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ABSTRACT: Camphorsultam-based lithium enolates referred to
colloquially as Oppolzer enolates are examined spectroscopically,
crystallographically, kinetically, and computationally to ascertain
the mechanism of alkylation and the origin of the stereoselectivity.
Solvent- and substrate-dependent structures include tetramers for
alkyl-substituted enolates in toluene, unsymmetric dimers for aryl-
substituted enolates in toluene, substrate-independent symmetric
dimers in THF and THF/toluene mixtures, HMPA-bridged trisolvated dimers at low HMPA concentrations, and disolvated
monomers for the aryl-substituted enolates at elevated HMPA concentrations. Extensive analyses of the stereochemistry of
aggregation are included. Rate studies for reaction with allyl bromide implicate an HMPA-solvated ion pair with a +Li(HMPA)4
counterion. Dependencies on toluene and THF are attributed to exclusively secondary-shell (medium) effects. Aided by density
functional theory (DFT) computations, a stereochemical model is presented in which neither chelates nor the lithium gegenion
serves roles. The stereoselectivity stems from the chirality within the sultam ring and not the camphor skeletal core.

■ INTRODUCTION
A survey of scaled procedures used by Pfizer Process over two
decades showed that 68% of all C−C bond formations were
carbanion-based, and 64% of these involved enolates.1,2 A survey
of over 500 academic natural product syntheses revealed that
lithium diisopropylamide (LDA) was the most commonly used
reagent, which certainly involved a considerable number of
lithium enolates.3 Thus, the central importance of lithium
enolates in organic synthesis is unassailable.4

We submit that understanding how solvation and
aggregation influence enolate reactivity and selectivity also
has a niche, but it has been a particularly challenging problem.
During a collaboration with the Sanofi-Aventis process group
to study β-amino ester enolates (1, Chart 1),5 we happened
upon a generalizable protocol6 for determining aggregation

states of O−Li species in solutions.7 This initiated studies of
structure−reactivity−selectivity relationships of synthetically
important enolates ranging from simple to functionally
complex (Chart 1).8

Notably absent from Chart 1 are camphor-based Oppolzer
enolates exemplified by lithium enolate 8 in eq 1.9 Highly
stereoselective functionalizations using a range of counterions
are attributed to transition structures depicted as 10 in which
stereocontrol to form 9 stems from an endo-face approach to
the sultam-based chelates. We describe herein studies of the
lithium enolates of type 8, exploring how the solvent influences
aggregate structure and the mechanism underlying highly
stereoselective alkylations. After wading through some
strikingly complex aggregation and solvation effects, we
found that the sulfonyl-based chelates are structurally
important but do not influence the stereoselectivity of
alkylation. Moreover, neither the lithium counterion nor the
camphor methyl moieties influence the stereochemistry. The
unglamorous function of the camphor skeleton is to anchor the
C−C−C−N dihedral angle in sultam 11. The sulfonyl moiety
plays a key and quite unexpected role.
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Chart 1. Synthetically Relevant Enolates Characterized in a
Solution5,8
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The bulk of the study focuses on the structures of aryl
acetamide-derived enolates and their alkylation.10 Although
this is logical given the prevalence of pharmaceutical agents
with aryl propionate substructures11 and considerable room for
further development of their syntheses using the Oppolzer
enolates,12 the aryl acetamide-derived enolates are more
structurally tractable than their alkyl counterparts. For the
casual readers, the Discussion summarizes the solvent-depend-
ent structures and mechanism of alkylation. For the more
structurally and mechanistically inclined readers, the Results
section details the challenges and methods for determining the
solution structure.
Background: Structure Determination. Structure and

mechanism are inseparably entwined. In 1968, Edwards et al.13

reduced reaction kinetics to a simple (paraphrased) maxim: the
rate law provides the stoichiometry of the transition structure
relative to the reactants. It offers the empirical formula of the
transition structure provided the structures of all reactants are
known. Thus, the success of a detailed mechanistic study
depends critically on understanding and controlling the
structures of the reactants. Having determined hundreds of
rate laws over decades, however, we can say with confidence
that the challenges posed by structural variability in the
reactants are far more vexing than those arising from multiple
transition structures.
Seebach, Williard, and others laid important foundations by

determining enolate crystal structures showing what might exist
in solutions.14 Lithium enolate solution structures, however,
were elusive owing to the absence of spin−spin coupling in the
O−Li linkage that was central to understanding C−Li and N−
Li species.15−17 Early solution structural studies of enolates
employed colligative measurements to obtain average molec-
ular weights of all species in solutions inferred from measured
solution molalities,18 but these methods are opaque and error-
prone owing to the possibility of complex equilibria and
undetected impurities. Diffusion-ordered NMR spectroscopy
(DOSY) promoted in organolithium chemistry contempora-
neously by Williard et al.19 and Neufeld and Stalke20 shows
great promise by providing relative molecular weights of the
independent species. Although questions remain about the
contributions of solvation, aggregate shape, and some odd
temperature sensitivities,21,22 DOSY comes into play in this
study. A bevy of 2-D NMR spectroscopies can reveal structures
of aggregates containing magnetically inequivalent subunit-
s,8e,f,23 but we had little luck with this approach on the
Oppolzer enolates.
The method of continuous variations (MCV) offered us a

flexible tool to ascertain the structures of enolates in
solutions.5−7 An ensemble generated from binary mixtures of
constitutionally similar species of unknown aggregation
number (An and Bn, eq 2) is monitored by NMR spectroscopy
as a function of mole fraction, ΧA or ΧB. The number and

symmetries of the heteroaggregates attest to the aggregation
state. Plotting the relative proportions against the measured
mole fraction24 with a parametric fit affords a Job plot
confirming the assignment (vide inf ra).7

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

The application of MCV requires carefully chosen binary
mixtures to optimize spectral resolution, which becomes an
issue of increasing importance as the aggregation states
increase. As we show below, binary mixtures of antipodes of
a single enolate�scalemic mixtures�proved especially im-
portant by reducing the resonance counts owing to symmetry.
The choice of substrate is always an important issue, but it
proved critical in Oppolzer enolates. Various binary pairs often
provided well-resolved views of some but not all structural
forms. The large number of enolates examined (Chart 2) does

not reflect an unchecked urge to characterize every imaginable
enolate but rather a struggle to solve some difficult problems.
The data collectively lead to a self-consistent structural model
assembled from a large number of combinations of substrates
and solvents. As an aside, tetramer ensembles in toluene
require aging at 0 °C to equilibrate the aggregates.8,25 We
suspect that the potential consequences of slow aggregate
aging are underappreciated by practitioners using lithium
enolates.8a,d,e

Density functional theory (DFT) computations supported
experimentally elusive details.26−28 In what may seem
intellectually backward to some, three crystal structures
support the spectroscopic and computational conclusions.

■ RESULTS
Aggregates ebb and flow with the choice of solvent that
included toluene, THF, HMPA, and combinations of the three.
A standard protocol involves titrating enolate solutions in one
solvent with variable concentrations of another and monitoring
the appearance and disappearance of aggregates. The Oppolzer
enolates were examined using 1H, 6Li, 13C, 15N, 19F, and 31P
NMR spectroscopies; 6Li, 13C, and 19F were the most
informative. 15N NMR spectroscopy using an 15N-labeled
substrate lacked adequate resolution within the all-important
ensembles. 31P NMR spectroscopy provided a few insights into
lithium-HMPA contacts but generally was disappointing when
compared with the successes enjoyed by Reich at low
temperatures inaccessible to us.15b The majority of spectra
are archived in the Supporting Information and not mentioned
herein.

Chart 2. Substrates and Enolates
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There are four recurring structural types�monomers,
symmetric dimers, spirocyclic dimers, and tetramers�and
different forms were best observed with different enolates and
ensembles. We have attempted to minimize the discomfort of
the reader by using data emblematically to illustrate structural
and stereochemical issues without attempting to adjudicate the
assignments comprehensively. The presentation below is
organized in an aggregate-centric format to illustrate key issues
and strategies, beginning with monomers. An overview of the
results presented using a more solvent-centric narrative is
found in the Discussion.

Monomers. The absence of detectable heteroaggregation
by 1H, 6Li, 13C, and 19F NMR spectroscopies in binary
mixtures of enolates is the primary evidence of a monomer.
Figure 1 shows select 19F NMR spectra of representative aryl

acetamide-derived enolates, a subset of Oppolzer enolates that
are most prone to form monomers.29 Possible structural
variations of the monomers include 12−15. The exo and endo
designations refer to chelation by the sulfonyl oxygens on the
exo and endo norbornyl faces, respectively. Endo and exo
coordination was never observed concurrently, preventing us
from distinguishing a high stereochemical preference for one
from a rapid exchange of a mixture. DFT computations

support 1−6 kcal/mol preferences for endo isomers in most
aggregation states; however, there are exceptions, and both are
represented in crystal structures of dimers (below). Neither
unchelated monomer 14 nor ion pair 15 is detected
spectroscopically,30 but 15 proves mechanistically important.
Assignment of the enolate geometries as Z isomers derives
from putative A-strain in all carboxamide-like enolates,31 the X-
ray structures discussed below, and DFT computations. NOE
studies were not definitive.
HMPA-solvated enolates are central to this study because

HMPA is required for successful alkylations. Although the
alkyl-substituted enolates show no evidence of HMPA-solvated
monomers, additions of >1.5 equiv of HMPA to the aryl-
substituted enolates show monomers emerging concurrently
with dimers; monomers become the dominant form at >3.0
equiv of HMPA. They appear at characteristic chemical shifts
as broad singlets, broad triplets, or well-resolved 1:2:1 triplets
depending on the substrate and temperature.32 Figure 2 shows

monomer 16 (R = m-CF3Ph) as a 1:2:1 triplet centered at
−0.64 ppm (JLi‑P = 3.2 Hz) flanked by two low-intensity
multiplets corresponding to dimers (vide inf ra). 31P NMR
spectroscopy shows two 31P resonances (1:1) broadened by
unresolved 6Li coupling, which logically correspond to the
endo- and exo-disposed HMPA ligands of 16. DFT
computations support 16 over the exo chelate by 4.9 kcal/mol.
The bis-HMPA solvation confirms that the chelate remains

intact rather than forming 14 or 15 based on extensive studies
of HMPA-solvated lithium salts by Reich.15b DOSY showed
that monomer 16 has a lower relative molecular weight than
trisolvated dimers (discussed below), confirming that the
triplet stems from the relatively small monomer 16 rather than
from a relatively large tetrasolvated dimer of general structure
(ROLi)2(HMPA)4.

Dimers. We are presented not only with the complexity of
endo versus exo chelation but also by what we colloquially refer
to as symmetric dimers (17 and 18) and spirocyclic dimers (19
and 20). A crystal structure of enolate 8c reveals dimer 22
(Figure 3), which corresponds to homochiral dimer 17 (R =
ethyl) showing coordination to the endo sulfonyl oxygen with

Figure 1. 19F NMR spectra of 0.10 M of [6Li]8r, [6Li]8t, and a 4:6
mixture in 0.30 M HMPA in toluene at −80 °C.

Figure 2. 6Li NMR spectrum of 0.10 M [6Li]8u in 0.30 M HMPA in
toluene at −100 °C showing monomer 16 (orange) along with a
bridged trisolvated dimer 24 (red, vide infra).
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one HMPA on each lithium syn to each other. A 7:3 scalemic
mixture of aryl-substituted enolate 8t (Figure 4) affords dimer
23, which corresponds to heterochiral dimer 21 (R = p-
fluorophenyl) showing chelation by the exo sulfonyl oxygen
with one THF on each lithium anti to each other.

Symmetric dimers such as 17 or 18 have magnetically
equivalent subunits and would display a single 6Li resonance.
The spirocyclic dimers 19 and 20 display two well-resolved 6Li
nuclei while displaying magnetically equivalent subunits. Select
spectra of enolates 8b and 8g (Figure 5) and the affiliated Job
plot (Figure 6) confirm the dimer assignment. An alternative
view using scalemic mixtures of 8t affording magnetically
identical A2 and B2 homodimers provides the Job plot in
Figure 7.6 The nonstatistical preference for heterodimerization
in Figure 7�the two curves should meet at 0.50 relative
intensity and ΧS = 0.50 in a statistical sample�is supported by
DFT suggesting a 2.2 kcal/mol preference.

Conjugation-stabilized aryl acetamide-derived enolates in
toluene afford homoaggregated spirocyclic dimers (19 or 20)
manifesting magnetically equivalent enolate subunits and two
inequivalent lithium nuclei to the exclusion of higher
aggregates. Although the 6Li resonances within dimer

Figure 3. X-ray crystal structure of bis-HMPA solvated enolate 8c
corresponding to homochiral dimer 22 showing double endo chelation
with one HMPA on each lithium syn to each other.

Figure 4. X-ray crystal structure of bis-THF solvated enolate 8t
corresponding to heterochiral dimer 23 (Ar = p-fluorophenyl) showing
double exo chelation with one THF on each lithium anti to each
other.

Figure 5. 6Li NMR spectra of 0.10 M mixtures of [6Li]8b (A2, blue)
and [6Li]8g (B2, red) in neat THF at −80 °C. One new resonance
appears for the mixed aggregate (A1B1, orange).

Figure 6. Job plot showing relative integrations of homodimers of
[6Li]8b (A2, blue) and [6Li]8g (B2, red) and the heterodimer (A1B1,
orange) plotted against the measured mole fraction24 of [6Li]8b (ΧA)
for 0.10 M mixtures of lithium enolates [6Li]8b and [6Li]8g in neat
THF at −80 °C monitored by 6Li NMR spectroscopy (Figure 5). The
curves result from a parametric fit to a dimer model.
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ensembles were poorly resolved, 19F NMR spectroscopy
(Figure 8) provided the resolution for a clean dimer-based
Job plot (Supporting Information).33

Incremental additions of HMPA to enolates in THF or
toluene showed a recurring theme in which a single 6Li
resonance of variable intensity corresponding to monomer 16
(monomer type 12) as discussed above was flanked by two
equal-intensity 6Li resonances. Resolution of the 6Li-31P
couplings was substrate-dependent; enolate 8o provided a
particularly clear view (Figure 9). The two doublet-of-doublets
(JLi‑P = 3.2 and 1.1 Hz) first noted in Figure 2 correspond to a
bridged dimer with a partial structure 24. Monomer 16 is
favored at elevated HMPA concentrations and low enolate
concentrations, consistent with higher per-lithium solvation
and lower aggregation than 24. The small coupling in 24 is
characteristic of bridged (μ2) HMPA ligands.15b

The partial structure 24 with requisite proximal (synfacial)
HMPA ligands is consistent with the HMPA ligands in the
crystallographically characterized disolvated dimer (Figure 3).
Moreover, two doublet-of-doublets (1:1) suggest an asymme-
try that would arise from magnetically inequivalent subunits.
This lack of symmetry seems to demand either a single endo−
exo pairing such as 25 or 26 or a 1:1 mixture of two symmetric
dimers out of four possible isomers, 27−30. The invariant 1:1
proportions of the two double-of-doublets in numerous
examples seem too coincidental, prompting us to lean firmly
toward 25 or 26. Computations of the six isomers showed 25
to be strongly preferred relative to 30, whereas stable minima
with intact core structures could not be located for dimers 26−
29.
Tetramers. Tetramers of general structure 31 with D2d-

symmetric cores manifesting a single 6Li resonance and
magnetically equivalent subunits had been observed for
lithiated Evans enolates (5).8d Tetramers with S4-symmetric

Figure 7. Job plot showing relative integrations of the two
magnetically equivalent homochiral homodimers of [6Li]8t (R2/S2,
red) and a heterochiral mixed dimer (R1S1, orange) plotted against
the measured mole fraction24 of [6Li](S)8t (ΧS) for scalemic 0.10 M
mixtures of [6Li]8t in 10 M THF/toluene at −80 °C monitored by
19F NMR spectroscopy. The curves result from a parametric fit to a
dimer model.

Figure 8. 19F NMR spectra of mixtures of [6Li]8s (A2, blue) and [6Li]
8t (B2, red) in toluene at −80 °C. Two new resonances appear for the
mixed aggregate (A1B1, orange).

Figure 9. 6Li NMR spectrum of 0.10 M [6Li]8o in 0.30 M HMPA in
toluene at −100 °C showing bridged trisolvated dimer 24 (red) and
monomer 16 (orange).
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cores (32) manifesting two 6Li resonances (1:1) and two
magnetically inequivalent subunits were observed for chiral
amino alkoxides.34,35 Both forms are well represented
crystallographically for tetrameric chelated lithium salts.
Alkyl-substituted Oppolzer enolates (8a−n) in toluene
uniformly display the spectral properties anticipated for 32.
Computations using propionate enolate 8b reveal an 11 kcal/
mol preference for 32 over 31.

Confirming the tetramer assignment by MCV was
particularly challenging because of isomerism within the 3:1,
2:2, and 1:3 heteroaggregates (Chart 3). A complete ensemble

of S4-type tetramers in the limit consists of 10 discrete isomers
manifesting 32 magnetically distinct subunits. Although relief
from steric congestion might drive stereocontrol and preclude
some isomers, success was not guaranteed. In previous
examples, we could monitor aggregate proportions at elevated
temperatures wherein each stoichiometry in the An−Bn
ensemble appears as a single 6Li resonance owing to intra-
aggregate 6Li-6Li exchange.5,34 Unfortunately, Oppolzer eno-
lates in toluene decompose above 0 °C, temperatures well
below those needed to observe intra-aggregate coalescence.
The most tractable result emerged from mixtures of 8f and

8l, affording 18 identifiable 6Li resonances in total. Monitoring
the intensities against mole fraction (Figure 10), paying
particular attention to mass action effects to discern the
different stoichiometries, afforded tentative assignments to the
various aggregate stoichiometries and the Job plot in Figure 11.
Although this confirms high (tetramer-like) aggregation

behavior, the reliance on precise attributions seems fanciful.
Fortunately, a much better solution arose.

Binary mixtures of two enantiomers reduce the number of
possible structures (Chart 4) and the number of resonances
owing to enantiomeric R4/S4, R3S1/R1S3, and R2S2 aggregate
pairs and generally higher symmetries within several
heterotetramers. The theoretical upper limit drops to 6
discrete aggregates displaying 12 6Li resonances. We suspected
that stereocontrolled aggregation might further reduce the

Chart 3. Ensemble of Homo- and Heteroaggregated
Tetramers and Affiliated Resonance Counts

Figure 10. Select 6Li NMR spectra of mixtures of [6Li]8l (A4) and
[6Li]8f (B4) in toluene at −80 °C. The sealed NMR tubes were aged
at 0 °C for 10 min. The total molar ratio (8l/8f) of the two enolates is
superimposed to the left of each spectrum. Several new overlapping
resonances appear for the mixed aggregates (A3B1, A2B2, A1B3)
consistent with a tetramer model.

Figure 11. Job plot showing relative 6Li integrations (Figure 10) of
the two homoaggregates of [6Li]8l (A4, blue) and [6Li]8f (B4, red),
3:1 mixed tetramer A3B1 (violet), 2:2 mixed tetramer A2B2 (orange),
and 1:3 mixed tetramer A1B3 (green) against the measured

24 mole
fraction of [6Li]8l (ΧA) for 0.10 M mixtures of lithium enolates [6Li]
8l and [6Li]8f in neat toluene at −80 °C. The curves result from a
parametric fit to a tetramer model.
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number of resonances. In the optimistic event of total
stereocontrol producing a single stereoisomeric heteroaggre-
gate for each stoichiometry, the theoretical aggregate count
drops to three and the resonance count drops to seven.
We got lucky. Three enantiomeric pairings each afforded the

optimal stereocontrol manifesting only seven resonances,
affording successful MCV analyses; scalemic mixtures of the
isopropyl substituted enolate 8f gave the most visually pleasing

spectra (Figure 12) and Job plot (Figure 13). The 2:2
stoichiometry, for example, displays a single resonance out of a
possible four. We are fully confident in the tetramer
assignment and find the stereochemical complexity of
aggregation quite satisfying (in retrospect).
We examined the heterochiral ensemble using DFT. The 3:1

and 2:2 mixed tetramers showed 6.0 and 4.0 kcal/mol
preferences, respectively, for single isomers. An observed
small nonstatistical preference for forming the 3:1 and 2:2
heterotetramers observable in Figure 13�the blue and orange
curves should contact at ΧS = 0.5�is overestimated
computationally (2.0 and 1.7 kcal/mol, respectively.)
Influence of Excess LDA. A standard protocol of probing

for lithium enolate-LDA mixed aggregates by using excess
[6Li,15N]LDA revealed dianion crudely depicted as 33 instead
(eq 3).36 Three distinct 6Li resonances (2:1:1) showed no
6Li-15N coupling. A crystal structure showed a complex
aggregate composed of four subunits of dianion 33 with
symmetry consistent with the 6Li spectral data (Figure 14).

There are no C−Li contacts. The structure of the dianion is
of limited pedagogical value except to reveal the origins of
byproducts reported in the synthetic organic literature
discussed below.37 The Li8O12X4 core structure does not
appear in the Cambridge Database.

Chart 4. Ensemble of Homo- and Heteroaggregated
Tetramers from Scalemic Mixtures and Affiliated Resonance
Counts

Figure 12. 6Li NMR spectra of mixtures of the two antipodes of [6Li]
8f in toluene at −80 °C and aged at 0 °C for 10 min.25 The intended
(not measured) molar ratio (S:R)24 of the two enolates is to the left of
each spectrum. Five new resonances appear for the mixed aggregates
(R3S1, R2S2, R1S3) consistent with a tetramer model.

Figure 13. Job plot showing relative integrations plotted against the
measured24 mole fraction of the S antipode (ΧS) in 0.20 M scalemic
mixtures of lithium enolate [6Li]8f in neat toluene at −80 °C
monitored by 6Li NMR spectroscopy (Figure 12). The curves
showing mirror image homotetramers (R4/S4, red), mirror image 3:1
heterotetramers (R1S3/R3S1, blue), and a single 2:2 heterotetramer
(R2S2, orange) result from a parametric fit to a tetramer model.
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Kinetics of Alkylation.38 The mechanism of alkylation
was studied using enolate 8o and allyl bromide (eq 4). The
enolate generated in situ using recrystallized LDA39 exists as
bis-HMPA-solvated monomer 16 (R = Ph) over all
concentrations of HMPA (0.075−0.90 M), THF (0.50−11.0
M), and allyl bromide (≤0.825 M).40 Alkylation rates were
monitored by in situ IR spectroscopy41 following the loss of
enolate 8o (1616 cm−1) and formation of product 34 (1704
cm−1). Figure 15 illustrates an emblematic decay. Alkylations

under more synthetically relevant conditions (0.10 M enolate
and 3.0 equiv of allyl bromide) displayed no unusual
curvatures that would be emblematic of intervening con-
sequential autocatalysis or autoinhibition.38d

With enolate as the limiting reagent and boxed in by
technical limitations owing to substrate solubilities, we turned
to the nonlinear variant of the van’t Hoff differential method
(eq 5)42 to determine the enolate order, n, by best fit. The
curve in Figure 15 stems from such a fit. Although orders
determined by this method routinely afford considerable
variation from run to run, replication solves that problem. An
enolate order of 1.2 ± 0.2 was obtained from the 132
independent decays used to obtain values for kobsd. The first
order in excess allyl bromide was confirmed by a two-point

control experiment showing a direct relationship of kobsd to
concentration.

n k tenolate enolate ( 1)n n
0

(1 )
obsd

1/(1 )[ ] = {[ ] } (5)

A plot of kobsd against [HMPA] concentration reveals a
second-order dependence (Figure 16) that implicates an

intermediate ion pair or free ion with a +Li(HMPA)4
counterion commonly observed spectroscopically.15b The
first-order rather than half-order enolate dependence impli-
cates ion pair 35 with correlated ions rather than fully formed
free ions, which would manifest a half-order dependence.43

A plot of kobsd against THF concentration revealed a second-
order THF dependence (Figure 17, blue curve). Superficially,
this implicates a +Li(HMPA)4(THF)2 cation. However, using

Figure 14. Partial X-ray crystal structure of octalithiated tetramer with
D2 symmetry consisting of four units of dianion 33 (left) and partial
structure (right). Six coordinated THF molecules have been omitted
for clarity.

Figure 15. Alkylation of 8o (0.025 M; 1616 cm−1) with 0.275 M allyl
bromide in 9.00 M THF/toluene at −78 °C to form 34 (1704 cm−1).
The red curve depicts an unweighted least-squares fit to eq 5 such that
n = 1.01 ± 0.02, kobsd = 0.0064 ± 0.0005, and [substrate]0 = 0.0261 ±
0.0002.

Figure 16. Plot of kobsd against [HMPA] for the alkylation of enolate
8o (0.025 M) with 0.275 M allyl bromide in 9.0 M THF/toluene at
−78 °C. The asterisk (*) to the far left is outside pseudo-first-order
conditions and was not included in the fit. The blue curve depicts an
error-weighted least-squares fit to f(x) = axb such that a = 0.062 ±
0.001 and b = 2.2 ± 0.1.

Figure 17. Plot of kobsd against THF concentration for alkylation of
0.025 M 8o with allyl bromide (0.275 M) in 0.275 M f ree HMPA
concentration46 at −78 °C in toluene (●) or 2,5-Me2THF (◆)
cosolvent. The asterisk (*) to the far left is not under pseudo-first-
order conditions and was not included in the fit. The blue curve
depicts an error-weighted least-squares fit to the function f(x) = y0 +
axb such that y0 = 1.0 × 10−4 ± 0.1 × 10−4, a = 2.5 × 10−5 ± 0.4 ×
10−5, and b = 2.1 ± 0.1. The red curve depicts an error-weighted least-
squares fit to the function f(x) = y0 + ax such that y0 = 4.9 × 10−3 ±
0.2 × 10−3 and a = 1.1 × 10−5 ± 2.9 × 10−5.
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toluene as the cosolvent proved to be a fateful choice.
Suspecting from previous studies that secondary-shell
(medium) effects could be intervening, we carried out a
standard control experiment in which 2,5-Me2THF was used as
a sterically encumbered (noncoordinating) cosolvent with a
dielectric constant nearly equal to that of THF.44 The resulting
zeroth-order THF dependence is shown in Figure 17 (red
curve). Thus, the second-order THF dependence is entirely
attributable to sterically insensitive medium effects, which
seemed extraordinary based on numerous previous studies in
which most but not all reveal trivial cosolvent dependencies.
Having observed strange effects of toluene on several
occasions,45 we monitored the initial rate against toluene
concentration using cyclopentane as cosolvent at fixed HMPA
and THF concentrations and obtained an inverse-first-order
dependence (Figure 18). These sterically insensitive (secon-
dary-shell) effects are considered further in the discussion.

■ DISCUSSION
We have described one of those investigations that might have
given us pause had we anticipated the challenges. The
structural studies provided inordinate complexity, whereas
the rate studies offered unexpected results. We begin by
summarizing the structural studies described above and
archived in the Supporting Information by taking a solvent-
centric look at aggregation, underscoring the general trends.
Solvent- and Substituent-Dependent Aggregation.

Scheme 1 depicts the structural changes of Oppolzer enolates
as a function of solvent, taking liberties to make the story
tractable. The loops represent the sultam chelates, whereas the
sticks and spheres reflect different faces with implicitly different
steric demands. The loose term “solvent power” connotes the
progression through a combination of increasing solvent
donicity47 (Lewis basicity) and increasing donor solvent
concentration, which tend to work in concert.
Oppolzer enolates in toluene exist as two structural types

depending on the enolate substituent. The sterically
unhindered alkyl-substituted enolates afford tetramers of type
32 with S4-symmetric cores analogous to lithium amino
alkoxides in solutions34 rather than drum-like structures with
D2d-symmetric cores (31) formed by Evans enolates (5, Chart
1).8d,48 This is supported by DFT computations showing an 11

kcal/mol preference isomer 32. Primary-shell solvation
(ligation) by toluene is implicated only in the spirocyclic
dimer structures (see below), but toluene strikingly influences
reactivity (vide inf ra.)
Ironically, our first efforts to explore tetramers computa-

tionally using phenylacetate-derived enolate 8o as a model
completely failed to afford stable minima with the cubic core
intact. We subsequently discovered that the relatively large
phenyl groups49 preclude the formation of tetramers, affording
the spirocyclic dimers (36) instead. Enolates 8f and 8g bearing
large alkyl substituents form tetramer 32 along with low levels
of spirocycle 36. DFT suggests a 2.0 kcal/mol exothermic
solvation of the terminal lithium of 36 by toluene (Figure 19).

The partial structure in Figure 19 shows an interesting gearing
of the three phenyl moieties. Although this should render the
two subunits magnetically inequivalent, high fluxionality would
be expected to obscure the broken symmetry.
We routinely study solvation by titrating hydrocarbon

solutions of organolithiums with donor solvent to observe
structural changes during the transition from the large
aggregates to more highly solvated lower aggregates.7 This
strategy provided complex and largely useless spectra at low
THF concentrations en route to the tractable dimers emerging
at elevated (typically >3.0 M) THF concentrations. Both alkyl-
and aryl-substituted enolates afford symmetric solvated dimers
37 or 38. THF solvates with anti-oriented THF ligands (37)
are assigned based on DFT computations and analogy to a
crystal structure in Figure 4. These THF-solvated dimers
proved well-suited for MCV-based characterizations and would
have been excellent candidates for mechanistic studies if not
for their failure to alkylate below the temperatures of enolate
decomposition.
Incrementally adding HMPA to toluene and various THF−

toluene mixtures revealed several resonances that were
candidates for the bis-HMPA-solvated dimers (see 37 or 38),

Figure 18. Plot of rate constants determined from initial rate
measurements against toluene concentration for the alkylation of
0.025 M 8o at −78 °C with 0.275 M allyl bromide in 0.275 M f ree
HMPA in 2.0 M THF using cyclopentane cosolvent. The curve
depicts an error-weighted least-squares fit to the function f(x) = y0 +
axb such that y0 = −1.4 × 10−6 ± 0.3 × 10−6, a = 5.1 × 10−5 ± 0.3 ×
10−5, and b = −1.1 ± 0.2.

Scheme 1. Solvent-Dependent Aggregates of Oppolzer
Enolates

Figure 19. DFT-computed structure of phenyl-substituted enolate 8o
displaying a type-36 core structure. The partial structure illustrates the
disposition of the ligated toluene measurably out of the Li2O2 plane.
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but their concentrations remained low, and definitive assign-
ments were elusive. The dominant HMPA-solvate is akin to
the type-38 dimer observed crystallographically (Figure 3) but
with an additional bridging (μ2) HMPA. This trisolvated dimer
with a core structure illustrated by 24 invariably coexists with
disolvated monomer of type 39. Of six possible isomeric
trisolvates (25−30), broken symmetry observed spectroscopi-
cally in conjunction with DFT computations pointed to a
single isomer 25 with a mix of endo and exo chelation (Figure
20). Of the five other isomers, only 30 afforded a stable
minimum with intact core structure, and it is considerably
higher energy.

A monomer of type 39 (drawn in more detail as 16 in eq 4)
containing two magnetically inequivalent HMPA ligands forms
to the exclusion of 40 that would be at least trisolvated
according to Reich’s extensive studies of HMPA solvation.15b

Most importantly, type-39 monomers form over a wide range
of conditions for aryl-substituted enolates, establishing
structural foundations for rate studies. Before addressing the
alkylation mechanism and its role in dictating stereoselective
alkylation, however, there are a few structural details to
consider.
Stereochemistry of Aggregation. Something so simple

as whether the sultam chelate exploits the exo or endo sulfonyl
oxygen remains unresolved spectroscopically; the endo form is
preferred computationally in most environments, whereas both
are represented crystallographically. Stereochemical issues that
emerged when using MCV to determine aggregation state are
primarily academic but are interesting nonetheless. One can
argue that understanding stereocontrolled aggregation may
reveal how to exploit homo- and heteroaggregate structures to
impose stereocontrol on tetramer-based transformations.14,50

Probably the most spectacular example of this was achieved by
Merck Process in their efavirenz synthesis.51

Characterizing S4-type tetramers using MCV relies on
generating ensembles of two structurally distinct enolates
with up to 32 magnetically inequivalent subunits (Chart 3). By
contrast, pairing enantiomers�generating analogous RmSn
ensembles from scalemic mixtures�reduces the number of
possible magnetically equivalent subunits to 12 (Chart 4). In
the limit that steric biases impart total diastereoselectivity, the
resulting heterochiral ensembles could reduce to as few as
three distinct tetramers manifesting only seven magnetically
distinct subunits. That is precisely what happened as illustrated
by the clean ensembles and convincing Job plots (Figures 12
and 13).
Dianion. Synthetic chemists have reported byproducts of

type 41 in which LDA appeared to metalate proximate to the
sulfonyl group.37 Our quest for evidence of LDA-enolate mixed

aggregates instead afforded 33 as a spectroscopically and
crystallographically characterized octalithiated tetramer (Figure
14). The dianion did not form mixed aggregates with LDA,
which contrasts with dianion 6 corresponding to Myers
enolates (Chart 1).8e

Despite square planar lithiums and no C−Li contacts, there
is nothing particularly notable about the structure. It does,
however, prompt a few comments and some ideas worth
exploring. Decades ago, we rediscovered52 the high tendency
of sulfones to stabilize dianions of general structure
ArSO2CM2R (M = Li, Na, or K)53,54 and even ArSO2CLi3.

55

In short, sulfones are remarkably effective at stabilizing anions.
Synthetic organic and inorganic chemists have largely over-
looked these potentially interesting synthons. We also suspect
that there is a general notion within the community that
dianions are destabilized by charge repulsion. To understand
the flaw in this logic, compare an aggregated alkoxide to a
dilithiated dialkoxide (42 and 43): it is altogether unclear why
simply adding the bridge would be destabilizing. Moreover,
given that highly reactive organolithiums routinely aggregate,
invoking charge repulsion is linguistically and thermochemi-
cally suspect.

Mechanism of Alkylation and Odd Solvent Effects.
Aryl-substituted enolates forming bis-HMPA-solvated mono-
mers of type 16 (39 in Scheme 1) persist over a wide range of
conditions, rendering them well-suited for rate studies. A
second-order HMPA dependence and first-order enolate
dependence are fully consistent with a mechanism proceeding
through a transition structure based on solvent-separated ion-
pair 35. The obvious loss of the chelate stands out, but before
discussing the origins of stereocontrol, we must draw attention
to some unusual solvent effects.
A second-order THF dependence initially suggested a

hexasolvated mixed cation, +Li(HMPA)4(THF)2, but was
traced to exclusively secondary-shell (medium) effects. A
superposition of an inverse-first-order toluene dependence
and a f irst-order THF dependence was acting antagonistically:
toluene stabilizes the reactant, and THF stabilizes the
transition structure (Figure 21). Using 2,5-Me2THF instead
of toluene as cosolvent eliminates both effects, causing the
apparent second-order THF dependence to disappear
altogether.
We begin with the seemingly straightforward stabilization of

the transition state by THF. Having ascertained a vast number
of rate laws, we have found that medium effects in THF/
hexane mixtures range from small to undetectable in most
instances.38c In short, the medium effects in both the ground
state and transition state cancel. The +Li(HMPA)4 gegenion,
however, would logically be stabilized by secondary-shell
(possibly ordered) dipoles.15b,55 In analogy to the Oppolzer
enolate alkylations, an ionization-based alkylation of Ph2NLi in

Figure 20. DFT-computed structure of tris-HMPA-solvated dimer 25.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c09341
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

J

https://pubs.acs.org/doi/10.1021/jacs.2c09341?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09341?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09341?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09341?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09341?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09341?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09341?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09341?fig=fig20&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c09341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


THF56 revealed exceedingly high THF orders that were traced
to the superposition of primary- and secondary-shell
influences.
Stabilization of the reactants by toluene is more nuanced but

also supported by other studies. Evidence of primary-shell
lithium ion coordination by aromatic hydrocarbons is well
documented.7 Although it is difficult to imagine a con-
sequential stabilization of monomer 16, we have observed
strange effects of aromatic hydrocarbons on both observable
organolithium equilibria as well as on reaction rates even in the
presence of far superior donor solvents.38d The closest analogy
to the Oppolzer enolates is found in LDA-mediated enolization
of esters in THF-HMPA, also displaying a second-order
HMPA dependence owing to an ion-paired intermediate.45d

Changing the “inert” cosolvent from pentane to cyclopentane to
help solubilize the HMPA reduced the observed rates without
reducing the HMPA reaction order. We surmised that the
cyclopentane-based stabilization of HMPA imparting higher
solubility was the same stabilization retarding the reaction.
Thus, the enolization of esters and the alkylation of Oppolzer
enolates are retarded by solvent−solvent interactions. The notion
that dissolving reactants necessarily has a retarding influence on
reactivity is self-evident in retrospect but easily overlooked.
That such rate effects are observed in the presence of
notoriously more polar solvents and are attributable to
solvent−solvent rather than solvent−lithium interactions is
sobering. Thus, it is precarious to consider toluene an “inert”
cosolvent. It is to be respected and, if necessary, avoided in
detailed rate studies. We have fallen into this trap several
times.45,57,58

Origins of the Stereoselectivity. We now must unbury
the lede and ponder the origins of the highly stereocontrolled
alkylations. The ion-pair-based alkylation ensures that there is
no role of the chelate despite its central importance to every
mechanistic model reported to date with one exception.59 The
solvent-separated ion pair even renders the lithium cation
largely irrelevant.
This is where the story gets interesting. The computed

structure of the cation-free enolate, 44, shows a 131° S−N−
C−O dihedral angle, which operationally reverses the faces of
the enolate exposed to the steric influence of the gem-dimethyl
groups when compared with chelated forms. DFT computa-
tions show a 3.9 kcal/mol preference for 44 over the rotamer
with the enolate oxygen syn to sulfone. The preferred
alkylation of 44 requires approach of the electrophile syn to
the protruding camphor methyl group. Indeed, DFT
computations show a 2.6 kcal/mol preference for syn (exo)
approach via transition structure 45 relative to anti (endo)

approach via 46. There are minor differences in the S−N−C−
O dihedral angles (145 v 164°), but overlaying the two
transition structures shows a high skeletal superposition.

We consider five possible stereochemical determinants
emanating from potentially key van der Waals interactions
and several critical dihedral angles and distortions within the
substrate.
(1) On inspection of 45 and 46, one is struck by the absence

of significant alkyl halide−methyl interactions that are central
to all qualitative stereochemical models. The most consequen-
tial is a 1.9 Å H−H interaction on preferred transition structure
45. A 2.4 Å H−O contact with the endo sulfonyl oxygen in 46
compared to a 3.3 Å H−O contact with the exo sulfonyl
oxygen in 45 could, in principle, be important, although even
2.4 Å seems distant. We return to this after exploring other
contributions.
(2) The alignment of the allyl moieties over the enolate and

aromatic ring in 45 and 46 (π-stacking)60 was found to be
stabilizing by approx. 2.0 kcal/mol by comparing isomeric
transition structures in which the allyl group is rotated away.
Nonetheless, the stereochemical preference is largely retained
(2.2 kcal/mol) in the non-π-stacked analogs. Eliminating the π-
stacking altogether by replacing the phenyl moiety with a
methyl group retains a 2.8 kcal/mol stereochemical preference.
Similarly, using methyl bromide instead of allyl bromide shows
disparate H−O contacts (3.3 and 2.1 Å) and retains a 2.0 kcal/
mol preference for 47 relative to 48. We switched focus to
methylation to simplify subsequent calculations.

(3) The role of the camphor methyl group in conventional
stereochemical models is to block the exo face. Removal of the
two camphor methyls (see 49 and 50) shows only a slightly
lower (1.4 kcal/mol) facial preference. The desmethyl
transition structures 49 and 50, however, show distortion of
the camphor portion accompanied by little change of the S−
N−C−O and C−C−C−N dihedral angles.

Figure 21. Medium effects on the ground and transition states.
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(4) Given the potentially (but weakly) destabilizing 2.4 Å
O−H interaction in 46 and the inconsequential 3.3 Å O−H
interaction in 45, we wondered if the role of the bicyclo[2.2.1]
portion of camphor was to influence the sultam conformation.
Transition structures 51 and 52 containing only the core
sultam ring showed a markedly reduced stereoselectivity (0.4
kcal/mol) accompanied by near parity (2.5 and 2.4 Å,
respectively) of the H−O interactions. What was also
noticeable, however, is that the C−C−C−N dihedral angles
of −41 and −38°, respectively, were reduced when compared
to 47 and 48 (−34 and −32°, respectively), causing the sultam
to be less puckered. Anchoring the dihedral angles of 51 and
52 to the values observed in 47 and 48 restored the
stereochemical preference (1.4 kcal/mol).

(5) The emerging model based on an H−O interaction
between the alkyl bromide and sulfonyl moiety is appealing,
but so was the model based on chelates. It seemed possible
that a stereoelectronic effect was at play in which the
electrophile preferentially approaches anti to the endo sulfonyl
oxygen as illustrated in 51. To address this, we removed any
possibility of an H−O interaction and dramatically reduced all
steric effects by examining proton transfers. After probing a few
electrophiles trying to minimize additional unwanted variables,
we settled on the metalation of CHF3 via 53 and 54. The 1.2
kcal/mol preference for 53 suggests a dominant stereo-
electronic influence.

We must confess that the camphor methyl moiety ostensibly
hovering over the face of the enolate always appeared too
distant to us, but the universally accepted model was
compelling. It appears that the role of the camphor core is
to impart chirality and conformational rigidity in the sultam
but it offers little in the way of direct van der Waals influence
on the incoming electrophile. In short, the stereocontrol
emanates from interactions of the electrophile with the

sulfonyl, not the camphor core, and even this interaction
appears to be stereoelectronic rather than steric.
This stereochemical model reduces Oppolzer enolates to a

chiral sultams without a chelate or even a counterion. The
results evoke images of alternative applications of sultam-
derived enolates of general structure 55. Alas, there are many
substituted sultams, but all are expensive. In this sense,
Oppolzer’s auxiliary is uniquely suited for the task.

■ CONCLUSIONS
The work described herein began with a seemingly
straightforward goal to fill in structural and mechanistic puzzle
pieces in the story of stereoselective enolate alkylation. It is
commonplace for the complexity and unanticipated results to
exceed our expectations, but we continue to be surprised. The
structural studies proved quite complex and challenging;
enolates have generally proven far more difficult to study
than, for example, lithium amides.
For those interested in solvation, we should underscore the

value of kinetics to study primary- and secondary-shell
solvation. The high HMPA order is not surprising: HMPA is
reputed to solvate and ionize lithium salts. The medium effects
in which toluene stabilizes the ground state and THF stabilizes
the transition state are quite surprising. Although they may
appear to be purely academic on first inspection, there are
potential practical consequences. A 10-fold rate inhibition by
the “inert” cosolvent toluene could impose considerable cost
differences as process chemists choose between heptane and
toluene. To unquestioningly treat these two solvents as
interchangeable in any setting would be a mistake.
It is dangerous to extrapolate or generalize the results from a

single detailed mechanistic study, but there is a case for
rethinking all reactions of the Oppolzer auxiliary. Given the
irrelevance of the solvent-separated counterion, alkylations of
the sodium enolates generated from NaHMDS/THF might
also follow this same model. Oppolzer enolates with alternative
counterions such as zinc, titanium, or boron could proceed by
open transition structures as found in boron variants of Evans
enolates with the sultam rather than the camphor methyl
moiety still dictating the stereoselectivity. Could 1,4-additions
and Diels−Alder cycloadditions to unsaturated Oppolzer
sultams also be under the influence of stereoelectronic control
by the sultam ring? The complete story makes us wonder if
stereoelectronic effects of sulfonyl and other S(IV) and S(VI)
moieties on stereocontrolled functionalizations might be
overlooked.
The ionization-based mechanism suggests that those looking

for alternatives to HMPA should be pondering lithium-ion-
selective ligands. Of course, synthetic chemists turned to
sodium enolates, probably paying little or no attention to the
counterion’s role. We already have preliminary data showing
that sodiated Oppolzer enolates are challenging to study, but
that is another story altogether.

■ EXPERIMENTAL SECTION
Reagents and Solvents. LDA, [6Li]LDA, and [6Li,15N]LDA

were prepared as white crystalline solids.61 Toluene, hexanes, THF,
MTBE, cyclopentane, 2,5-Me2THF, and HMPA were distilled from
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blue or purple solutions containing sodium benzophenone ketyl. Allyl
bromide was distilled from 4 Å molecular sieves. Substrates 7a−u
were prepared according to slightly modified literature procedures.9

Synthesis of [15N]Camphorsulfonamide. [15N]camphorsul-
fonyl chloride was prepared by adding thionyl chloride (SOCl2,
1.45 mL, 20.0 mmol) and 2 drops of N,N-dimethylformamide (DMF)
to solid camphorsulfonic acid (3.1 g, 13.3 mmol) at room
temperature. The slurry was stirred at 90 °C until gas generation
ceased. Meanwhile, [15N]NH3 was generated from [15N]NH4Cl
(>99% 15N isotopic purity, 1.3 g, 23.9 mmol) and excess solid
NaOH.62 The resulting [15N]NH3 (approx. 0.6 mL) was dissolved in
1.0 mL of water and added to the camphorsulfonyl chloride on ice
with vigorous stirring. Note: This reaction is highly exothermic. Water
(5.0 mL) was added to the reaction. The reaction was allowed to
warm to room temperature over several hours and tracked by TLC
(SiO2, 1:1 Hex/EtOAc). The insoluble [15N]camphorsulfonamide
(1.3 g, 42.5%) was collected by filtration, dried in vacuo, and used
without further purification. [15N]camphorsultam was prepared from
[15N]camphorsulfonamide according to literature procedures.63,64 1H
NMR (500 MHz, CDCl3) δ 5.34 (d, J = 78.2 Hz, 2H), 3.47 (d, J =
15.1 Hz, 1H), 3.13 (d, J = 15.1 Hz, 1H), 2.43 (ddd, J = 18.8, 5.0, 2.7
Hz, 1H), 2.16 (dd, J = 8.1, 3.5 Hz, 2H), 2.11−2.02 (m, 2H), 1.96 (d, J
= 18.7 Hz, 1H), 1.52−1.43 (m, 1H), 1.01 (s, 3H), 0.93 (s, 3H). 13C
NMR (126 MHz, CDCl3) δ 217.81, 59.53, 54.21, 54.19, 49.27, 43.23,
42.98, 27.21, 26.99, 20.12, 19.53. 15N NMR (61 MHz, CDCl3) δ
97.30. HRMS (DART) Calc. for C10H1815NO3S+ (M + H+):
233.09723; found: 233.09855.
NMR Spectroscopic Analyses. An NMR tube fitted with a

double-septum under vacuum was flame-dried on a Schlenk line,
allowed to passively cool to room temperature, backfilled with argon,
and placed in a dry ice/acetone cooling bath. Individual stock
solutions of the N-acyl sultams and [6Li]LDA were prepared at room
temperature and −78 °C, respectively. The appropriate amounts of
the N-acyl sultams, [6Li]LDA, solvent, and (when applicable)
cosolvent were added sequentially via a gastight syringe. The tube
was flame-sealed under a partial vacuum while cold to minimize
evaporation. The tubes were mixed on a vortex mixer and stored at
−80 °C. Unless otherwise stated, all tubes were sealed with a total
enolate concentration of 0.10 M. Standard 1H, 19F, 6Li, 13C, 15N, and
31P direct detection spectra were recorded on a 11.8 T spectrometer
at 500.1, 470.6, 73.6, 125.8, 50.7, and 202.5 MHz, respectively. 1H,
13C, 15N, and 31P resonances are referenced to their respective
standards (Me4Si, NH3, and H3PO4, all at 0.0 ppm). 6Li resonances
are referenced to 0.30 M [6Li]LiCl/MeOH (0.0 ppm). 19F spectra are
referenced to C6H5F (−113.15 ppm). For quantitated 6Li and 19F
spectra, the spin−lattice relaxation (T1) was determined by standard
inversion recovery experiments on several samples. The relaxation
delay (d1) was set to seven times the average relaxation lifetime.
Integration of the NMR signals was determined using the line-fitting
method included in MNova (Mestrelab Research S.L.).
Rate Studies. IR spectra were recorded with an in situ IR

spectrometer fitted with a 30-bounce, silicon-tipped probe. The
spectra were acquired at a gain of 1 and a resolution of 4 cm−1. All
tracked reactions were conducted under a positive pressure of argon
from a Schlenk line. A representative reaction was carried out as
follows: The IR probe was inserted through a Teflon 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 an argon line. After evacuation under full vacuum,
heating, and flushing with argon, the flask was charged with the THF/
cosolvent mixture of choice (toluene, 2,5-Me2THF, toluene/cyclo-
pentane) and cooled to −78 °C in a dry ice−acetone bath. A set of
256 baseline scans were collected, and IR spectra were recorded every
15 s from 30 scans. The reaction vessel was charged to 0.025 M 7o
(1704 cm−1). A 2.00 M stock solution of LDA was injected (0.030 M,
1.2 equiv) through the septum, and enolization was tracked to
completion (1616 cm−1), typically ∼10 min. Following full
disappearance of 7o, HMPA was added to the reaction as a 4.70 M
(75 v/v%) stock solution in toluene. The reaction was left to stir for
another 10 min. At this point, spectral collection was halted, and an

additional 256 baseline scans were collected. The spectrometer was
configured to collect spectra every 5 s from 16 scans. One set of scans
was collected before addition of neat allyl bromide through the
septum. The reaction was tracked over five half-lives monitoring the
disappearance of the enolate (1616 cm−1) and appearance of the allyl
adduct (1706 cm−1).
Single Crystal X-ray Diffraction. Low-temperature X-ray

diffraction data were collected on a Rigaku XtaLAB Synergy
diffractometer coupled to a Rigaku Hypix detector with Cu Kα
radiation (λ = 1.54184 Å) from a PhotonJet microfocus X-ray source
at 100 K. The diffraction images were processed and scaled using the
CrysAlisPro software.65 The structures were solved through intrinsic
phasing using SHELXT66 and refined against F2 on all data by full-
matrix least squares with SHELXL67 following established refinement
strategies.68 All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms bound to carbon were included in the model at
geometrically calculated positions and refined using a riding model.
The isotropic displacement parameters of all hydrogen atoms were
fixed to 1.2 times the Ueq value of the atoms they are linked to (1.5
times for methyl groups).
Structures for dimer 22 and dianion 33 were refined as inversion

twins. Both structures 22 and 33 contain disordered solvent molecules
of THF that were included in the unit cell but could not be
satisfactorily modeled. Therefore, those solvents were treated as
diffuse contributions to the overall scattering without specific atom
positions using the solvent mask routine in Olex2.69 Details of the
crystal growth conditions, data quality, and a summary of the residual
values of the refinements are available in the Supporting Information.
Density Functional Theory (DFT) Computations. All DFT

calculations were carried out using Gaussian 16.26 Prompted by a
recent benchmarking of modern density functionals, all calculations
were conducted at the M06-2X level of theory using Grimme’s zero-
dampened DFT-D3 dispersion corrections.27a−d A pruned (99, 590)
integration grid (equivalent to Gaussian’s “UltraFine” option) was
used for all calculations. Where appropriate, solvation effects were
accounted for by the Self Consistent Reaction Field method using the
SMD model of Truhlar and coworkers.27e Jensen’s polarization-
consistent segment-contracted basis set, pcseg-1, was used for
geometry optimizations, and the expanded pcseg-2 basis set was
used for single-point energy calculations.27f Basis set files were
obtained from the Basis Set Exchange.27g Ball-and-stick models were
rendered using CYLview 1.0b.27h A large number of DFT-computed
energies are archived in the Supporting Information.28
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