, A. T.; Fuller, D. J.;
Collum, D. B.J. Am. Chem. S0d.991, 113 5751.

(12) Aitken, C. T.; Onyszchuk, Ml. Organomet. Chenl985 295, 149.

(13) Kim, Y.-J.; Bernstein, M. P.; Galiano-Roth, A. S.; Romesberg, F.
E.; Williard, P. G.; Fuller, D. J.; Harrison, A. T.; Collum, D. B. Org.
Chem.1991, 56, 4435.

t-BuOMe affords somewhat different behavior. FT-IR stutlies
show that mixtures of LDA and estércontain both the dimer

(14) Hilmersson, G.; Davidsson, @. Org. Chem.1995 60, 7660.
Hilmersson, G.; Ahlberg, P.; Davidsson, .Am. Chem. S0d.996 118
3539. Hilmersson, G.; Arvidsson, P. I.; Davidsson,JOAm. Chem. Soc.
1996 118 3539. Lucht, B. L.; Collum, D. BJ. Am. Chem. Sod 996
118 2217. Lucht, B. L.; Collum, D. BJ. Am. Chem. S04994 116, 6009.
Lucht, B. L.; Bernstein, M. P.; Remenar, J. F.; Collum, DJBAm. Chem.
Soc.1996 118 10707. Also, see ref 26.

(15) Gilchrist, J. H.; Harrison, A. T.; Fuller, D. J.; Collum, D. B.Am.
Chem. Soc199Q 112, 4069.

(16) Addition of =1.0 equiv of DMPU to LDA int-BuOMe afforded a
precipitate.

(17) Beak, PChem. Re. 1984 84, 471. Beak, P.; Basu, D.; Gallagher,
D. J.; Park, Y. SAcc. Chem. Red.996 29, 552.

(18) The base-mediated decomposition of DMPU was noted previ-
ously: Mukhopadhyay, T.; Seebach, Belv. Chim. Actal982 65, 385.

(19) A sample of6 was prepared independently by treatment of DMPU
with s-BuLi at —78 °C followed by MgSiCl.
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Figure 1. Concentrations of species vs time for the reaction of 0. BIN|L[DA with 0.1 M ester 1-d; at —50 °C (as indicated by the percentage
of integration in théLi NMR spectra). Legend® represents LDA dimers3gé—d); * represents LDA-enolate mixed dimers7é—d); O represents
homonuclear enolate aggregat@a-d); x represents mixed trime®§). (A) Neatt-BuOMe; (B) neat THF; (C) 0.2 M HMPA in THF; and (D)
0.2 M DMPU in THF.

3a and an esterLDA complex 8a). NMR spectroscopic s ?
analysis on analogous solutions of estemd FLi,*SN]LDA in EPrun s Br (;pr)zr'q’“\rlq(»pr)z
t-BuOMe reveal LDA dimeBaalong with precomplega. The s _Li L

A o s 0" s
appearance of two distinélti resonances and ortéN resonance
of 8a at —125 °C confirms that the ligands are in the slow 0-#Bu 7 o.t8u
exchange limit. Warming of the samples 60 °C affords
predominantly mixed trime®a at low conversion, mixed dimer

8a; S = t-BuOMe 9a; S = t-BuOMe

7aat intermediate conversion, and several homonuclear enolate
aggregates2@g) at full conversion. Trime®a is characterized
by aSLi doublet and®Li triplet (2:1) coupled to a singlé>N
broad quintet (Table 1). Mixed dim&a displays &Li doublet
and >N quintet?3

Solvent-Dependent RatesMlonitoring solutions of {Li|LDA
and estefl at —50 & 1 °C in each of the four solvents provides
insights into the degree of mixed aggregation and the conse-
guences of mixed aggregation on the metalation rate. Figure 1
(20) The rate measurements using LDA/HMPA mixtures empldyed shows the time-dependent concentrations of LDA dimers
ts%ligmlt\; tgfeHrlsltgz.to be monitored at temperatures that maximized the (3a—d), mixed dimers Ta—d), mixed trimer 9a), and I_ithium
(21) Traces of trime® (9b; S = THF) could be detected. enolates Za—d). x-axes common to all plots {880 min) are
Or(22)_ StSr;?\ttE;zisli S's}écrjigeasm %fnenlngve$o rvly"!ggji F:/.O(IB.lcmF)Jmlprgr:;g:e W employed to optimize direct comparisons; plots showing reaction
ganic : , : , . W, . . h . .
o e B Cerkos o4 s s .12 Corversion e e i e Supporing niomeion,
Leung, S. S.-W.; Streitwieser, A.; Kilway, K. \J. Am. Chem. S0d.998 )
120, 10807. Jackman, L. M.; Chen, ¥. Am. Chem. S0d.992 114, 403. these plots: (1) the approach to the first few percent conversion
(23) As part of our rate studiéswe required the characterization of in which the LDA is rap|d|y consumed and the mixed aggregates
begin to appear, (2) the concentrations of all species as the mixed
aggregates attain maximal concentrations, and (3) the time-

carboxamide precompléxand mixed dimeri. These spectra are archived
in the Supporting Information.

!-EuIOMe

; L, .
FProg 2 s g AP
ipreNC o NSipre

+BuOMe O
! N

L Li
FPro Nt
L N O
ipreNC
E7 N
-BuOMe

dependent loss of the mixed aggregates and formation of
homonuclear enolate aggregates.

We can crudel§# quantitate the extent of mixed aggregation
by measuring the concentrations of the homonuclear and mixed
aggregates when mixed dimers reach maximum concentrations



2462 J. Am. Chem. Soc., Vol. 122, No. 11, 2000 Sun and Collum

Table 2. Proportions of Homonuclear and Mixed Aggregates 2ni(RNLi)Sn(ester)]
(Eq 2} 2n(ROLiIS,

solvent 2:3.7 Keg(obsd)
t-BuOMe <1:<1:>9% >10*
THF 19:13:68 18
DMPU/THF 8:4:88 240

HMPA/THF 7:10:83 98 products

aRatios derive by monitoring estdr (0.1 M) and PLiJLDA (0.1 (ReNL)2Sz + 2n(ROLISy vester /' [
M) at —50 °C by Li NMR spectroscopy. The ratios are measured at @+2+1) / stabizaton

the maximum concentration of mixed dime¥]ay. At these temper-
atures the resonances of the enolate aggregates (cf. Table 1) appear as 2(RoNL)(ROL)S, + ester

only one singlet, except farBuOMe in which several resonances are  ——— /. ...
summed? Keqobsa)is 100sely* defined by eq 2¢ Although trimer9a (T+1)

complicates the analysis, at no point do homonuclear aggregates Figure 2

and 3a coexist. '

; ; by the metalation as well as by the formation of mixed dimers
and calculatin eq 2, Table 2). Thus, mixed ; . - "
([71ma) Keatobsa) (€ ) 7a—d.) The earliest portion of the reaction coordinate was

investigated under pseudo-first-order conditions as described in

y
mixed aggregation

) Sx
/ou le Keabsd) _ 4pru, -Lisg O-+8u the preceding paper. A discussion of the numerous underlying
OtBu | | EBreN: INeERr T — PP @ mechanisms will not be repeated here.
s Sx (2) The mixed dimers reach maximal concentrations (i.e.,

n

[7]max at approximately 50% conversiotBuOMe excepted).
2a-d 3a-d 7a-b Semiquantitative analysis of the data depicted in Figure 1 reveals
that the promotion of mixed aggregation (eq 2) maintains the
aggregates form to a limited extent in THF as evidenced by the following order: t-BuOMe > DMPU/THF > HMPA/THF >
coexistence of considerable concentrations of all three structuralTHF. This appears to correlate neither directly nor inversely
forms. They form to a substantially greater degree in DMPU/ with solvent binding constan#§:2
THF and in THF containing 1.0 equiv of HMPA. Metalations (3) Comparisons of the loss of LDA dimer3a—d) with the
using LDA in t-BuOMe are somewhat more complex due to |oss of the mixed aggregatega—d and9a) in Figure 1 reveal
the existence of both mixed dimers and trimers. However, it is autoinhibitions accompanying mixed aggregate formation. More-
quite clear that the homonuclear lithium enolate aggregate andover, these solvent-dependent inhibitions correlate crudely with
LDA dimer do not measurably coexist, indicatingexceptional the solvent-dependent mixed aggregate stabilities (eq 2, Table
relative stabilization of mixed aggregates. Overall, the promotion 2). For example, in THF mixed aggregates form to only a limited
of mixed aggregates and the accompanying reduction of the extent and the rates slow only modestly in the latter half-lives.
LDA dimer concentrations maintains the following order: At the other extreme, the exceptional stabilization of the mixed
t-BuOMe > DMPU/THF > HMPA/THF > THF. Thisis central  aggregates it-BuOMe is accompanied by almost a complete

to the points made in the Discussion. stalling of the metalation at partial conversion.
) ) The autoinhibition can be understood from either of two
Discussion equivalent perspectives: (a) mixed aggregation depletes the

Previous studies of LDA and LiTMP revealed that enolates concentration of LDA dimeB and, by inference, all species in
readily form mixed dimers and trimers with lithium amid@s. ~ equilibrium with3 including the transition structure, or (b) mixed
While one could imagine that strongly coordinating solvents aggregation “stabilizes” the reactant without stabilizing the
might retard mixed aggregate formation, the relationship of transition structure (Figure 2). Regardless of perspective, if
solvation and mixed aggregation is not that simple. Strong Mixed aggregation is an unproductive side equilibrium in which
ligands such as HMPA seem to either promote or retard mixed N0 new (mixed aggregate-based) reaction pathways emerge, then
aggregation of LDA or LiTMP, depending upon the precise the rate of the metalation will be inhibited as appears to be the
choice of LiX salt32 In contrast, lithium hexamethyldisilazide case.

(LIHMDS) forms mixed dimers and trimers with enolates only
in poorly coordinating solvents such eBuOMe or hydrocar-
bons?> The observation of mixed dimers’tf—d) in THF, In the previous paper, we described detailed rate studies of
HMPA/THF, and DMPU/THF and a mixture of mixed dimer enolizations under conditions that precluded significant effects
7aand mixed trime®ain t-BuOMe are congruent with previous  from mixed aggregation by maintaining pseudo-first-order
investigations. conditions. These studies revealed that, while the mechanism

Figure 1 offers insights into both the extent and consequencesof enolization proved highly solvent-dependent, the rates were
of mixed aggregation. It is instructive to focus upon three regions nearly solvent-independent. In this paper we described qualita-
of these plots as follows: tive NMR spectroscopic investigations of those same enoliza-

(1) The rates for the loss of LDA dimers and formation of tions carried to full conversion, conditions that maximize the
mixed aggregates throughout the first 50% conversion are influence of mixed aggregation. Mixed aggregates do indeed
relatively high and nearly equivalent for all solvents. (LDA intervene along the reaction coordinate and their influence on
dimers3a—d disappear quickly due to concurrent consumption the reaction rates is highly solvent-dependent. In some sense, a

(24) The values oKeqobsalisted in Table 2 are crudely approximated very simple picture emerges: the solvents that promote the

by integrating the absorbances of the LDA dime8} the mixed dimers formation of mixed aggregates also cause the reaction to slow
(7), and the sum of all resonances corresponding to the homonuclear enolateseonsiderably as the mixed aggregates appear. The strong
(2). In the case of-BuOMe, the concentration of mixed aggregates was
determined from the sum of the dimer and trimer resonances. (26) Lucht, B. L.; Collum, D. B.J. Am. Chem. Sod.995 117, 9863.
(25) Lucht, B. L.; Collum, D. B., unpublished results. (27) Reich, H. J.; Kulicke, K. JJ. Am. Chem. Sod.996 118 273.

Summary and Conclusions
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correlation of the autoinhibition with mixed aggregate stabilities Experimental Section

is fully consistent with a model in which contributions from Detailed discussions of closely related NMR spectroscopic analyses

mixed aggregate-.based enolizati(?n pathwayma.tei.gnificant.. ~ have been described in det#ilA brief description of these protocols
If so, the mechanisms, more precisely the rate-limiting transition as well as extensive spectroscopic data are archived in the Supporting
structures, discussed in the preceding paae still operative. Information.
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