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ABSTRACT: A combination of crystallographic, spectroscopic,
and computational studies was applied to study the structures of
lithium enolates derived from glycinimines of benzophenone and
(+)-camphor. The solvents examined included toluene and
toluene containing various concentrations of tetrahydrofuran,
N,N,N′,N′-tetramethylethylenediamine (TMEDA), (R,R)-
N,N,N′,N′-tetramethylcyclohexanediamine [(R,R)-TMCDA],
and (S,S)-N,N,N′,N′-tetramethylcyclohexanediamine [(S,S)-
TMCDA]. Crystal structures show chelated monomers,
symmetric disolvated dimers, S4-symmetric tetramers, and both S6- and D3d-symmetric hexamers. 6Li NMR spectroscopic
studies in conjunction with the method of continuous variations show how these species distribute in solution. Density functional
theory computations offer insights into experimentally elusive details.

■ INTRODUCTION

Glycinimines have been used as synthons in the preparation
of amino acid derivatives from glycine (eq 1).1−4 Benzo-

phenone-based imine 1 has received considerable atten-
tion in the context of phase-transfer-catalyzed alkylations.2

Alkylations of the corresponding lithium enolates of cam-
phor-derivative 3 have been examined, although the yields
and selectivities are variable.3,4 Lithiated glycinimines
captured our imagination as possible targets for studies of the
effects of aggregation and solvation on reactivity and stereo-
selectivity.5

Herein we describe X-ray crystallographic, NMR spectro-
scopic, and density functional theory (DFT) computational
studies of glycinimine enolates 1−3 (R = Me, Et, tert-Bu)
solvated by several mono- and bidentate ligands. These
studies reveal diverse structural motifs, including those of
monomer 4, symmetric and unsymmetric (spirocyclic) dimers 5
and 6, S4-symmetric tetramer 7, S6-symmetric hexamer 8,
and D3d-symmetric hexamer 9 (Chart 1). The spectroscopic
studies reveal solvent-dependent aggregate distributions in
solution.6

■ RESULTS
Substrates. Glycinimines 10−12 were prepared by con-

densing glycine esters with benzophenone or thiocamphor via
literature protocols.3a,h Enolates 1−3 were prepared in situ from
glycinimines 10−12 with the solvent(s) of choice from
recrystallized lithium hexamethyldisilazide ([6Li]LiHMDS) or
[6Li,15N]LiHMDS.7 Slow aggregate equilibration demanded
aging at 25 °C for ≥60 min before spectroscopic analysis.
Although we focus on the methyl esters 1a and 3a, crystallinity or
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superior spectroscopic behaviors occasionally bring the ethyl and
tert-butyl esters as well as the alanine derivative 2a into play. The
Supporting Information archives key experimental data and
results that are not mentioned herein. We begin with a survey of
crystal structures.

X-ray Crystal Structure: Monomer 4c. The addition of
1.10 equiv of LiHMDS (0.11 M in toluene) to a solution of
glycinimine 10c generated a 0.10 M solution of enolate 1c in
toluene with 0.50 M N,N,N′,N′-tetramethylethylenediamine
(TMEDA) at −78 °C. After the solution was warmed to 25 °C,
pale yellow crystals formed overnight, and their composition as
TMEDA-chelated monomer 4 was confirmed with X-ray
diffraction (Figure 1). Enolate 1c crystallizes in the monoclinic

P2(1)/n space group. Monomer 4c displays a chelating TMEDA
ligand and an N,O-chelate of the substrate that is common to all
crystallographically determined glycinimine enolates.
X-ray Crystal Structure: Symmetric Dimers 5b. The

crystallization of enolate 1b (0.20 M) from pentane containing
TMEDA (4.45 M) at −20 °C afforded dimer 5b bearing two
η1-coordinated TMEDA ligands disposed antarafacially to each
other (Figure 2) in the triclinic space group P1. Monodentate
TMEDA ligands have been detected crystallographically,
spectroscopically, and kinetically.8,9 Enolate 1b was crystallized
from a 0.10 M enolate solution in neat tetrahydrofuran (THF) at
25 °C to afford THF-solvated dimer 5b (Figure 3), which is
structurally similar to the TMEDA-solvated 5b.
X-ray Crystal Structure: Tetramer 7a.A 0.10M solution of

benzophenone-derived enolate 2a in 6.40 M Et2O/toluene
deposited pale yellow crystals after standing at 25 °C for 3 days.
X-ray diffraction analysis (Figure 4) shows tetramer 7a in the
monoclinic space group C2/c. The alternating N,O-chelated
enolates correspond to an S4-symmetric cubic core (7).
X-ray Crystal Structure: Hexamer 8b.A 0.10M solution of

benzophenone-derived enolate 1b in toluene was prepared at
−78 °C. The solution was warmed to 25 °C and yielded pale
yellow crystals overnight. X-ray diffraction analysis (Figure 5)

shows that complex 8b crystallizes in the monoclinic space group
P2(1)/n as a hexamer. The alternating N,O-chelated enolates on
a hexagonal drum afford an S6-symmetric core. Apparent
ethoxy−lithium contacts may be stabilizing.

X-ray Crystal Structure: Hexamer 9a.A 0.10M solution of
camphor-derived enolate 3a in 1:2 tetramethylsilane10/pentane
afforded colorless crystals after standing at −20 °C for 2 days.
X-ray diffraction analysis (Figure 6) shows hexamer 9a in the
monoclinic space group P2(1). The N,O-chelated enolates
correspond to a D3d-symmetric cubic core.

Figure 1. X-ray crystal structure of N,N,N′,N′-tetramethylethylene-
diamine (TMEDA)-chelated monomer 4c derived from enolate 1c.

Figure 2. X-ray crystal structure of η1-TMEDA-solvated dimer 5b
derived from enolate 1b.

Figure 3. X-ray crystal structure of tetrahydrofuran (THF)-solvated
dimer 5b derived from enolate 1b.

Figure 4. X-ray crystal structure of unsolvated S4-symmetric tetramer 7a
derived from enolate 2a.
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Solution Structures: General Protocols. The enolates
were characterized in solution with a series of techniques
centering on 6Li NMR spectroscopy. Standard 6Li spectra were
recorded as a function of enolate and donor ligand concen-
trations to assess relative aggregation and solvation states.
15N-labeled glycinimine enolates confirmed the presence of
chelation. [6Li,15N]LiHMDS was used to exclude mixed
aggregation in the presence of donor ligands.11 However,
enolate 1a or 3a with excess [6Li,15N]LiHMDS in neat toluene
afford, in addition to the homoaggregates discussed below, two
6Li doublets consistent with substructure 13 likely derived from
ladder 14.12,13

Although the crystal structures are helpful, a critical arbiter of
solution structure stems from the method of continuous
variations (MCV).14,15 In short, MCV overcomes the problems

of high homoaggregate symmetry, An and Bn, by generating an
ensemble of homo- and heteroaggregates (eq 2). The number
of heteroaggregates, their dependence on subunit mole fraction
(χA or χB), and their spectroscopically detected symmetries
provide the aggregation state, n. In higher aggregates, especially
hexamers, positional isomerism and the stereochemistry of
chelation cause inordinate complexity.15c Warming the sample to
elicit chelate exchange and intra-aggregate lithium−lithium site
exchange16 symmetrizes the heteroaggregates, which causes each
AxBy stoichiometry to appear as a single

6Li resonance.14 A graph
of concentration versus mole fraction affords a Job plot17

(exemplified by Figure 9) in which a parametric fit reveals
minimal deviations from statistical distributions.

+ → + + + +− −A B A A B A B B...n n n n n n1 1 2 2 (2)

The presence or absence of solvation can be inferred from
solvent-dependent chemical shifts. A particularly useful trick is to
add increments of pyridine, which shifts resonances correspond-
ing to solvated 6Li nuclei markedly downfield and leaves
unsolvated resonances unchanged.18

Some comments about structural variations are warranted.
MCV analyses rely on binary combinations of methyl, ethyl, and
tert-butyl ester enolates with distinctly different chemical shifts
to form An−Bn ensembles with optimal resolution. In many
instances, different esters afford alternative views of similar
structures; we typically focus on the ester offering optimal
resolution. In some instances, however, variations are merely
historical owing to the chronology of the exploration. When it is
clarifying, an explanation is given for the choice of substrate.

Solution Structures: Toluene. After aging at 25 °C in
toluene, benzophenone-derived enolate 1a affords two homo-
aggregates (Figure 7) shown to be a hexamer and a tetramer. The

downfield resonance at 1.88 ppm increases with concentration,
which indicates that it is the larger of the two. Each resonance of
[6Li,15N]1a was a doublet (J = 3.0 Hz), which confirms that
both are chelated and that chelate exchanges are slow. The
consequences of rapid chelate exchange on resonance counts,
multiplicities, and coupling constants are discussed below.
The major and minor resonances coalesce to a single resonance
above −10 °C.
To apply MCV, we turned to camphor-derived enolate 3a,

which displays a single resonance at high concentrations with a
minor shoulder (corresponding to the lower aggregate)
emerging on dilution. Under conditions in which the two higher
homoaggregates dominate, mixtures of 1a and 3a in toluene

Figure 5.X-ray crystal structure of unsolvated S6-symmetric hexamer 8b
derived from enolate 1b.

Figure 6. X-ray crystal structure of unsolvated D3d-symmetric hexamer
9a derived from enolate 3a.

Figure 7. 6Li NMR spectra of 0.10 M [6Li]1a (top) and [6Li,15N]1a
(bottom) in toluene at −70 °C.
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generate complex spectra at low temperatures. This complexity
arises from positional isomerism15c within the heteroaggregates.
Warming to 35 °C, however, imparts rapid intra-aggregate
lithium−lithium site exchanges16 and chelated exchanges that
reveal clean ensembles with seven resonances consistent with
hexamers (Figure 8). (Interaggregate exchange at much higher

temperatures would average all resonances to a single resonance
and, in the case of labeled species, cause loss of 6Li−15N
coupling.) Monitoring the ensemble as a function of mole
fraction affords the Job plot in Figure 9.

Two hexameric topologies were detected crystallographically:
S6-symmetric hexamer 8b was observed for enolate 1b
(Figure 5), and D3d-symmetric hexamer 9a derived from enolate
3a (Figure 6). Therefore, we are forced to rely on crystallo-
graphic analogy and computations (below) to complete the
assignments (vide inf ra). We note, however, that S6-topology in
8a derived from chiral enolate 3a should afford a doubling of the
6Li resonance; the lithiums around the top and bottom hexagons
are not magnetically equivalent.15 No such doubling was
observed. Thus, the solution structure of the hexamer derived
from enolate 3a appears to be the D3d form 9a found
crystallographically (Figure 6).
The observable minor aggregates of enolates 1a and 3a were

assigned as tetramers. The absence of a downfield shift with

added pyridine confirms that these aggregates are unsolvated.
They are also demonstrably lower aggregates than hexamers
(vide supra) and larger than observable dimers (vide inf ra). A plot
of n-mer versus hexamer at various enolate concentrations
afforded a value of n consistent with a tetramer (Figure 10).
Efforts to use MCV failed, however, owing to poor resolution.

DFT computations at the B3LYP/6-31G(d) level of theory
with single-point calculations at theMP2 level of theory20,21 were
brought to bear on the problem. The numbers are reported in
kilocalories per mole per lithium.20,21 The hexamers are
considerably more stable than the tetramers (eq 3), which
conflicts with the nearly thermoneutral relationship observed
experimentally. S6-symmetric hexamer 8a and D3d tetramer 9a
are equivalent within computational error (eq 4).22 S4-symmetric
tetramer 7a is slightly less stable than the D2d form, 15a (eq 5).
Compared with both the hexamer and tetramer, the unsolvated
dimer (not shown) is much higher in energy, which suggests that
the unsolvated dimer is an improbable form.

Solution Structures: THF. In 1.0−4.0 M THF/toluene, the
incremental addition of THF to enolate 1a converts the
hexamer−tetramer mixture to a single new aggregate (Figure 11)
shown to be a solvated dimer by MCV (below). Incremental
addition of pyridine to 1a in 1.0MTHF/toluene causes a marked
downfield shift that confirms the solvated form of the dimer. The
spectrum of [6Li,15N]1a fails to show clear 6Li−15N coupling at
temperatures as low as−115 °C, which is consistent with a loss of
chelation, but some broadening of the 6Li resonance suggests
that a dynamic process is involved. Indeed, the 6Li resonance of
the ethoxy-substituted enolate [6Li,15N]1b appears as a triplet
owing to 6Li−15N coupling (J = 1.5 Hz). The lone triplet suggests
rapid intra-aggregate chelate exchange with the concomitant
appearance of coupling by both 6Li−15N dative interactions (eq
6) statistically averaged to half the normal 3 Hz coupling.16

Figure 8. 6Li NMR spectrum of a 1:1 mixture of 1a (A6) and 3a (B6) in
toluene at 35 °C and a 0.10 M total enolate concentration showing an
ensemble of homo- and heteroaggregates as labeled.

Figure 9. Job plot showing the relative integrations of hexameric homo-
and heteroaggregates versus measured19 mole fractions of 3a (χ3a) from
mixtures of 1a and 3a (0.10 M total enolate concentration) at 35 °C
(see Figure 8).

Figure 10. A plot of n × n-mer concentration versus hexamer
concentration for 1a in toluene at −70 °C. The plot was fitted to y =
n(Keq

1/6xn/6), affording n = 4.4± 0.2 and confirming the lower aggregate
as a tetramer. The derivation is found in the Supporting Information.
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The spectrum of alanine-derived enolate 2a in THF/toluene
solution is different than that of 1a (vide inf ra). Most important,
distinctly different chemical shifts for 1a and 2a allow for
an MCV analysis. Thus, varying the mole fraction of enolates
1a and 2a affords an ensemble of resonances consistent
with dimeric homoaggregates and a single heteroaggregate
(Figure 12). The resulting Job plot is illustrated in Figure 13.
Heterodimer 16 should appear as two distinct 6Li resonances,
but the rapid chelate exchange akin to that in eq 6 precludes this
result.
A critical consequence of the time-averaging is our inability to

distinguish symmetric dimer 5a from unsymmetric dimer 6a.

DFT computations weigh in by showing that they are of nearly
equal stability (eq 7). The role of type 6 dimers comes to light
with chelating ligands (vide inf ra).

Solutions of 1a in 8.0 M THF show dimers along with a minor
upfield shoulder below −80 °C that is suspected to be a
monomer. The more substituted alanine-derived enolate 2a
shows the putative monomer resonance slightly downfield, but it
is better resolved and the dominant form in neat THF. Reducing
the enolate concentration and lowering the temperature also
favored monomer relative to dimer.23 Monitoring the dimer−
monomer equilibrium versus absolute concentration affords
further support of the monomer assignment (Figure 14).

Figure 11. 6Li NMR spectra of 0.10 M [6Li]1a in various THF/toluene
concentrations showing the symmetric dimer 5a, tetramer 7a, and
hexamer 8a. From top to bottom, the spectra were obtained at −70,
−70, and −90 °C, respectively. The asterisks denote lithium
hexamethyldisilazide.

Figure 12. 6Li NMR spectra showing the dimer ensemble of 1a (A2) and
2a (B2). The total enolate concentration is 0.10 M in 1.00 M THF at
−75 °C. χ2a indicates the measured mole fractions of 2a.

Figure 13. Job plot showing the relative integrations of dimeric homo-
and heteroaggregates versus χ2a for 0.10 M mixtures of 1a (A2) and 2a
(B2) at −75 °C.
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Unfortunately, exchange occurs too quickly to observe 6Li−15N
coupling at −90 °C.
Conventional thinking that presumes tetrahedral lithium

suggests the monomer to be disolvate 4a, but five-coordinate
monomer 17 seems reasonable to us in light of well-documented
high-coordinate lithium.24 Nonetheless, 17 is not computation-
ally viable (expels a THF ligand), possibly owing to crowding by
the phenyl moiety. The computations show a modest preference
for the dimeric form (eq 8).

Camphor-derived enolates 3 exhibit markedly different
behaviors. The unsolvated hexamer 9a derived from enolate 3a
is observable even in neat THF solution and at elevated
temperatures, affording only low concentrations of a THF-
solvated form of unknown structure. The 6Li NMR spectrum of
ethyl ester-derived enolate 3b in THF is intractable; the tert-butyl
ester-derived enolate 3c is more tractable but still complex. The
steric inhibition of solvation is likely at play.25

Solution Structures: TMEDA. Despite having a crystal struc-
ture of 5b bearing an η1-TMEDA (Figure 2), we could not detect
symmetric type 5 dimers in significant concentrations. By contrast,
unsymmetrical dimer 6a, which lacks crystallographic analogy
within our study, is quite prevalent. The spectroscopic properties
arising from the symmetry of 6 are definitive (Figure 15).26

Results for enolates 1a and 1b are analogous; maximal resolu-
tion is observed with ethyl ester derived enolate 1b (Figure 16).
Dimer 6b displays two distinct 6Li resonances. The downfield
resonance at 2.94 ppm splits into a triplet (JLi−N = 3.0 Hz) for
[6Li,15N]1b, whereas the upfield peak at 0.72 ppm is a singlet.
The 6Li resonances maintain 1:1 ratios under all conditions. High
concentrations of TMEDA cause the disappearance of 6b and the
growth of putative monomer 4b.

As depicted in Figure 15, the spirocyclic structure of 6 renders
the internal lithium nucleus stereogenic with concomitant
formation of diastereomers of camphor-derived enolates 3a−c
(eq 9). [6Li]3b at low TMEDA concentrations in toluene gave

the clearest resolution of dimer 6 as an approximate 3:1 mixture
of diastereomers (Figure 17a). The two upfield resonances, each
corresponding to a diastereomer, resolve for enolates 3a−c,
whereas the downfield resonances corresponding to the
stereogenic centers offer only glimpses of doubling in the form
of distortions. The 1:1 ratio was shown to be constant by
integrating the pairs of upfield resonances and the broad
downfield resonance. The downfield resonances of enolates
[6Li,15N]3a and [6Li,15N]3b appear as broadened (super-
imposed) triplets, whereas neither splitting nor broadening was
observed for the two upfield resonances.
Solutions of enolate [6Li,15N]3b observed at high TMEDA

concentration afford a new species consistent with monomer 4b.
In contrast to the benzophenone-based enolates in which
coupling is not observable, camphor-derived monomer 4b
appears as a doublet (JLi−N = 4.2 Hz). Thus, the assignment as
a monomer is reasonably secure, although we cannot rigorously
exclude a higher symmetric oligomer such as dimer 5.

Solution Structures: N,N,N′,N′-Tetramethylcyclo-
hexanediamine (TMCDA). In analogy with TMEDA,
TMCDA27,28 influences the aggregation of enolates 1−3. The

Figure 14. Plot of n × [n-mer] vs [dimer] for 2a in 6.0 M THF
at −90 °C. The best fit gives n = 1.0 ± 0.2, confirming the lower
aggregate as a monomer. The plot was fitted to y = n(Keq

1/2 xn/2), derived
in the Supporting Information.

Figure 15. Generic structure of a type 6 dimer illustrating characteristic
splitting patterns and stereochemistry.

Figure 16. 6Li NMR spectra of [6Li,15N]1b in neat toluene (top) and in
0.34 M TMEDA/toluene (bottom) at −75 °C. Inset: 6Li resonance of 6
with additional window functions showing the splitting by two 15N
nuclei.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b09524
J. Am. Chem. Soc. 2015, 137, 14446−14455

14451

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b09524/suppl_file/ja5b09524_si_007.pdf
http://dx.doi.org/10.1021/jacs.5b09524


chirality is clarifying but offers one confounding result.
Benzophenone derivative 1a in (R,R)-TMCDA/toluene shows
a number of 6Li resonances consistent with dimers 6 in which
the stereogenic center at lithium causes the formation of dias-
tereomers (eq 10). The upfield resonances resolve, whereas the

downfield resonances do not. There was added complexity,
however. The integrations of the upfield resonances do not
match those of downfield peaks, and this outcome suggests
an aggregate of unknown structure hiding underneath. The
ethyl ester enolate 1b provides improved resolution, although
the amount of dimer 6b is not as significant owing to the
appearance of monomer at relatively low TMCDA concen-
trations.
The confounding result is that we observe three pairs of 6Li

resonances of 6b with matching integration values in the
presence of 0.040 M (S,S)-TMCDA. The downfield 6Li
resonances of [6Li,15N]1b appear as overlapping multiplets,
and the upfield resonances are partially resolved. The putative
monomer appears at 1.80 ppm with 6Li−15N coupling (2.9 Hz)
as expected. The remaining benzophenone derivatives 1c and 2a
show strong tendencies to form monomers.
The camphor derivatives 3 do not afford a detectable

monomer. Solvation of enolate 3a by (R,R)-TMCDA affords
unsymmetric type 6 dimers more readily than that by TMEDA.
The unsolvated hexamer persists in various degrees throughout
a series of TMCDA concentrations ranging from 0.048 to
1.80 M. Labeling studies of 3a show what appears to be
superimposed triplets along with unaffected singlets in the
upfield region. (S,S)-TMCDA affords an unsymmetric dimer
with distinctly different chemical shifts (as expected). The
resolution is maximized by using the ethoxy derivative
(Figure 17b,c) wherein [6Li,15N]3b shows two pairs of 6Li
resonances manifesting two triplet−singlet pairs in the pre-
sence of (S,S)-TMCDA.

■ DISCUSSION
Lithium enolates 1−3 derived from glycinimines are syntheti-
cally useful for preparing non-natural substituted amino acids.1−4

A clear understanding of organolithium solvation and aggre-
gation is amandatory prerequisite for elucidating the mechanistic
basis of stereocontrol: the solvent-dependent structure deter-
minations described herein represent the first steps toward
understanding how structure influences mechanism and
reactivity. The crystallographic studies revealed an unusually
diverse array of aggregate types (Chart 1). Spectroscopic studies
showed a high but imperfect correlation between solid-state and
solution structures. Computational studies provided a few
experimentally elusive details and theory−experiment correla-
tions.

Hexamers. Ligand-free hexamers characterized crystallo-
graphically and shown by MCV to persist in toluene solutions
have several curious structural features. The most surprising is
that the benzophenone-derived enolate (see Figure 5) and
camphor-derived enolate (see Figure 6) prefer fundamentally
different S6- and D3d-symmetric core structures (8 and 9),
respectively. The stereochemistry of the hexamers in solution is
elusive, but tacit evidence suggests the chiral camphor-derived
hexamer is D3d-symmetric 9. The ethoxy−lithium interactions
(18) could be attributable to steric relief but are also likely to be
stabilizing. We suspect that the approximate 120° Li−O−Li
bond angle of the hexagonal prism may support the multidentate
contact, whereas the more acute angles on lower aggregates
do not.

Tetramers. The tetramers were the most elusive of the
structural forms. A crystallographically characterized S4 isomer
(Figure 4) was observed, but computations of enolate 1a indicate
a preference for theD2d isomer 15 (eq 5). Both forms of chelating
organolithiums are precedented.29,30 Computations also showed
a distinct preference for hexamers over tetramers. Tetramers
were detected in solution, but the assignment were inferred from
concentration dependencies. All attempts to apply MCV analysis
failed to identify pairing partners that would afford well-resolved
ensembles.

Dimers. The dimeric enolates underscored the divergence of
solution and solid-state structures: symmetric dimers of type 5
were observed (twice) crystallographically (Figures 2 and 3) but
inmany instances could not be unassailably identified in solution.
By contrast, unsymmetric type 6 dimers were readily detected
and characterized in solution owing to their highly characteristic
resonance counts and 6Li−15N coupling patterns, but none
crystallized. Both 5 and 6 are computationally viable (eq 7) and
have ample analogy in the structural organolithium literature.23

The stereogenic center of the 6 type dimer (see Figure 15)
offered interesting spectroscopic properties in that introducing
additional stereogenic centers by using camphor-derived
enolates 3, (R,R)-TMCDA, or (S,S)-TMCDA resulted in
peak doublings consistent with mixtures of diastereomers
(eqs 9 and 10).

Monomers. A monomer of enolate 4c chelated by TMEDA
was characterized crystallographically (Figure 1). Toluene

Figure 17. 6Li NMR spectra of [6Li,15N]3b at −95 °C in (a) 0.55 M
TMEDA; (b) 0.48 M (R,R)-N,N,N′,N′-tetramethylcyclohexanediamine
[(R,R)-TMCDA]; and (c) 0.48 M (S,S)-TMCDA in toluene cosolvent.
The downfield resonances of the type 6 dimer in (S,S)-TMCDA clearly
display the overlapping triplets, whereas TMEDA and (R,R)-TMCDA
show only the resolution of the upfield resonances.
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solutions containing THF, TMEDA, and TMCDA all afforded
putative monomers at high ligand concentrations. Rapid
exchanges, however, caused a loss of the expected 6Li−15N
coupling in most circumstances, although we did see coupling in
one case. We are comfortable assigning TMEDA- and TMCDA-
solvated monomers as four-coordinated chelates in solution. We
suspected that the THF solvates might favor five-coordinate
forms 17 owing to well-precedented high-coordinate lithium.
Computational studies clearly do not support this notion,
however.

■ CONCLUSION
Glycinimine-derived enolates provide unexpectedly rich struc-
tural diversity when solvated by several standard solvents. The
various aggregates necessarily influence the rates of alkylation.
It is less clear, however, whether the different species in-
fluence the stereochemistries of functionalizations. Aggregate-
dependent mechanisms and stereochemistries depend on
whether the aggregates react with electrophiles without
intervening deaggregations or whether they all funnel through
common, possibly monomer-based, intermediates. We have
some evidence that the aggregates can react directly, but these
studies are preliminary, ongoing, and challenging.

■ EXPERIMENTAL SECTION
Reagents and Solvents. Glycinimines were prepared from the

corresponding commercially available glycinate esters, 15N-labeled
glycinate esters, benzophenone, camphor, and thiocamphor via
literature protocols.3a,h Toluene, hexanes, TMEDA, THF, (R,R)-trans-
TMCDA,27 and (S,S)-trans-TMCDA27 were distilled from sodium
benzophenone ketyl. Toluene and hexanes were distilled from blue
solutions containing sodium benzophenone ketyl with approximately
1% tetraglyme to dissolve the ketyl. [6Li]LiHMDS and [6Li,15N]-
LiHMDS were prepared and recrystallized as described previously.7 Air-
and moisture-sensitive materials were manipulated under argon using
standard glovebox, vacuum line, and syringe techniques.
NMR Spectroscopy. Individual stock solutions of substrates and

base were prepared at room temperature. An NMR tube under vacuum
was flame-dried on a Schlenk line and allowed to return to room
temperature. It was then backfilled with argon and placed in a −78 °C
dry ice/acetone bath. The appropriate amounts of [6Li]LiHMDS and
glycinimine were added sequentially via syringe. The tube was sealed
under partial vacuum, aged at 25 °C for ≥60 min to equilibrate the
aggregates, stored in a−86 °C freezer until used to record the spectra,
and shaken before placement into the spectrometer. Each NMR sample
contained 0.10 M total enolate and 0.11 M LiHMDS unless stated
otherwise.

6Li NMR spectra were typically recorded at temperatures between
−70 and −80 °C on a 500 or 600 MHz spectrometer with the delay
between scans set to >5 × T1 to ensure accurate integrations. Chemical
shifts were reported relative to a 0.30 M 6LiCl/MeOH standard at the
reported probe temperature. The resonances were integrated by using
the standard software accompanying the spectrometers. After weighted
Fourier transform with 64 000 points and phasing, line broadening was
set between 0 and 0.3, and a baseline correction was applied when
appropriate. Deconvolution of the ensemble in the experiments for
MCV determination of structure was performed in the absolute intensity
mode, with the application of a drift correction using default parameters
for contributions from Lorentzian and Gaussian line shapes. The
mathematics underlying the parametric fits have been described in
detail.15a
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