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ABSTRACT: Oxazolidinone-based sodiated enolates (Evans enolates)
were generated using sodium diisopropylamide (NaDA) or sodium
hexamethyldisilazide (NaHMDS) in the presence of N,N,N′,N′-
tetramethylethylenediamine (TMEDA), (R,R)-trans-N,N,N′,N′-tetrame-
thylcyclohexanediamine [(R,R)-TMCDA], or (S,S)-TMCDA. 13C NMR
spectroscopic analysis in conjunction with the method of continuous
variations (MCV), x-ray crystallography, and density functional theory
(DFT) computations revealed the enolates to be octahedral bis-diamine-
chelated monomers. Rate and computational studies of an alkylation
with allyl bromide implicate a bis-diamine-chelated-monomer-based transition structure. The sodiated Evans enolates form
mixed dimers with NaHMDS, NaDA, or sodium 2,6-di-tert-butylphenolate, the reactivities of which are examined.
Stereoselective quaternizations, aldol additions, and azaaldol additions are described.

■ INTRODUCTION
Oxazolidinone-derived enolatesso-called Evans enolates
have been used in both academic and industrial laboratories in
the development of asymmetric syntheses since they were first
reported by Evans and co-workers in 1981.1 Highly stereo-
selective functionalizations stemming from a wide variety of
auxiliaries and counterions are legion.2 Aldol additions
typically rely on boron- or transition-metal-based enolates,3

whereas alkylations require the more reactive sodium and
lithium enolates.1,4

We previously characterized the structures of lithiated Evans
enolates as tetramer−dimer mixtures in tetrahydrofuran
(THF) solution,5 underscored potential applications in simple
aldol additions,6,7 and demonstrated doubly diastereoselective
aldol additions using lithium enolate−lithium amino alkoxide
mixed tetramers.8 We have also examined the structures and
reactivities of key intermediates in di-n-butylboron triflate-
based aldol additions.9,10

This paper examines the corresponding sodium enolates.
Sodium enolate 2 in neat THF shows broad 1H and 13C
resonances reminiscent of the poor structural control of simple
sodium enolates in THF solution.11 Although the use of THF
is prevalent throughout organolithium chemistry,12,13 could it
be that the almost irresistible urge to use THF as the default
medium may be suboptimal for organosodium compounds?
Structural, mechanistic, and stereochemical studies of

sodiated Evans enolates generically depicted as 2 (eq 1) in
toluene solutions with N,N,N′,N′-tetramethylethylenediamine
(TMEDA) and related N,N,N′,N′-tetramethylcyclohexanedi-
amines [(R,R)- and (S,S)-trans-TMCDA)] reveal octahedral
monomers of general structure 4 (Chart 1). Moreover, vicinal
diamines promote mixed dimers 5−7. Studies of the structure

and mechanism of alkylation are shaping our thinking about
the ligand-based control of structure and selectivity in
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Chart 1. Structures of Sodiated Evans Enolates Solvated by
Diamines
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organosodium chemistry, and the results underscore the
potential merits of diamine/hydrocarbon mixtures.

■ RESULTS
General Methods. Sodium enolates were generated using

either NaDA14,15 or sodium hexamethyldisi lazide
(NaHMDS)16,17 (recrystallized) dissolved in diamine/toluene
solutions. Although the two bases afford similar results,
NaHMDS is superior in this case owing to its ease of handling,
commercial availability, and in some cases, superior role in
subsequent functionalizations stemming from reversible
deprotonation. Structures and reaction coordinates were
examined with density functional theory (DFT) computations
at the B3LYP/6-31G(d) level of theory with single-point
calculations at the MP2 level of theory.18 We refer to generic
enolate 2 and the more specific monomer 4 interchangeably,
depending on the context.
Enolization with either 0.10 M NaDA or 0.10 M NaHMDS

in 1.0 M TMEDA/toluene is essentially instantaneous at −78
°C. The IR spectra show the loss of 1 at 1783 cm−1 and the
appearance of an absorbance at 1743 cm−1. During rate studies
of alkylations, however, IR spectroscopy proved to have limited
value owing to mediocre resolution and distortions caused by
the deposition of NaBr. Also of note, sodium enolate 2 shows
none of the aggregate-derived aging effects that can plague the
highly aggregated lithium enolates.5,6 However, 2 decomposes
above −20 °C, affording sodium salt 8 observed with in situ IR
spectroscopy (eq 2; 1666 cm−1).19 Deacylated oxazolidinone

along with debris that may derive from ketene were isolated on
workup.2b The decomposition is approximately 2-fold slower in
TMEDA/toluene than in THF solutions, which may be more
consequential than one might suspect (vide inf ra).
Structures of Enolate Monomers. 1H and 13C NMR

spectroscopic studies of enolate 2 in the absence of excess
NaDA or NaHMDS showed resonances corresponding to a
single magnetically distinct subunit, as observed by monitoring
the 13C resonances of the oxazolidinone carbonyl carbon and
the oxygen-bearing enolate carbon (δ157.3 and 152.7 ppm,
respectively; Figure 1A). The diamine-solvated enolate was
suggested to be monomeric when a synthetic racemate derived
from (S)-2 and (R)-2 showed no resonances attributable to a
heterochiral aggregate. Mixtures containing 1:1 pairs of enolate
2 with structurally analogous but spectroscopically distinct
enolates 9a−d as well as pairs containing 10 (six pairs in total)
also showed no evidence of heteroaggregates (eq 3).20

Emblematic 13C NMR spectra of a binary mixture are shown
in Figure 1B,C. Heteroaggregates were also not formed from
enolate pairs solvated by either (S,S)-TMCDA or (R,R)-
TMCDA.

At the outset, we presumed that the monomers were four-
coordinate chelates of general structure 11. However, binary

mixtures of diamines afforded homo- and heterosolvates (eq 4)
that could be resolved by 13C NMR spectroscopy, as shown in
Figure 2. The peak broadening in the samples containing

mixed solvates is consistent with stereoisomerism delineated in
the Discussion. Despite the substandard spectral quality, we
could use the method of continuous variations (MCV)21 to
confirm the structure as a doubly TMEDA-chelated monomer.
Varying the diamine proportions in TMEDA/(S,S)-TMCDA
mixtures and monitoring the homo- and heterosolvates versus
measured mole fraction of TMEDA (χTMEDA) afforded a Job
plot22 with a unexpectedly good fit to the disolvate model
(Figure 3).

Figure 1. Partial 13C NMR spectra of a mixture (S)-2 and (R)-9b
(with 0.20 M total enolate titer) in 1.0 M TMEDA in toluene
recorded at −80 °C: (A) pure (S)-2; (B) equimolar (S)-2 and (R)-
9b; (C) pure (R)-9b. *Denotes the enolate−NaHMDS mixed
aggregate 6.

Figure 2. Partial 13C NMR spectra of a mixture with 0.20 M enolate 2
and 1.0 M total TMEDA (L) and (S,S)-TMCDA (L′) concentration
in toluene at −80 °C showing bis-TMEDA-solvated monomer (2L2),
bis-TMCDA-solvated monomer (2L′2), and mixed solvated monomer
(2LL′; see eq 4). The intended mole fractions for TMEDA, XB, are as
labeled.
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2(TMEDA) 2(TMCDA) 2(TMEDA)(TMCDA)2
(2L )

2
(2L ) (2LL )2 2

+
′ ′

F

(4)

MCV can present a dangerous trap, exemplified by the Job
plot in Figure 3, that is worthy of elaboration. Using measured
mole fractionthe mole fraction determined by monitoring
only ligand within the ensemble of interesteliminates
distortions arising from measuring errors, impurities, and side
equilibria. It also precludes the influence of binding constant
on the position of maxima.21 By contrast, using the standard
approach of plotting integration versus intended mole
fractionthe mole fraction of the amines added within the
total sampleprovides the decidedly different result shown in
Figure 4. It might be tempting to conclude from Figure 4 that
TMEDA and (S,S)-TMCDA bind in a 2:1 stoichiometry. In
this case, however, the skewing of the maximum to higher
χTMEDA reflects the higher binding affinity of (S,S)-TMCDA
relative to that of TMEDA.
One can (and we have23) extract binding constants from

such Job plots. (S,S)-TMCDA shows a −0.5 kcal/mol
(exothermic) preference for substituting the first TMEDA
and an attenuated −0.2 kcal/mol preference for substituting
the second TMEDA. Computations predict −0.7 kcal/mol and
−0.1 kcal/mol, respectively. Had the differential binding been
more dramatic, the maximum would have been pushed even
closer to the right-hand y-axis. An analogous Job plot shows
that sequential substitutions of TMEDA by (R,R)-TMCDA are
nearly thermoneutral (+0.1 and −0.1 kcal/mol, respectively).
Summarizing an important point, using a simple binary

system in which two species, A and B, bind to each other poses
no lurking risk because the relative binding constants are by
def inition identical: the maximum in the curve reflects the
relative stoichiometries. If two speciesligands in this case

compete for binding to a third entity (sodium), however,
differential binding eliminates the relationship of the maximum
and the stoichiometry of binding. This risk has inspired one
group to declare the “death of the Job plot.”24 Although we
think that declaration is a bit hyperbolic, such concerns should
be heeded.
The veracity of the assignment of enolate 2 as the bis-

chelated octahedral monomer 4 is supported by DFT
computations showing the exothermic serial solvation of
unsolvated enolate monomer 2 (eq 5). The octahedral
geometry is illustrated in Figure 5 using the lowest energy

stereoisomer of 4. A more elaborate description of the
stereochemistry of chelation is deferred to the discussion.

2 2 2
TMEDA

(TMEDA)
TMEDA

(TMEDA)
11 4

( 23.3 kcal/mol)

( )

( 17.2 kcal/mol)
2

( )

− −
H Ioooooooooooooooo H Ioooooooooooooooo

(5)

Structures of Enolate−Amide Mixed Dimers. The
enolization of 1 with excess NaDA or NaHMDS generates
additional enolate 13C resonances manifesting amide-concen-
tration-dependent intensities and amide-dependent chemical
shifts (Figure 6). These new species are assigned as mixed

Figure 3. Job plot showing the relative integrations of bis-TMEDA-
solvated monomer (2L2), bis-TMCDA-solvated monomer (2L′2), and
mixed solvated monomer (2LL′) versus the measured mole fraction of
TMEDA for 0.20 M enolate (2) and TMEDA/(S,S)-TMCDA
mixtures (1.0 M total diamine concentration) in toluene at −80 °C.

Figure 4. Job plot showing the relative integrations versus the
intended mole fraction of TMEDA for a mixture of 0.20 M of enolate
2 and 1.0 M total diamine concentration in TMEDA/(S,S)-TMCDA
mixtures in toluene at −80 °C. The shift in the maximum to χTMEDA >
0.50 reflects the stronger binding of (S,S)-TMCDA.

Figure 5. Computed structure of bis-chelated monomer 4 as its lowest
energy delta stereoisomer.
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dimers 5 and 6. The 1:1 stoichiometry in 6 is shown by the
quantitative formation with 1.0 equiv of NaHMDS (Figure 6)
as reflected in the Job plot in Figure 7. By contrast, NaDA

shows qualitatively similar behavior, albeit reflecting a soft
equilibrium (Figures 8 and 9). Thus, NaHMDS shows a greater
penchant than NaDA for mixed aggregation, which is the
opposite of what is observed for LDA and LiHMDS.25

We attempted to confirm the number of chelating ligands on
mixed dimers 5 and 6 by integrating the 13C resonances of free
and bound TMEDA, but we were unable to obtain the
necessary resolution. Nonetheless, decreasing the TMEDA
concentration promotes NaDA mixed dimer 5, consistent with
a lower per-sodium solvation (eq 6).15,26 DFT computations
using the NaHMDS-derived mixed dimer 6 emblematically
showed serial chelation by TMEDA to be exothermic for both
the first and the second ligations (Scheme 1). The computed
structure of the bis-chelate is illustrated in Figure 10. The
planes defined by Na2O2 and the oxazolidinone chelated
enolate are twisted by 50−60°.

Figure 6. Partial 13C NMR spectra of 0.20 M enolate 2 and 1.0 M
TMEDA at various equivalents of excess NaHMDS (as indicated) in
toluene at −80 °C showing monomer 4 and mixed dimer 6.

Figure 7. Job plot showing the relative integrations of NaHMDS
(red), enolate monomer 4 (black), and mixed dimer 6 (blue) versus
the measured mole fraction of NaHMDS with various proportions of
NaHMDS and enolate (0.30 M total sodium titer) in 0.60 M
TMEDA/toluene at −80 °C. The ratios were ascertained by following
the resonances of monomer 4 (carbonyl carbon at δ157.3), mixed
dimer 6 (carbonyl carbon at δ155.5 and Me3Si carbon at δ7.52), and
NaHMDS (Me3Si carbon δ6.76 ppm).

Figure 8. Partial 13C NMR spectra of 0.20 M enolate 2 and 1.0 M
TMEDA with various equivalents of excess NaDA (as indicated) in
toluene at −80 °C. Monomer 4 and mixed dimer 5 are shown.

Figure 9. Job plot showing the relative integrations of NaDA (red),
enolate monomer 4 (black), and mixed dimer 5 (blue) versus the
measured mole fraction of NaDA with various proportions of NaDA
and enolate (0.40 M total sodium titer) in 1.0 M TMEDA/toluene at
−80 °C. The ratios were ascertained by following the resonances of
monomer 4 (carbonyl carbon at δ157.3), mixed dimer 5 (carbonyl
carbon at δ155.5 and NaDA methyne carbon at δ50.4), and NaDA
(NaDA methyne carbon δ50.2 ppm).

Scheme 1. Serial Solvation of NaHMDS To Give Mixed
Dimer 6
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Structures of Enolate−Phenolate Mixed Dimers.
Hoping to exploit mixed dimers to control the selectivity of
enolate functionalizations (vide inf ra), we found that insoluble
sodium 2,6-di-tert-butylphenolate27 suspended in TMEDA/
toluene is solubilized by enolate 2 to form mixed dimer 7
quantitatively (Figure 11). The 1:1 enolate−phenolate
stoichiometry was shown with 13C NMR spectroscopy.
Although ligand exchange was too fast for the direct
measurement of the number of coordinated TMEDA ligands,
DFT computations showed exothermic double chelation and
support the structure in Figure 12. The phenolate moiety
shows a significant cant away from the oxazolidinone for

reasons that are not obvious. The approximate planes defined
by the Na2O2 and oxazolidinone rings are skewed by >60°.

Kinetics of Alkylation.28 Technical problems with using
in situ IR spectroscopy to study the allylation of monomer 4
(generic enolate 2 in eq 1) prompted us to monitor the loss of
allyl bromide with 1H NMR spectroscopy. Pseudo-first-order
conditions were established by maintaining standard concen-
trations of enolate 4 (0.050−0.50 M) and 2.0 equiv TMEDA
per sodium (0.10−1.0 M) with low allyl bromide concen-
trations (0.010 M), all in toluene. The loss of allyl bromide
follows a clean pseudo-first-order decay (Figure 13). Following

an alkylation to full consumption of enolate shows no evidence
of autoinhibition or autocatalysis. The other dependencies
were determined using the method of initial rates.29 Plotting
initial rates versus enolate and TMEDA concentration revealed
first and zeroth orders, respectively (Figures 14 and 15). The
rate data are consistent with the idealized30 rate law in eq 7
and the generic mechanism in eq 8. DFT computations suggest
a massive 2000:1 preference at −20 °C (3.9 kcal/mol; eq 1)
compared with the more modest 20:1 diastereoselectivity

Figure 10. Computed structure of bis-TMEDA-chelated mixed dimer
6.

Figure 11. 13C NMR spectra of mixtures containing enolate 2 and
sodium 2,6-di-tert-butylphenolate (0.30 M total sodium titer) in 1.0
M TMEDA/toluene at −80 °C showing monomer 4 and mixed
aggregate 7. The concentrations of phenolate are 0.00, 0.10, and 0.15
(1.0 equiv), respectively.

Figure 12. Computed structure of sodium 2,6-di-tert-butylphenolate-
containing mixed dimer 7 solvated by TMEDA.

Figure 13. Plot following the loss of allyl bromide (0.010 M) by
enolate monomer 4 (0.40 M) in 1.0 M TMEDA/toluene at −20 °C.
The curve depicts a least-squares fit to y = ae−bx, such that b = kobsd.

28
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observed experimentally. The transition structures show no
significant rotations about the N−C(ONa) bond compared
with a 30° twist noted in the aldol additions by lithiated Evans
enolates (Figure 16).6 The TMEDA distal to the alkylating
agent shows significant Na−N bond lengthening at the
transition state that, according to IRC calculations, becomes
pronounced as a Na−Br contact emerges.

d d kRBr / t RBr RONa TMEDAobsd
1 1 0[ ] = [ ] [ ] [ ] (7)

(RONa)(TMEDA) RBr

(RONa)(TMEDA) (RBr)
4

12

2

2

+

→ [ ]‡

(8)

Solvent- and Salt-Dependent Selectivities. The choice
of diamine has no discernible effects (±10%) on enolization
rates, alkylation rates, or diastereoselectivities. Using THF,
which affords a structurally complex enolate, alkylates 2-fold
faster but is otherwise indistinguishable.
Allylations of mixed aggregates gave mixed results. Low

yields and complex mixtures from 5 and 6 suggested that the
sodium amides pose problems. The alkylation of phenolate
mixed aggregate 7, by contrast, afforded a good yield but an
eroded (10:1) diastereoselectivity (eq 9). The change in
selectivity may be important (vide inf ra).

Quaternization. We examined a number of reactions of
sodium enolates to ascertain how their structure influences
selectivity. For example, Evans enolate-based quaternizations
have been reported sporadically.31 Presumed kinetic enoliza-
tion of 13 using NaDA/TMEDA and subsequent alkylation
afford free auxiliary (eq 2) resulting from enolate acylation4a

and a more arcane decomposition of the oxazolidinone
backbone.32 The enolization of 1333 using NaHMDS and
subsequent alkylation at −20 °C manifest highly solvent-
dependent results (eq 10; Table 1). THF affords essentially no

(<5%) quaternized product owing to facile deacylation (entry
1). By contrast, using NaHMDS in TMEDA/toluene affords a
54% yield of 14 as an 11:1 mixture of diastereomers (entry 2).
Enolization and alkylation of diastereomer 15 afford the same
11:1 selectivity, which suggests that selectivity stems from an
equilibrated Z/E enolate mixture (eq 11).
Curiously, accelerating the enolization merely 2-fold using

NaHMDS/Et3N/toluene
34 increases the yield to 70% with no

measurable loss in stereoselectivity (11:1; entry 4). Under such

Figure 14. Plot of initial rates for the allylation of monomer 4 with
allyl bromide (0.010 M) versus the enolate concentration at a fixed
2:1 TMEDA/enolate ratio in toluene. y = axn; a = 0.15 ± 0.01; n =
1.11 ± 0.08.

Figure 15. Plot of initial rates for the allylation of monomer 4 (0.20
M) with allyl bromide (0.010 M) versus f ree (unbound) TMEDA
concentration in toluene. y = ax + b; a = −0.0011 ± 0.0003; b =
0.0236 ± 0.0007.

Figure 16. Computed lowest-energy anti transition structure 12 for
the allylation of monomer 4.
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poorly solvating conditions, precomplexation of the substrate
was observable with IR.35 Enolization using NaHMDS/Et3N/
toluene with subsequent addition of (R,R)-TMCDA gave
identical results (entry 5). The isolated yields roughly correlate
with the suppression of the deacylation. NaHMDS/(R,R)-
TMCDA afforded improved selectivities (30:1) with a
sacrificed yield (40%; entry 6), whereas NaHMDS/(S,S)-
TMCDA gave 19:1 selectivity in 52% yield (entry 7). Adding
di-tert-butylphenolate (possibly forming an analog of mixed
dimer 7) gave the standard 11:1 selectivity in 44% yield (entry
8).
Azaaldol Additions. A brief examination of other

electrophiles afforded nothing of interest with epoxides even
with assistance from BF3.

36 The azaaldol addition, however,
proved productive. Simple imines are too unreactive to
compete with enolate decomposition. Noting success using
imines activated with strongly electron withdrawing substitu-
ents,37−40 we turned to highly reactive BF3−imine complexes41

while adding the phenethyl moiety, hoping to amplify the
stereocontrol (Scheme 2).39

The addition of BF3−imine complex 19 dissolved in toluene
to enolate 2 in TMEDA/toluene at −78 °C afforded adduct 16
in >30:1 selectivity and 93% yield. Adding BF3-Et2O to an
imine/enolate mixture was considerably less ef fective. The
antipodal BF3−imine complex 20 afforded 17 in an
analogously high (>30:1) selectivity and 82% yield. Hydro-
genolyses of 16 and 17 both afforded adduct 22.42 Thus,
contrary to some 1,2-additions to phenethyl imines showing
high stereochemical control,40,43 the stereochemistry of the
phenethylimine moiety had no effect whatsoever. Benzyli-
mine−BF3 complex 21 afforded adduct 18 in 17:1 stereo-
selectivity and 87% yield. The steric demands of the phenethyl
moiety may have some consequence. We hoped that even
acetate-based azaaldols would be selective, but no stereo-
control was observed (eq 12).

Aldol Additions. Aldol addition to 1.0 equiv i-PrCHO
afforded a low yield of aldol 23 owing to the formation of
acetal 25 with credible stereocontrol (Scheme 3). Aldol
addition in the presence of excess i-PrCHO afforded acetal 25
contaminated with approximately 10% total of three minor
diastereomers in a nonoptimized 61% isolated yield. Acetal 25

presumably forms via 1,2-adduct 24. Treating stereochemically
pure syn aldol adduct 23 sequentially with 1.0 equiv of
NaHMDS (to generate the alkoxide) and i-PrCHO afforded
25 in an unoptimized 59% yield with no loss of syn

Table 1. Selectivities for Quaternization of Oxazolidinone
13 (eq 10)

Entry Solvent Yield (%) 14 (S/R)

1 THF Decomp
2 TMEDA 54 11:1
3 DME 40 11:1
4 Et3N 70 11:1
5 Et3N then (R,R)-TMCDA 71 11:1
6 (R,R)-TMCDA 40 30:1
7 (S,S)-TMCDA 52 19:1
8 7/TMEDA 44 11:1

Scheme 2. 1,2-Additions of Enolate 2 to Imine−BF3
Complexes

Scheme 3. Aldol Addition and Aldehyde-Mediated
Deacylation
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stereoselectivity. Acetal 25 from the aldol addition-cyclization
sequence was shown to be an 7:1 mixture of enantiomers
reflecting the original syn:syn selectivity.44

■ DISCUSSION
Structures of TMEDA-Solvated Enolates. Our fledgling

studies of sodiated enolates have produced decidedly different
results than studies of their lithium counterparts (Scheme 4).12

For example, lithium cyclohexenolate is tetrameric in THF and
a doubly chelated dimer in TMEDA/toluene.45 By contrast,
sodium cyclohexenolate is intractably complex in THF and
forms chelated tetramer 26 in TMEDA/toluene.11 Similar
bifurcated behavior is observed with Evans enolates. Lithiated
Evans enolates are predominantly unsolvated tetramers in
either TMEDA or THF.5 The sodium analogs are, once again,
spectroscopically intractable in THF yet exclusively chelated
monomers (4) in TMEDA/toluene.
The two chelating diamines in 4 cause highly characteristic

mixed solvates in binary mixtures of TMEDA, (R,R)-TMCDA,
and (S,S)-TMCDA. The details were obscured by broadened
resonances and limited resolution that attest to the stereo-
chemical complexity presented by the octahedral environment
of 4 (Scheme 5). If the chelated diamines in 4 (depicted using
red and blue color coding) are both TMEDA, there are two
delta isomers46 suggested by DFT computations to have nearly
equal energy (0.4 kcal/mol; see Figure 5). Each delta isomer
contains two magnetically inequivalent TMEDA ligands
manifesting eight magnetically inequivalent methyls16 in

total. In the limit of slow conformational exchange of
TMEDAhalf-chair conformers that are well-documented
for TMEDA−lithium chelates47would cause that number to
spike. The stereochemical complexity doubles with mixtures of
structurally distinct diamines (denoted as red and blue in
Scheme 5) when delta isomerism and positional isomerism are
superimposed. DFT computations predict the four isomers in
Scheme 5 to be within <1.0 kcal/mol for the (S,S)-TMCDA/
TMEDA mixed solvate, for example. Thus, we were never
going to resolve all the magnetically inequivalent resonances
and consider it fortunate that we could detect and measure the
total populations of the mixed and homosolvates by focusing
on the enolate sp2 carbons.

Mechanism and Stereochemistry of Alkylation. The
mechanism of alkylation of monomer 4 is simple, occurring via
a doubly chelated monomer (Figure 16) without any invasive
structural changes. DFT computations markedly overestimate
the observed 20:1 selectivity but are qualitatively consistent
(eq 13). The simplicity of an observable monomer reacting as

monomer contrasts with the reaction of lithium Evans enolates
in THF solution, in which a kinetically generated mixture of
isomeric dimers readily ages to predominantly tetramer, and
with the reaction of sodium enolate 2 in THF, which seems to
exist as an ill-defined but obviously quite complex mixture of
species. Owing to pre-equilibria, explicit correlations of
observable structure with reactivity and selectivity are
questionable. Nonetheless, years of experience have shown
that high stereocontrol is often accompanied by good
structural control. For the allylation in eq 1, we observed no
advantages or disadvantages offered by TMEDA/toluene
compared with THF, but that is not universally the case
(vide inf ra).

Enolate Quaternization. There are relatively few
quaternizations of Evans enolates, and they tend to be
specialized cases such as those bearing sterically undemanding
α-fluoro or α-alkoxy moieties.31,48 In our hands, the
quaternization (Scheme 6 and eq 10) completely fails in
THF solution owing to competitive deacylation. By contrast,
TMEDA-solvated enolatepresumably a bis-chelated mono-
mer analogous to 4gave 54% yield and 11:1 diastereose-
lectivity. The stereochemistry appeared to be dictated by a fully
equilibrated Z/E enolate mixture. There are potentially
superior protocols,31 but quaternizations of TMEDA-solvated
Evans enolates may find a niche and certainly underscore a
uniqueness of monomeric enolate 4.

Other Electrophiles. A casual survey of electrophiles
showed that TMEDA-solvated monomer 4 might find broader
applications (Scheme 6). The most notable results come from
additions of 4 to preformed imine-BF3 complexes. 1,2-
Additions of Evans enolates to activated imines are rare.38

Although the addition formed adduct 16 in good yield with
essentially total stereoselectivity (>30:1), the choice of
phenethylimine antipode had no influence on the selectivity
whatsoever; the oxazolidinone auxiliary was the dominant

Scheme 4. Structures of Sodium Enolates in THF and
TMEDA/Toluene

Scheme 5. Positional and Delta Isomers of Octahedral
Monomeric Enolates
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control element. Equally surprising on the other end of the
scale, an acetate-based addition was totally unselective
irrespective of the phenethylimine antipode.
We suspect that relatively few attempts have been made to

exploit sodiated Evans enolates for aldol additions; we found
one report.49 This is to be expected given the limited attention
received by their lithium counterparts.7 Indeed, we observed
low yields of addition to i-PrCHO, albeit with a credible
stereoselectivity (Scheme 3). The major byproduct was acetal
25, presumably formed via 1,2-adduct 24. Using excess i-
PrCHO affords acetal 25 in 61% yield (Scheme 3). We suspect
that the diastereoselective cyclization required to control the
stereochemistry at the acetal-based stereogenic center arises
from reversible adduct formation and selective closure. Adduct
24 is reminiscent of the compounds exploited by Beauchemin
and co-workers using aldehydes as organocatalysts (eq 14),50

as well as the key intermediates in a tandem aldol addition and
Tishchenko reaction.51 We have previously suggested that
transiently and reversibly formed 1,2-adducts may be prevalent
but undetected.6

The formation of 25 poses a number of synthetically notable
possibilities. Precluding the retroaldol may be the source of the
markedly increased yield relative to that of the simple aldol
addition. A potentially four-pot sequencealdol addition,
alcohol protection, deacylation, and esterificationis tele-
scoped to one in >90% yield per step. The premature removal
of the auxiliary, however, causes the stereochemical refinement
of adducts analogous to 23 to become a problem of refining
optical purity. In the spirit of Beauchemin’s results, stereo-
chemically pure syn aldol adduct 23 can be transformed to 25
in a single step with an unoptimized 59% yield and no loss of
diastereoselectivity (eq 15). This one-step replacement of what
would otherwise be a three-step protocol may have some
synthetic utility in polyketide synthesis.
Mixed Aggregate Structure and Reactivity. Admittedly

limited studies to date have shown little evidence of mixed

aggregation in NaDA/NaX mixtures,52,53 which is quite unlike
the often-observed LDA−LiX mixed aggregates.25 We were
surprised, therefore, to observe sodium enolate−sodium amide
mixed dimers 5 and 6 (Scheme 7). Moreover, NaHMDS forms

mixed dimer 6 quantitatively, whereas the analogous NaDA−
sodium enolate mixed dimer 5 is formed in a much softer
(nonquantitative) equilibrium. The reverse is true for
LiHMDS and LDA.25 Even insoluble sodium di-tert-
butylphenolate is drawn into solution to form mixed dimer 7
quantitatively.
Mixed aggregates 5−7 could impose stereochemical control

over the alkylations provided that the mixed aggregates react
without dissociation to monomer 4.54,55 Although alkylations of 5
and 6 gave poor results presumably owing to the nefarious
reactivities of the sodium amide fragments, the phenolate-
derived mixed dimer 7 showed promise: it reacted cleanly and
altered the product distribution, albeit in the wrong direction
(eq 9). Here is why we still find the experiment interesting. If
mixed dimer 7 reacts directly without invasive structural
changes, there is a stereocontrol element that is unavailable to
monomer 4 (Figure 17). The monomer has a sodium and

affiliated ligands in an s-trans orientation relative to the enolate

carbon, placing potential stereochemically controlling ligands

remote from the nucleophilic enolate carbon. By contrast, the

dimer has an s-cis orientation. Despite early failures to improve

the selectivity, we sense that persistence in the choice of salt

(NaX) and diamine could lead to success.

Scheme 6. Reactions of Diamine-Solvated Monomeric
Enolate 4

Scheme 7. Mixed Aggregation with Evans Enolates

Figure 17. Illustration of s-cis and s-trans alignments.
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■ CONCLUSION

Sodiated Evans enolates are often used for stereoselective
alkylations; however, they are not just “lithium enolates on
steroids”. TMEDA-solvated monomer 4 has good structural
control compared with the analogous enolate in THF solution
and offers comparable alkylation selectivities and yields, allows
for quaternizations, and exhibits potentially useful reactivities
toward imines and aldehydes.
The contrasting behavior of THF and TMEDA raises an

important issue. The development of organometallic chemistry
is a story of ligand development and optimization. Whether we
are speaking of transition-metal-catalyzed couplings or organo-
lithium-based metalations, the coordination sphere is para-
mount. The temptation to use THF for sodium chemistry
because it works so well for lithium may be misguided.
Organolithium reagents dominate organoalkali metal chemistry
despite lower reactivities because of their higher selectivities.
We are not convinced that this will necessarily be the case
going forward. Achieving high selectivities in organosodium
chemistry may stem from the development of ligands for the
larger sodium ion.

■ EXPERIMENTAL SECTION
Reagents and Solvents. THF, TMEDA, TMCDA, and toluene

were distilled from solutions containing sodium benzophenone ketyl.
NaDA14 and NaHMDS were prepared and purified as described
previously.16 Oxazolidinones are commercially available or prepared
according to literature procedures.56 Air- and moisture-sensitive
materials were manipulated under argon with standard glovebox,
vacuum line, and syringe techniques.
IR Spectroscopic Analyses. IR spectra were recorded with an in

situ IR spectrometer fitted with a 30-bounce, silicon-tipped probe.
The spectra were acquired in 16 scans at a gain of 1 and a resolution
of 4 cm−1. A representative reaction was carried out as follows: The IR
probe was inserted through a nylon adapter and O-ring seal into an
oven-dried, cylindrical flask fitted with a magnetic stir bar and a T-
joint. The T-joint was capped with a septum for injections and a
nitrogen line. After evacuation under full vacuum, heating, and
flushing with nitrogen, the flask was charged with NaHMDS (101 mg,
0.55 mmol) in 1.0 M TMEDA/toluene and cooled to −78 °C. After
recording a background spectrum, oxazolidinone 1 (116.5 mg, 0.50
mmol) in toluene was added. The absorbance of 1 at 1783 cm−1 was
immediately replaced with an absorbance of enolate 2 at 1743 cm−1.
To this solution was added neat allyl bromide (363 mg, 3.0 mmol),
causing the enolate absorbance to be replaced by the absorbance of
oxazolidinone 3 (1783 cm−1). IR spectra were recorded every 15 s
with monitoring of the absorbance at 1783 cm−1 over the course of
the reaction.
NMR Spectroscopy. Individual stock solutions of substrates and

NaHMDS were prepared at room temperature. An NMR tube under
vacuum was flame-dried on a Schlenk line, allowed to cool to room
temperature, backfilled with argon, and placed in a −78 °C dry ice/
acetone bath. Appropriate amounts of oxazolidinone and NaHMDS
(1.1 equiv) were added sequentially via syringe. The tube was sealed
under partial vacuum and vortexed three times on a vortex mixer for 5
s with cooling between each vortexing. Samples could be stored
overnight in a −86 °C freezer. Standard 1H and 13C NMR spectra
were recorded on a 500 MHz spectrometer at 500 and 125.79 MHz,
respectively. The 1H and 13C resonances are referenced to CDCl3
(7.26 and 77.16 ppm, respectively) and toluene-d8 (C6D5CD3 at 20.4
ppm).
NMR Reaction Kinetics. An NMR tube was charged with

reagents as described above. The sample was vortexed three times on
a vortex mixer for 5 s with cooling between each vortexing. To this
solution, allyl bromide was added. The reaction was followed by 1H
NMR spectroscopy at −20 °C recording spectra at 1.0 min intervals.

Preparation of 3. To a solution of NaHMDS (0.60 mmol, 110
mg) and TMEDA (1.2 mmol, 180 μL) in 4.5 mL of toluene under
argon at −78 °C was added 1 (0.50 mmol, 116.5 mg) in 0.50 mL of
toluene. After stirring for 30 min, allyl bromide (3.0 mmol, 260 μL)
was injected, and the vessel was warmed to 0 °C. The reaction was
quenched by 5.0 mL of saturated NH4Cl and extracted three times
with EtOAc. The organic extracts were dried over MgSO4 and
concentrated in vacuo. Flash chromatography with 20% ethyl acetate
in hexanes provided 132 mg (97% yield) shown by 1H NMR
spectroscopy to be a 20:1 diastereomeric mixture of 3 and its isomer
analogous to that reported previously.33

Preparation of 13. To a solution of NaHMDS (3.3 mmol, 605
mg) and TMEDA (6.6 mmol, 988 μL) in 5.0 mL of toluene under
argon at −78 °C was added 1 (3.0 mmol, 699 mg) in 1.0 mL of
toluene. The reaction was stirred for 30 min, charged with benzyl
bromide (20 mmol, 2.4 mL), warmed to 0 °C, and stirred for 0.5 h.
The reaction was quenched with 5.0 mL of saturated NH4Cl and
extracted three times with EtOAc. The organic extracts were dried
over MgSO4 and concentrated in vacuo. Flash chromatography with
20% ethyl acetate in hexanes afforded 825 mg of 13 (85% combined
yield) displaying spectroscopic properties described previously.33

Preparation of 14. To a solution of NaHMDS (0.10 mmol, 18.3
mg) and TMEDA (0.20 mmol, 30 μL) in toluene (2.0 mL) under
argon was added 13 (0.070 mmol, 22.6 mg) in 0.10 mL of toluene.
The reaction mixture was stirred under argon for 1 h at −20 °C. Allyl
bromide (0.40 mmol, 35 μL) was injected, and the mixture was
warmed to 0 °C over 2 h. The reaction was quenched with 3.0 mL of
saturated NH4Cl and extracted three times with EtOAc. The organic
extracts were dried over MgSO4 and concentrated in vacuo. Flash
chromatography with 15% ethyl acetate in hexanes afforded 13.7 mg
of product (54% combined yield) shown to be an 11:1 mixture of 14
and its minor diastereomer. 1H NMR (599 MHz, CDCl3) δ 7.34−
7.30 (m, 2H), 7.28−7.24 (m, 3H), 7.23−7.19 (m, 5H), 5.77 (dddd, J
= 16.9, 10.1, 8.0, 6.7 Hz, 1H), 5.11 (dq, J = 17.0, 1.6 Hz, 1H), 5.06
(ddt, J = 10.0, 2.0, 1.0 Hz, 1H), 4.61 (ddt, J = 10.7, 6.7, 3.3 Hz, 1H),
4.15−4.10 (m, 2H), 3.61 (d, J = 13.6 Hz, 1H), 3.18 (dd, J = 13.2, 3.3
Hz, 1H), 3.12−3.04 (m, 2H), 2.61 (dd, J = 13.2, 10.6 Hz, 1H), 2.29
(ddt, J = 14.3, 6.7, 1.4 Hz, 1H), 1.36 (s, 3H). 13C NMR (126 MHz,
CDCl3) δ 176.07, 152.77, 137.72, 135.94, 134.39, 130.58, 129.54,
129.06, 128.20, 127.38, 126.74, 118.27, 66.43, 58.32, 50.54, 42.01,
40.73, 38.01, 23.38. m/z calculated for (M+H)+ 364.19072, found
364.19097.

Confirming the Structure of 14. To a solution of 14 (0.050
mmol, 18 mg) in THF (0.45 mL) and water (0.15 mL) at 0 °C was
added H2O2 (30%, 40 mL) dropwise and LiOH (2.4 mg) in water
(0.10 mL). The reaction was warmed to 20 °C for 2 h, cooled to 0 °C,
and treated with Na2SO3 (56.8 mg) in water (0.3 mL) with stirring at
20 °C for 12 h. The reaction was concentrated in vacuo, and its pH
was adjusted to 13 using NaOH at 0 °C. The aqueous solution was
extracted three times with CH2Cl2, and pH was brought to 1 using
concentrated HCl at 0 °C. The mixture was extracted three times with
EtOAc, dried over MgSO4, and concentrated in vacuo to afford 7 mg
of product (69% combined yield). 1H NMR (500 MHz, CDCl3) δ
7.30−7.21 (m, 3H), 7.20−7.14 (m, 2H), 5.82 (ddt, J = 18.5, 9.2, 7.4
Hz, 1H), 5.17−5.09 (m, 2H), 3.05 (d, J = 13.4 Hz, 1H), 2.78 (d, J =
13.4 Hz, 1H), 2.53 (ddt, J = 13.8, 6.9, 1.3 Hz, 1H), 2.21 (ddt, J =
13.7, 7.7, 1.2 Hz, 1H), 1.12 (s, 3H). 13C NMR (126 MHz, CDCl3) δ
183.05, 137.33, 133.75, 130.35, 128.23, 126.77, 118.76, 47.48, 44.89,
43.33, 20.72. m/z calculated for (M+H)+ 205.12231, found
205.12198. [α]22 = +12, c 0.35, DCM. An authentic sample was
prepared using the procedure of Myers and co-workers.57 [α]22 = +24,
c 0.5, CH2Cl2.

Preparation of Imine Adduct 16. To a solution of NaHMDS
(1.0 mmol, 183 mg) and TMEDA (2.0 mmol, 300 μL) in toluene (4.5
mL) was added 1 (1.0 mmol, 233 mg) followed by stirring under
argon for 30 min at −78 °C. A solution of imine−BF3 complex 19
(1.0 mmol) in toluene (0.20 mL) was injected. After stirring for 30 m,
the reaction was quenched by 5.0 mL saturated NH4Cl and extracted
three times with EtOAc. The organic extracts were dried over MgSO4
and concentrated in vacuo. The crude product was analyzed with 1H
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NMR showing 16 in >30:1 selectivity. Flash chromatography (10%
ethyl acetate/hexanes/3% Et3N afforded 16 (380 mg, 93% yield). 1H
NMR (500 MHz, CDCl3) δ 7.33 (dt, J = 7.6, 2.8 Hz, 4H), 7.31−7.25
(m, 3H), 7.25−7.19 (m, 3H), 4.70 (ddt, J = 10.9, 7.2, 3.4 Hz, 1H),
4.20−4.15 (m, 1H), 4.15−4.11 (m, 1H), 3.95 (p, J = 6.8 Hz, 1H),
3.86 (q, J = 6.5 Hz, 1H), 3.40 (dd, J = 13.2, 3.4 Hz, 1H), 2.88 (dd, J =
6.2, 4.8 Hz, 1H), 2.60 (dd, J = 13.1, 10.4 Hz, 1H), 1.67 (pd, J = 6.9,
4.9 Hz, 1H), 1.33 (d, J = 6.6 Hz, 3H), 1.29 (d, J = 6.9 Hz, 3H), 0.80
(d, J = 6.8 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 177.35, 153.32,
146.49, 135.64, 129.48, 129.13, 128.37, 127.46, 127.27, 127.02, 66.17,
61.44, 57.74, 55.71, 41.64, 38.38, 32.49, 24.25, 20.74, 17.86, 13.82. m/
z calculated for (M+H)+ 409.24857, found 409.24889.
Preparation of Imine Adduct 17. Adduct 17 was prepared as

described for adduct 16 using imine−BF3 complex 20. 1H NMR
spectroscopy of the crude shows 17 in >30:1 selectivity. Flash
chromatography (10% ethyl acetate/hexanes/3% Et3N) afforded 17
in 82% yield. 1H NMR (500 MHz, CDCl3) δ 7.37−7.30 (m, 4H),
7.30−7.24 (m, 3H), 7.22−7.16 (m, 3H), 4.63 (ddt, J = 10.8, 7.3, 3.4
Hz, 1H), 4.16−4.10 (m, 1H), 4.09 (dd, J = 9.1, 3.4 Hz, 1H), 3.96−
3.86 (m, 2H), 3.25 (dd, J = 13.2, 3.4 Hz, 1H), 2.87 (dd, J = 6.7, 4.2
Hz, 1H), 2.52 (dd, J = 13.2, 10.3 Hz, 1H), 1.80 (pd, J = 6.9, 4.2 Hz,
1H), 1.34 (d, J = 6.5 Hz, 3H), 1.12 (d, J = 6.9 Hz, 3H), 1.07 (d, J =
6.9 Hz, 3H), 0.96 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3)
δ 177.23, 153.22, 146.33, 135.63, 129.48, 129.09, 128.42, 127.43,
127.16, 127.00, 66.04, 60.80, 56.84, 55.53, 40.84, 38.16, 31.84, 24.32,
20.67, 18.09, 14.15. m/z calculated for (M+H)+ 409.24857, found
409.24796.
Preparation of Imine Adduct 18. Adduct 18 was prepared as

described for adduct 16 using imine−BF3 complex 21 in 87% yield.
1H NMR spectroscopy of the crude shows 18 and its minor
diastereomer in 17:1 selectivity. Flash chromatography (10% ethyl
acetate/hexanes/3% Et3N afforded 18 (34.3 mg, 87% yield). 1H NMR
(500 MHz, CDCl3) δ 7.39−7.34 (m, 2H), 7.34−7.30 (m, 2H), 7.30−
7.24 (m, 3H), 7.24−7.21 (m, 3H), 4.73 (ddt, J = 11.0, 7.3, 3.5 Hz,
1H), 4.20−4.15 (m, 1H), 4.14 (dd, J = 9.1, 3.6 Hz, 1H), 4.06−3.99
(m, 1H), 3.86 (d, J = 12.5 Hz, 1H), 3.81 (d, J = 12.5 Hz, 1H), 3.40
(dd, J = 13.2, 3.4 Hz, 1H), 2.90 (t, J = 6.0 Hz, 1H), 2.60 (dd, J = 13.1,
10.4 Hz, 1H), 1.81 (pd, J = 13.3, 6.7 Hz, 1H), 1.25 (d, J = 6.9 Hz,
3H), 1.04 (d, J = 6.8 Hz, 3H), 1.03 (d, J = 6.8 Hz, 3H). 13C NMR
(126 MHz, CDCl3) δ 176.99, 153.30, 141.05, 135.60, 129.43, 129.09,
128.46, 128.28, 127.42, 127.06, 66.20, 64.67, 55.57, 55.30, 41.14,
38.33, 32.33, 20.42, 18.83, 12.57. m/z calculated for (M+H)+

395.23292, found 395.23215.
Hydrogenolysis. To a solution of 17 (0.08 mmol, 33.3 mg) in

methanol (2 mL) was added palladium on carbon (0.008 mmol, 8.5
mg). The reaction mixture was stirred under 1.0 atm of H2 for 24 h at
room temperature. After filtering through Celite and concentrating in
vacuo, flash chromatography with 3% triethylamine in ethyl acetate
afforded 22 (14.5 mg, 60% yield). Peak broadening presumably owing
to hydrogen bonding was mitigated by warming to 60 °C. 1H NMR
(599 MHz, CDCl3, 60 °C) δ 7.26−7.25 (m, 1H), 7.25−7.20 (m, 3H),
7.20−7.16 (m, 1H), 5.17−5.05 (m, 2H), 4.02−3.95 (m, 1H), 3.83
(dd, J = 12.0, 3.0 Hz, 1H), 3.24 (dd, J = 13.7, 9.7 Hz, 1H), 3.12 (dd, J
= 13.7, 6.9 Hz, 1H), 2.66 (p, J = 7.0 Hz, 1H), 1.64 (pd, J = 14.0, 6.9
Hz, 1H), 0.97−0.87 (m, 3H), 0.86 (d, J = 6.7 Hz, 3H), 0.83 (d, J =
6.6 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.32, 155.43, 138.18,
129.51, 128.49, 126.62, 63.85, 60.55, 55.92, 34.67, 27.90, 18.77, 18.18,
14.35, 9.89. m/z calculated for (M+H)+ 305.18597, found 305.18521.
Aldol Addition. To a solution of NaHMDS (0.3 mmol, 54.9 mg)

and TMEDA (0.9 mmol, 144 μL) in toluene (3 mL) was added 1 (0.3
mmol, 69.9 mg) in 0.10 mL of toluene. After stirring under argon for
30 min at −78 °C isobutyraldehyde (0.9 mmol, 82 μL) was injected
and the mixture was stirred for 1 h at −78 °C. After quenching with
1.0 mL saturated NH4Cl and extracting three times with EtOAc, the
organic extracts were dried over MgSO4 and concentrated in vacuo.
Flash chromatography with 10% ethyl acetate in hexanes afforded
36.4 mg of 25 (61% combined yield). 1H NMR showed a 17:1:0.7:0.4
mixture of 25 and three minor stereoisomers. 1H NMR (599 MHz,
CDCl3) δ 5.06 (d, J = 4.2 Hz, 1H), 3.39 (dd, J = 9.0, 3.7 Hz, 1H),
2.73 (qd, J = 7.2, 3.7 Hz, 1H), 1.98 (hd, J = 6.9, 4.2 Hz, 1H), 1.84

(dh, J = 9.0, 6.6 Hz, 1H), 1.23 (d, J = 7.2 Hz, 3H), 1.01−0.97 (m,
9H), 0.86 (d, J = 6.8 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ
172.94, 106.45, 82.07, 38.20, 32.71, 28.45, 18.67, 17.60, 16.17, 15.83,
11.74. m/z calculated for (M+H)+ 201.14852, found 201.14824.
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