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Abstract

Aldol additions to isobutyraldehyde and cyclohexanone with lithium enolates derived from
acylated oxazolidinones (Evans enolates) are described. Previously characterized trisolvated
dimeric enolates undergo rapid addition to isobutyraldehyde to give a 12:1 syn:syn selectivity in
high yield along with small amounts of one anti isomer. The efficacy of the addition depends
critically on aging effects and the reaction quench. Unsolvated tetrameric enolates that form on
warming the solutions are unreactive toward isobutyraldehyde and undergo retroaldol reaction
under forcing conditions. Additions to cyclohexanone are relatively slow but form a single
isomeric adduct in >80% yield. The ketone-derived aldolates are robust. All attempts to control
stereoselectivity by controlling aggregation failed. Rate studies of addition to cyclohexanone trace
the lack of aggregation-dependent selectivities to a monomer-based mechanism. The synthetic
implications and possible utility of lithium enolates in Evans aldol additions are discussed.
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Introduction

Enolates bearing chiral oxazolidinone auxiliaries—so-called Evans enolates—have taken
their rightful place in the annals of organic synthesis.! Since the original report by Evans,
Bartroli, and Shih? in 1981, more than 1600 patents mentioning Evans enolates have been
filed. Curious gaps in the technology persist, however. Whereas alkylations of lithiated
Evans enolates remain central to asymmetric synthesis,13 the corresponding lithium-based
aldol additions of enormous potential application in polyketide syntheses have drifted into
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relative obscurity (eq 1).24® The problem began with the seminal 1981 Evans et al.2 paper
reporting a nearly stereorandom aldol addition using lithium, which redirected the
investigators to the highly selective boron variant. Evans and other aldol enthusiasts
subsequently developed asymmetric aldol additions by using Lewis acidic counterions
containing titanium, boron, tin, zinc, and magnesium while exploiting an incredible range of
oxazolidinone auxiliaries.!
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Despite the success of the alternatives, lithium-based Evans aldol additions appeared
sporadically—a dozen or so cases in total.*®> Some show low yields and poor selectivities.
There is also an oddly high proportion of additions to ketones, which are widely believed to
be poor substrates owing to the tendency of hindered aldolates to undergo retroaldol
additions.® Singer et al.>2 at Pfizer developed a plant-scale synthesis exploiting the addition
in eq 2. We consulted Singer about the details, and he noted emphatically and with a
noticeable grimace, “everything mattered.”
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We describe herein studies of the aldol addition of lithiated Evans enolates.” The first paper
in this series laid the structural foundations (Scheme 1): spectroscopic and computational
studies of several dozen structurally diverse enolates revealed isomeric dimers (2a and 2b),
tetramers bearing Dog-symmetric cubic cores (3), and oligomers suspected to be ladders of
various lengths (4).8 No monomeric enolates were detected under normal conditions.® The
distribution of aggregates depended on the choice of oxazolidinone auxiliary, steric demands
of the substituent on the anionic enolate carbon, enolate and THF concentrations, and even
the temperature of the enolization. On this last point, we noted in passing that enolizations of
acylated oxazolidinones give dimeric enolates kinetically, and they equilibrate to various
proportions of tetramer 3 only on warming. This equilibration proves to be key.19

We have studied two aldol additions (Scheme 2). The addition to isobutyraldehyde (i-
PrCHO) to give syn adduct (R,S)-6 is not as selective as boron-based Evans aldol additions
to generate (S,R)-6, but it is surprisingly effective. It is extremely sensitive to both
quenching conditions and aging effects. Curiously, aggregation markedly influences
reactivity yet has no effect on stereoselectivity. The totally stereoselective and high-yield
addition to cyclohexanone is also influenced by aging effects but not destructively so. Rate
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studies delineate why the stereochemistries of the additions in Scheme 1 are insensitive to
aggregation. Our work sheds light on why everything mattered for Singer et al.>2

As is often the case, our narrative is by no means chronological; we became aware of aging
effects and the impact of the acidic quench over time. Many experiments and computations
became marginalized by this heightened understanding, but they retain merit and are
archived in Supporting Information. Structural assignments for aggregates 2a, 2b, and 3
have been described in detail elsewhere® and are not repeated here. We often refer to the
highly fluctional dimers 2a and 2b collectively as 2.

Aggregate Aging

Substrate 1 and related oxazolidinones were enolized in tetrahydrofuran (THF) or THF/
hexane mixtures at =78 °C with analytically pure, lithium chloride free lithium
diisopropylamide (LDA), [ELi]LDA, or [6Li,3>N]LDA.11 Previous studies showed that the
metalation of oxazolidinone 1 with LDA in THF or THF/hexane mixtures at =78 °C
proceeds according to Scheme 1.8 Intermediate mixed dimer 8 is also observable with
excess LDA. The kinetically formed trisolvated dimers 2a and 2b are metastable in neat
THF solution at =78 °C, isomerizing to tetramer 3 with an approximate half-life of 8-12 h at
0.10 M.12 In contrast to the tetramer—dimer equilibration, the dimers isomerize rapidly.
Warming to —60 °C causes the rapid appearance of unsolvated tetramer 3 (half-life = 1.5-2.0
h), but warming to 0 °C with subsequent cooling results in no further changes. As implied
by eq 3, tetramer 3 is favored by low THF concentrations, becoming the sole observable
form at concentrations below 2.0 M THF. Moreover, low THF concentrations increase the
rate at which the tetramer forms, consistent with a requisite THF dissociation. As we show
below, tetramer formation has an enormous impact on the efficacy of the lithium-based aldol
additions.
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Addition to i-PrCHO: in situ monitoring

6Li NMR spectroscopic analysis of the aldol addition in eq 3 was limited because the
aldolates appear as broad mounds. (Many lithium alkoxides do not form discrete aggregates
in THF solution.13) The loss of starting materials, however, offered insights into the efficacy
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of the aldol addition. Enolizations at =78 °C without aging—Xinetically controlled
metalations—afford enolate dimers 2. The addition of 2.0 equiv of i-PrCHO consumes 2 in
seconds (eq 4). Mixed dimer 8, present when a slight excess of LDA is used (as often occurs
in synthetic applications), is also consumed immediately. We entertained the possibility that
enolization is fast relative to the aldol addition and tried adding LDA last; that approach did
not work. We eventually traced the fate of the LDA fragment in 8 to the formation of 1,2-
adduct 9. Although the homoaggregated forms of 9 appear to be complex oligomers
(probably ladders14), mixed adduct 10, formed by using 2.0 equiv of [6Li,1°5N]LDA, was
characterized with 5Li, 13C, and 1°N NMR spectroscopy,1® which made key 13C-1°N

and SLi-15N couplings readily apparent.16

i-PrCHO O O OLi

(2.0 equiv)
(ROLi}p(THF)y — » O)J\N e
) 78°C Me  Me
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4

The addition of i-PrCHO to enolates that were generated at —78 °C, briefly aged at 0 °C, and
recooled to —78 °C —solutions containing THF-concentration-dependent dimer—tetramer
mixtures—show immediate dimer consumption and no detectable reaction of the tetramer
over hours: tetramer 3 is unreactive (Scheme 3). Forcing the conversion of 3 by warming
the solution to 0 °C affords broad mounds that provide no insight into what is achieved but
was eventually traced to decomposition (vide infra).

The results of in situ IR spectroscopy qualitatively confirmed the outcomes observed with
NMR spectroscopy. Injection of 0.95 equiv of i-PrCHO into unaged solutions at =78 °C
caused immediate disappearance of the aldehyde absorbance envelope at 1710-1740 cm™1,
whereas aged solutions containing exclusively tetramer showed no evidence of addition at
-78 °C.

Addition to i-PrCHO: yield and selectivity

Those attempting to carry out Evans aldol additions with lithium enolates face several
potential obstacles. In our hands, the aldol adducts were particularly sensitive to destruction
during workup (more so than simple acylated oxazolidinones) primarily owing to the
deacylation documented previously.1” The literature is replete with quenches of mild acids
and buffers. Contrary to what we infer from these reports, however, deacylation is
suppressed, and yields improve when aqueous HCI with decreasing pH is used: quenching
with concentrated HCI affords the high yields shown in Scheme 2 with no detectable
deacylation. Anticipating the obvious question, we note that HCI in saturated brine is not as
effective.

The stereoselectivities and percent conversions were monitored by TH NMR spectroscopic
analysis of the crude extracts after acidic workup. Selected results illustrating the most
salient features of the addition are shown in Table 1. A host of cross-checks showed that the
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isomer ratios were not distorted by the protocol. The stereochemistry was assigned by (1)
determining the X—ray crystal structure of the known8 major syn isomer, (R,S)-6
(Supporting Information); (2) preparing the known8 minor syn isomer, (S,R)-6, via boron
enolate based addition;19 (3) preparing the known2® minor anti isomer, (R,R)-6, via a
titanium-catalyzed aldol addition;2! and (4) synthesizing (S,S)-6 from the opposite
enantiomeric series (Supporting Information).22 The starting oxazolidinone 1 was easily
monitored to assess percent conversion.

The observed selectivities proved surprisingly impervious to the known (measurable)8
aggregate distribution: all reactions carried out at =78 °C afford approximately a 12:1
syn:syn selectivity with minor concentrations of the (R,R) anti isomer. The condition-
dependent percent conversion is notable. Taken together, the results of product analyses and
spectroscopic studies show that percent conversion and accompanying isolated yields
correlate with the proportion of dimeric enolate, whereas stereoselectivity does not.

Aged samples containing predominantly tetrameric enolate 3 provide low conversion owing
to the low reactivity of the tetramer. Forcing conditions (=—40 °C) afford poor selectivities
and debris traced to the retroaldol reaction. When a solution of aldolate prepared under
optimum conditions to give high yields and 12:1 syn:syn selectivity is subsequently aged at
-40 °C before quenching and workup, selectivity is lost and debris forms (eq 5). Thus, the
aldolate product is incompatible with the temperatures required to elicit a tetramer-derived

addition.
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Heteroaggregation effects on selectivity

We generated mixtures of heteroaggregates (eq 6) as described in previous structural studies
to assess the influence of pairing partners on the selectivity of aldol additions of (S)-5.8
Enolates (R)-5 and 12-14 are the most interesting of those assayed. Under both kinetic
control, in which only dimers are formed, and aged conditions, the resulting distributions of
homo- and heterodimers were shown by Li NMR spectroscopy are nearly statistical. (R)-5
is simply the antipode of the oxazolidinone denoted as 5, which affords a synthetic racemate
ata 1.1 ratio. Hindered enolates such as 12 form exclusively homodimers in isolation and
only homo- and heterodimers when mixed with 5. Anion 13 is structurally intriguing in that
it could, in principle, heteroaggregate without undergoing a competitive aldol addition.
Diastereoselectivities deriving from the oxazolidinone enolate 5 component remained
invariant: heteroaggregation had no influence on the stereoselectivities. Hold that thought as
we segue to studies of the mechanism of the aldol addition.
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Addition to ketones: yield, selectivity, and mechanism

Kinetically generated dimeric enolates 2 add to ketones such as cyclohexanone (Scheme 2)
to form adduct 7 with total selectivity (>20:1), but the reaction stalls at approximately 30%
conversion when carried out at equimolar concentrations.23 The addition was readily
followed with IR spectroscopy by monitoring the disappearance of cyclohexanone (1715
cm™1) or the formation of the aldolate (1785 cm™1).24 Addition with 1:1 stoichiometry on
unaged samples at —78 °C is sufficiently slow that dimer-to-tetramer aging is competitive,
which appears to be the source of the incomplete conversion. Paradoxically, warming the
samples to —40 °C to expedite the addition also accelerates the aging of the enolates to the
less reactive tetrameric enolate. However, unlike additions to i-PrCHO, such forcing
conditions are not destructive. Aldol addition at —40 °C affords high conversion (>98%),
isolated yield (81%), and good selectivity (>20:1). Forcing conditions cause neither the loss
of selectivity nor the decomposition expected for the retroaldol addition.

Rate studies were carried out under pseudo-first-order conditions with cyclohexanone at low
concentrations (0.005 M). The absence of autocatalysis was demonstrated by completing a
reaction, zeroing the baseline, and showing analogous rates with a second aliquot of ketone.
The decays approximated first-order, but slight overlap of the absorbances of cyclohexanone
and enolate 2 in tandem with dimer-to-tetramer aging effects distorted the data during the
later half-lives. Monitoring initial rates of aldolate formation was expedient (1785 cm™1).

Plotting initial rates versus cyclohexanone concentration confirms a first-order ketone
dependence (Figure 1). Plotting initial rates versus enolate concentration revealed a half-
order dependence (rate = k’[enolate]", such that n = 0.57 + 0.06) on observable enolate
dimer (Figure 2), which revealed that the aldol addition proceeds via reversible
deaggregation and reaction via a fleeting monomeric intermediate.2>

The solvent order proved particularly interesting in the context of the previous structural
assignments as isomeric trisolvated dimers 2. The uneven per-lithium solvation number—
which was firmly established experimentally and computationally but disquieting
nonetheless®—mandated that the reaction order in THF be a variant of a half-integer order
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(x 0.5, + 1.5, and so forth).26 Indeed, a plot of initial rate versus THF concentration showed
a distinct positive dependence that fits the following: initial rate = k’[THF]", such that n =
0.56 £ 0.05 (Figure 3). Thus, the half-order in THF also confirms that the trisolvation state
assignment is correct. As an aside, cursory examination of the rates of aged samples in
which the sole observable form is tetramer reveals a 0.37 = 0.05 order in enolate, consistent
with a more sluggish tetramer-to-monomer conversion.

In total, the rate data are consistent with the idealized?’ rate law in eq 7 and the generic
mechanism delineated in eqs 8 and 9.

d[ cyclohexanone] /dt=Fkopsa| cyclohexanone] [enolate] /2[ THF]Y2  (7)

1/2(ROLA),(THF ), +1/2THF <= (ROLi)(THF),
15

2a/b

(ROLi)(THF),+cyclohexanone — aldolate (
5

1 9

Computations

The reaction coordinate was 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.28 Each transition structure showed the anticipated single imaginary frequency
corresponding to the reaction coordinate. Intrinsic reaction coordinate (IRC) calculations??
probed the minima bracketing the transition structures. The supporting information includes
probes of various solvation states and conformational isomers of the transition structures.
We have distilled the results to the lowest energy transition structures of central importance
to the issues at hand.30

The cornerstone for the results is the previously reported stability of the relative aggregation
states summarized in Scheme 4, which illustrates the small predicted energy separations of
germane aggregates.® The lowest energy transition structures stemming from the aggregates
in Scheme 4 as well as the post-transition-structure minima are shown in Scheme 5.
Comparing the relative energies presented a challenge in standard states. We benchmarked
the computed activation free energies on a per-aldehyde basis to the most stable trisolvated
dimer (eqs 10-13). As demonstrated by the energies, the computations do not capture the
preference for monomer-derived reactivity (vide infra).

1 1
5 253+§S+RCH0—>[ESQ(RCHO)] AG*=+T7.8kecal (10)
17

2E,S3+RCHO — [Es(RCHO)|4+6S  AG'=+2.0keal (43
20
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EyS3+RCHO — [E»Sy(RCHO)+S  AG'=+6.8keal (1
21

E»S3+RCHO — [E»Sy(RCHO)|+S  AG'=+3.5keal (1)
24

The most pressing issue seems to pertain to stereocontrol: all aggregation states predict the
formation of the observed syn adduct (R,S)-6. In light of the rate studies, we focused on the
four Zimmerman-Traxler3! diastereomeric transition structures depicted in Scheme 6 and as
artists’ renditions with energies in Scheme 7. IRC calculations show the O-Li bond of the
propionamide carbonyl cleaving at the transition structure with an affiliated rotation about
the N—C bond. The relative energies of 25 and 27 are surprisingly close, but a minor canting
of the i-Pr moiety in 27 appears to alleviate serious interaction. Transition states without
coordination of the carbamate carbonyl or those retaining the tripodal contact through to the
product aldolate are viable but higher-energy (vide infra).

Discussion

The results of structural, stereochemical, and mechanistic studies illustrate why lithiated
Evans enolates are rarely used in synthesis and suggest ways to overcome some of the
limitations of these compounds. Key aging effects are summarized in Scheme 8. Omitted
structural details including THF ligands appear in Scheme 1.

Aggregate aging

Reich has shown that when kinetically formed mixtures of enolate aggregates react with
aldehydes, the lower aggregates are decidedly more reactive.819:32 That is not to say,
however, that deaggregation necessarily occurs before aldol addition. The results of our
previous studies showed that enolization with LDA forms isomeric trisolvated dimers 2a/b,
which are kinetically stable at =78 °C.8 On warming to =40 °C (or standing for hours at -78
°C), the dimers equilibrate to unsolvated tetramer 3 (see Scheme 1). Low THF
concentrations in THF/toluene mixtures favor the unsolvated tetramers at equilibrium and
facilitate the dimer-to-tetramer conversion.

Aggregate-dependent reactivity

The outcome of an aldol addition depends markedly on the dimer—tetramer distribution.
Under kinetically controlled enolization in which only dimers form, aldol (R,S)-6 can be
isolated in a credible 12:1 syn:syn selectivity (with lower levels of anti addition) and 91%
combined isolated yield (Scheme 2). The result is contingent on an optimized quench—
concentrated HCl—to preclude deacylation. If the solution is allowed to age to form
tetramer 3, the aldol addition fails (Table 1). This outcome is consistent with Reich’s
observations that metastable dimers are more reactive than tetramers.”-10:32 Attempts to
force a tetramer-derived aldol addition, however, lead to debris and stereochemical erosion
(Scheme 3) owing to the penchant of the aldolate to undergo retroaldol addition (eq 5).6
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Aggregate-independent selectivity

Mechanism

We were determined to show that the stereochemistry of the additions could be controlled
and influenced by controlling the aggregation state of the enolate. We explored this
hypothesis by preparing assorted heterodimeric enolates and carrying out subsequent aldol
additions (eq 6). Structural variations within the partnered oxazolidinone enolates were
examined. We knew from the results of 5Li NMR spectroscopic studies® that these reactions
form heterodimers. Some pairs had interesting flairs. By attempting to alter the
diastereoselectivity using a 1:1 mixture of two enantiomers of 5—a synthetic racemate—we
likely carried out the first (and only) stereochemical study of an Evans aldol addition using
racemic starting material. Other pairing partners such as 14 lack chirality while retaining
potentially biasing substituents. Anion 13 affords an Evans enolate surrogate neutered by
replacing the carbanionic carbon with a nitrogen. None—not one—afforded a significant
change in the stereochemistry.

There is an interesting circularity to our inability to control the stereoselectivity of an
organolithium reaction by controlling aggregation state: our first mechanistic organolithium
paper in 1986 describes a similar failure to alter the stereochemistry of lithiated hydrazone
alkylations through aggregation control.33 These two rate studies spanning three decades
provided the same outcome: changes in aggregate structures fail to control selectivity
because the reaction proceeds via monomers. In the case of adding enolate 5 to
cyclohexanone (Scheme 2), a rate law (eq 7) in conjunction with the assigned reactants as
trisolvated dimers provided the generic mechanism involving a disolvated monomer
intermediate (egs 8 and 9). Despite speculation3* and hard evidence3? that the aldol addition
occurs from aggregates, we found no support for aggregate-based Evans aldol additions. Of
course, generalizing our results to other aldol additions is ill-advised.

Computations

The results of DFT computations, although at times quantitatively in conflict with
experimental observations, proved helpful. The large cache of results are archived in
Supporting Information. Scheme 4 shows that the computations captured the essence of the
energetic equivalence of isomeric dimers 2a and 2b and tetramer 3.8 The most stable
transition structures representing the four aggregate forms are illustrated in Scheme 5, with
affiliated energies in eqs 10-13—all of which predict the formation of (R,S)-6 as the major
product. The per-aldehyde energies normalized to a single trisolvated dimer ground state,
however, did not reflect the experimental results well, with the experimentally implicated
monomer-based transition structure 17 garnering the highest energy and the tetramer-based
variant 20 the lowest.

Despite the failure of the admittedly non-isodesmic comparisons,3° the computations
provoke thought. IRC calculations?® of monomer-based transition structure 17 have revealed
the carbonyl of the propionate undergoing an Li-O scission bond to adduct 18 as the first-
formed minimum. Transition structure 28, retaining this interaction, as well as transition
structure 29, showing scission of the oxazolidinone carbonyl Li—-O bond, are viable but
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higher in energy. The dimer-based transition structures show similarities to those calculated
by Cossio and co-workers392 for simple aldol condensations. Owing to the stereochemical
complexity, a number of isomeric forms occur (Supporting Information). Tetramer-based
transition structure 20 undergoes addition involving a scission of an O—Li bond in the cube
to give partially fragmented cube 19 as the immediate minimum. The stability of 20 seems
to find origins in precursor complex 30 that, for reasons that are not obvious to us, derives
significant stabilization via aldehyde complexation that carries through to the transition

structure.
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Focusing on the experimentally implicated monomer-based transition structures, we found
that the computations mimicked experimental outcomes nicely (Scheme 6), although the
numbers should not be taken literally. If viewed from the right angle, one is struck at how
closely the six-centered transition structure mimics the idealized chair first proffered by
Zimmerman and Traxler.31 The most stable transition structure, 17, corresponds to the
experimentally observed syn isomer. Probably the most vexing result is that transition
structure 27 corresponding to synfacial addition to the benzylic group with anti orientation is
not wildly unstable. Squinting at three-dimensional depictions in Scheme 6 (or using the
more tractable interactive capabilities of a computer) reveals a notable absence of
consequential interactions between any portions of i-PrCHO and the benzylic CH, protons.
As redrawn and labeled below, the notable H-H van der Waals interactions appear to be
those of the benzylic CH, or aldehyde CH3 moieties with the enolate vinyl proton in concert
with a significant (27-33°) rotation about the N-C(=0) bond. In short, preferred attack
antarafacially to the benzylic group (25) rotates the N—C(=0) bond and moves the vinyl
hydrogen away from the benzylic protons, whereas attack synfacially (25) rotates the vinyl
hydrogen toward one of the benzylic protons. Also notable is an even greater elongation of
the propionamide O-Li bond, which is in the process of cleaving en route to the aldolate.

I-PICHO I-PrCHO
an!arafacra! synfacial
fo
benzyl benzyl
HE THF ) % THF p R
rotate L. rotate
propicnamide / ““O / propionamide \ /
carbonyl 'I- P carbonyl 0
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We summarize the reaction coordinate for the conversion of dimer 2a to give (R,S)-6 to
provide a fairly coherent narrative in Scheme 9. Some may find the preferred five-
coordinate monomers 31 and 32 disquieting relative to their more conventional four-
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coordinated analogs, but evidence has amassed over the years that the limit of four-
coordinate, tetrahedral lithium does not stand up to scrutiny.3®

Synthetic implications

Our results yield a number of interesting implications that are specific to the Evans
chemistry or have even broader interest. We noted at the outset, for example, that ketones
are unusually well-represented in the small group of lithium-based Evans aldol additions.®
The Pfizer team that took the aldol in eq 4 to a plant-scale production level® used several
tricks that we suspect circumvented the deleterious aging effects: they (1) carried out the
aldol addition in a large number of smaller batches, and (2) generated the unhindered
(rapidly enolized?) acetate enolate in the presence of the hindered (slowly enolized?) ketone,
which may have allowed fleeting lower aggregates to be captured before association into
higher aggregates. (We are currently examining some of these hypotheses.) That said,
additions to ketones are less susceptible to the problems of aging: the aldol addition to
cyclohexanone shown in Scheme 2 gives a credible 81% isolated yield if the enolate
solution is allowed to age to give the less reactive tetramer 3. The ketone adduct (the
aldolate of 7) is less sensitive than aldehyde adduct 11 to destructive retroaldol addition,
which seems to contradict the widely held notions about ketone-based aldolates.6 We are
reluctant to conclude that the Evans enolates are exceptional and wonder what these
potentially dogmatic notions are based on. Given that aldol additions to ketones are still
considered unusual, the small handful of oxazolidinone-based additions to ketones are
probably worthy of more attention, especially if the low isolated yields derive from
reparable quenching problems.

The aldehydes should not be discounted either. The 12:1 syn:syn selectivity contaminated by
a small amount of anti isomer may be economically viable. Would a plant-scale boron-based
aldol necessarily be economically more viable? The answer to that question depends on the
details of handling and purification. The compelling part to us, however, stems from the
insights provided by the computations demonstrating that the central interaction dictating
facial selectivity appears to involve the interaction of the enolate vinyl hydrogen with one of
the two benzylic hydrogens on the oxazolidinone substituent. We briefly examined
oxazolidinones bearing isopropyl (from valine), phenyl, and diphenylmethyl moieties
trolling for better selectivities and we found none. In retrospect, none appears to be
optimally suited to improve selectivity based on the computational model. We cannot help
but wonder whether there are oxazolidinones engineered to magnify the interaction with the
enolate hydrogen atom (and whether they could be prepared economically enough to justify
an improvement).

We plan to examine alkylations of Evans enolates, but we suspect that the requisite warmer
temperatures foreshadow deaggregation. Do lithium enolate tetramers ever react directly
without deaggregation? There is precious little direct data with which to address this
question,’ but Reich shows that tetramers, although less reactive than dimers, react directly
without dissociation.32 In a very clever experiment, Flowers and co-workers!f correlated
the product distribution of an oxidative enolate coupling with the distribution of homo- and
heterotetramers.
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As a final note, it is common practice to use a slight excess of LDA as a margin of error, and
its fate is worth considering. LDA forms 1,2-adduct 9 with i-PrCHO. Although the
homoaggregated adducts are spectroscopically intractable, the mixed dimer with LDA (10)
is readily characterized. Adduct 9 is akin to that exploited to exact ortholithiations of aryl
aldehydes,3” and 1,2-adducts are surely intermediates in lithium hexamethyldisilazide
additions used to form imines.38 There is additional evidence of 1,2-addition by lithium
amides,3? but to observe it with LDA remains somewhat sobering. Are such adducts
necessarily precluded if the electrophile is a ketone rather than a less hindered aldehyde? In
aword, no. Such 1,2-adducts to ketones have been documented.1® Of course, none of this
matters much unless the aldehyde is the precious component, at which point excess LDA
will cause a loss in yield. It makes us wonder, however, what fleeting intermediates go
undetected during enolizations.*0

Conclusion

We believe that the lithium-based Evans aldol addition is potentially more useful than many
realize, especially for potentially challenging additions to ketones. The inherently lower
selectivities of lithium-based Evans aldols compared with those of their dibutylboron triflate
variants are unappealing in academic laboratories (ketone additions excepted): an increase in
per-unit cost to obtain spectacular selectivities is a minor sacrifice. In an industrial setting,
however, the economics of large-scale reactions that include purifications relying on
recrystallization leave lead to altogether different calculations. Industrial practitioners
working on large scales should be aware, however, that they could fall prey to non-
equilibrium kinetics in which solutions of highly reactive dimeric enolates age to become
much less reactive tetrameric enolates. Enolizations in the presence of electrophiles possibly
with a more judicious choice of hindered lithium amide base, should be considered.

Experimental

Reagents and Solvents

THF and toluene were distilled from solutions containing sodium benzophenone ketyl. The
toluene stills contained approximately 1% tetraglyme to dissolve the ketyl. LDA, [BLi]LDA,
and [5Li,’5N]LDA were prepared as described previously.!! Solutions of LDA were titrated
for active base with a literature method.4! Air- and moisture-sensitive materials were
manipulated under argon with standard glove box, vacuum line, and syringe techniques.
Oxazolidinone 1 was purchased.

NMR Spectroscopy

Individual stock solutions of substrates and LDA were prepared at room temperature. An
NMR tube under vacuum was flame-dried on a Schlenk line and allowed to return to room
temperature, then backfilled with argon and placed in a =78 °C dry ice/acetone bath. The
appropriate amounts of oxazolidinone and LDA (1.1 equiv) were added sequentially via
syringe. The tube was sealed under partial vacuum, vortexed three times on a vortex mixer
for 5 s with cooling between each vortexing. Equilibrated samples could be stored overnight
in a —86 °C freezer. Each sample routinely contained 0.10 M total enolate with a 0.050 M
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excess of LDA. (Excess base forms mixed dimers 8 with the resulting enolate, which was
characterized with 8Li and 15N NMR spectroscopy.8) Standard 6Li and 13C NMR spectra
were recorded on a 500 MHz spectrometer at 73.57 and 125.79, respectively. The 6Li

and 13C resonances are referenced to 0.30 M [BLi]LiCl/MeOH at =90 °C (0.0 ppm) and the
CH>O0 resonance of THF at —90 °C.

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 LDA (51 mg, 0.475 mmol) in THF, cooled in a dry ice—acetone bath
prepared with fresh acetone, and charged with 1 (117 mg, 0.50 mmol) in THF. The total
volume was brought to 4.9 mL with THF. After recording a background spectrum, we added
cyclohexanone (0.05 mmol) with stirring. IR spectra were recorded every 15 s with
monitoring of the absorbance at 1785 cm™1 over the course of the reaction.

Preparative scale addition to i-PrCHO

LDA was prepared in situ via the addition of 0.91 mL n-butyllithium (9.6 mmol) to a
solution of 1.44 mL diisopropylamine (10.3 mmol) freshly distilled from sodium
benzophenone ketyl in 100 mL THF in a dry ice—acetone bath prepared with fresh acetone.
This solution was warmed with an ice water bath for 1 h. The solution was recooled with a
dry ice—acetone bath, and a solution of 1 in THF (2.0 g, 8.6 mmol) was added over 5 min.
This solution was stirred for 30 min, and 1.57 mL of i-PrCHO (17.1 mmol) was added. After
30 min of stirring, the reaction was quenched with 10 mL concentrated HCI. The solution
was warmed to room temperature and extracted with three 100 mL portions of diethyl ether.
The organic extracts were washed with 100 mL phosphate buffer (pH 7), dried over sodium
sulfate, and concentrated in vacuo. The crude product was analyzed with 1H and 13C NMR.
After flash chromatography with 27% ethyl acetate in hexanes, 2.365 g of product isomer
was obtained (91% combined yield). Analytically pure (R,S)-6 was obtained via
recrystallization from the mixture of products with ethyl acetate in hexanes at —20 °C and is
a literature compound.18 The recovered crystals were subjected to X-ray crystallographic
analysis (Supporting Information). (R,S)-6: 1H in CDCl3 (600 MHz): 7.27 ppm (m, 5H);
4.70 ppm (ddt, J=9.8, 7.7, 3.3 Hz, 1H); 4.20 ppm (m, 2H); 4.03 ppm (qd, J = 7.0, 2.7 Hz,
1H); 3.60 ppm (dd, J = 8.6, 2.7 Hz, 1H); 3.31 ppm (dd, J = 13.4, 3.4 Hz, 1H); 2.77 ppm (dd,
J=13.4,9.7 Hz, 1H); 2.59 ppm (s, 1H); 1.73 ppm (dhept, J = 8.5, 6.6 Hz, 1H); 1.19 ppm (d,
J =7.0 Hz, 3H); 1.06 ppm (d, J = 6.6 Hz, 3H); 0.95 ppm (d, J = 6.8 Hz, 3H). 13C in CDCl3
(126 MHz): 177.5, 153.0, 135.2, 129.4, 129.0, 127.4, 76.8, 66.2, 55.2, 39.7, 38.0, 31.1, 19.3,
18.9, 9.7. Dart-MS m/z: calculated for C17H,4NO4 (M+H)* 306.16998, found 306.16981.
The minor isomers were observed using NMR spectroscopy with comparison to
independently prepared authentic samples of (S,R)-6:18:19 1H NMR in CDCl3 (600 MHz):
7.29 ppm (m, 5H); 4.70 ppm (dddd, J = 9.5, 7.6, 3.4, 2.8 Hz, 1H); 4.22 ppm (m, 1H); 3.96
ppm (qd, J = 7.1, 2.5 Hz, 1H); 3.54 ppm (dd, J = 8.6, 2.5 Hz, 1H); 3.26 ppm (dd, J = 13.4,
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3.4 Hz, 1H); 2.79 ppm (dd, J = 13.4, 9.5 Hz, 1H); 1.73 ppm (dhept, J = 8.7, 6.7 Hz, 1H);
1.24 ppm (d, J =7.1 Hz, 3H); 1.04 ppm (d, J = 6.6 Hz, 3H); 0.91 ppm (d, J = 6.8 Hz,

3H). 13C NMR in CDCl3 (126 MHz): 177.8, 152.9, 135.1, 129.4, 129.0, 127.4, 76.7, 66.2,
55.2,39.7, 37.8, 30.8, 19.3, 18.9, 9.9. Dart-MS m/z: calculated for C17H4NO4 (M+H)*
306.16998, found 306.16986. (R,R)-6:20-21 IH NMR in CDCl3 (600 MHz): 7.28 ppm (m,
5H); 4.68 ppm (ddt, J = 10.3, 7.1, 3.2 Hz, 1H); 4.18 ppm (m, 2H); 4.05 ppm (p, J = 7.0 Hz,
1H); 3.51 ppm (s, 1H); 3.34 ppm (dd, J = 13.5, 3.5 Hz, 1H); 2.75 ppm (dd, J = 13.5, 9.7 Hz,
1H); 1.82 ppm (heptd, J = 6.9, 4.4, 1H); 1.21 ppm (d, J = 6.9 Hz, 3H); 1.00 ppm (d, J=6.9
Hz, 3H); 0.97 ppm (d, J = 6.8 Hz, 3H). 13C NMR in CDCl3 (126 MHz): 177.4, 153.7, 135.3,
129.4,129.0, 127.3, 79.6, 66.1, 55.6, 40.4, 37.8, 30.7, 19.9, 15.7, 15.0. Dart-MS m/z:
calculated for C17H24NO, (M+H)* 306.16998, found 306.16982. Isomer (S,S)-622 was not
observed on comparison with an authentic sample: 1H NMR in CDCl3 (600 MHz): 7.29 (m,
5H), 4.72 (ddt, J = 9.3, 7.7, 3.1 Hz, 1H), 4.20 (m, 2H), 3.98 (p, J = 7.0 Hz, 1H), 3.53 (q, J =
6.2 Hz, 1H), 3.25 (dd, J = 13.4, 3.4 Hz, 1H), 2.79 (dd, J = 13.4, 9.4 Hz, 1H), 2.48 (m, 1H),
1.82 (pd, J = 6.8, 4.6 Hz, 1H), 1.26 (d, J = 6.9 Hz, 3H), 0.97 (d, J = 6.9 Hz, 3H), 0.94 (d, J =
6.8 Hz, 3H). 13C NMR in CDCl5: § 177.4, 153.5, 135.2, 129.6, 129.1, 127.6, 78.9, 66.3,
55.3, 40.8, 38.0, 30.6, 20.2, 15.9, 15.3. Dart-MS m/z: calculated for C17H4NO,4 (M+H)*
306.16998, found 306.16913.

Preparative scale addition to cyclohexanone

LDA was prepared in situ via the addition of 0.16 mL n-butyllithium (1.6 mmol) to a
solution of 0.25 mL diisopropylamine (1.8 mmol) freshly distilled from sodium
benzophenone ketyl in 20 mL THF in a dry ice—acetone bath prepared with fresh acetone.
This solution was warmed with an ice water bath for 1 h. The solution was recooled with a
dry ice—acetone bath, and a solution of 1 in THF (349 mg, 1.5 mmol) was added over 5 min.
This solution was stirred for 30 min, and 0.50 mL of cyclohexanone (4.8 mmol) was added.
The reaction was warmed to —40 °C in a dry ice—acetonitrile bath. After 30 min of stirring,
the reaction was quenched with 2 mL concentrated HCI. The solution was warmed to room
temperature and extracted with three 20 mL portions of diethyl ether. The organic extracts
were washed with 20 mL phosphate buffer (pH 7), dried over sodium sulfate, and
concentrated in vacuo. The crude product was analyzed with *H and 13C NMR. After flash
chromatography with 30% ethyl acetate in hexanes, 398 mg (1.2 mmol, 80%) of adduct 7
was isolated. Recrystallization with ethyl acetate in hexanes at =20 C afforded crystals were
for an X-ray crystallographic analysis. 7: 1H NMR in CDCl5: 7.49 ppm (m, 5H); 4.90 ppm
(ddt, J=10.2, 6.8, 3.5 Hz, 1H); 4.37 ppm (m, 2H); 4.19 ppm (g, J = 7.0 Hz, 1H); 3.57 ppm
(dd, J =13.3, 3.5 Hz, 1H); 3.45 ppm (d, J = 1.8 Hz, 1H); 2.92 ppm (dd, J = 13.3, 10.0 Hz,
1H); 1.77 ppm (m, 8H); 1.53 ppm (m, 2H); 1.43 ppm (d, J = 7.0 Hz, 3H) 13C NMR in
CDCl3: 178.0, 153.4, 135.2, 129.4, 129.1, 129.0, 128.5, 127.4, 126.5, 72.6, 65.9, 55.5, 38.1,
37.2,335,25.7,21.8, 21.5, 12.2. Dart-MS m/z: 332.18561

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Plot of initial rate vs cyclohexanone concentration in neat tetrahydrofuran (THF) at —78 °C
(0.10 M 5, neat THF,-78 °C). The data were fit to y = ax", such that n = 0.95 * 06.
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Figure 2.
Plot of initial rate vs enolate 5 concentration at 0.0050 M cyclohexanone in neat THF at —78

°C. The data were fit to the following: y = ax", such that n = 0.57 + 0.06.
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Figure 3.
Plot of initial rate vs THF concentration using 0.10 M enolate and 0.0050 M cyclohexanone

in toluene at =78 °C. The data were fit to the following: y = ax", such that n = 0.56 + 0.05.
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Table 1

Condition-dependent percent conversion of oxazolidinone enolates 2 and 3 with added i-PrCHO at —78 °C.

[oou {ou N\ ipcHO 9 o ¢
[ \ =
(\ XJ\/ME,J | ){&/ME . XJ%/W 7 XJJ\:/\:,MQ
] 4 laxansa » 1
-TBOC Me Me Me Me

dimer tetramer
2 3 (R.5)6 (8,16

[THF] (M)® @dingat0°C  estimatedP dimer:tetramer ~ PErcent conversion  gejectivityC (R,S)-6:(S,R)-6

12.0 no >20:1 >95% 12:1
12.0 yes 1:14 33% 12:1
0.20 no >20:1 >95% 12:1
0.20 yes 1:>20 2% 12:1

aCorresponds to neat tetrahydrofuran, which is 12.3 M without other additives.
k)Aggregate proportions derive from 6Li NMR spectroscopy.

cSyn:anti =16:1 owing to (R,R)-6.
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