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Enolate alkylation is a robust method for forming carbon-carbon bonds
and has been used extensively for many decades. Despite their prevalence, the
characterization of enolate aggregates has not been thoroughly explored, though
prior research has shown that they form highly ordered and symmetrical
aggregates in solution. Scalar coupling in NMR is often used to determine the
solution structure, but this method fails when the metal is bonded to
quadrupolar oxygen. Structurally diverse enolates, counterions, and ligands
require a flexible method for characterization. The method of continuous
variation (MCV) in conjunction with °Li, “F, and '"H NMR spectroscopies was
used to gain structural insight into the aggregation state and stability of lithium

and sodium enolates and phenolates in a range of solvents.
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CHAPTER 1

Structure Determination Using the Method of Continuous Variation:

Lithium Phenolates Solvated by Protic and Dipolar Aprotic Ligands



Structure Determination Using the Method of Continuous Variation:

Lithium Phenolates Solvated by Protic and Dipolar Aprotic Ligands*

Abstract

The method of continuous variation (MCV) in conjunction with °Li NMR
spectroscopy was used to characterize four lithium phenolates solvated by a
range of solvents including N,N,N’,N’-tetramethylethylenediamine, Et,0O,
pyridine, protic amines, alcohols, and highly dipolar aprotic solvents. Dimers,
trimers, and tetramers were observed, depending on the precise lithium
phenolate-solvent combinations. Competition experiments (solvent swaps)
provide insights into relative solvation energies propensities toward mixed

solvation.

Introduction

As part of a collaboration to study f-amino ester enolates used by Sanofi-
Aventis to prepare the antithrombotic drug otamixaban,"” we were forced to find
a general solution to the problem of characterizing lithium enolates in
tetrahydrofuran (THF) solution.’ The lack of measurable Li-O scalar coupling
precluded the most powerful and general NMR spectroscopic strategies used to
characterize analogous Li-C and Li-N lithium salts.* Despite scattered reports of
solution structural studies of lithium enolates and related O-lithiated species,”™
none of the methods manifested the right combination of reliability and

generality to characterize a variety of lithium enolates in a range of solvents and

* Reproduced with permission from Tomasevich, L. L. and Collum, D. B. J. Org. Chem. 2013, 78, 7498. Copyright 2013
American Chemical Society.



temperatures. We turned to the method of continuous variation (MCV)"*™ and a
strategy founded on studies by Weingarten," Chabanel,'* Maddaluno,"”
Gunther," and Gagne" in which the aggregation number (1) of enolates A, and
B, can be extracted from characteristic ensembles (eq 1). Using °Li NMR
spectroscopy with the aid of parametric fitting we have characterized more than
100 lithium enolate-solvent combinations to date.”**

A, +B, = A, +A B +A,B,+..B, (1)

Taking a cue from early studies by Jackman and coworkers,’ we
occasionally turn to lithium phenolates as enolate models.” In the current study,
we exploited the low basicity of lithium phenolates (1-4) to study protic and
dipolar aprotic solvents that would not necessarily be compatible with more
reactive lithium enolates. Lithium phenolates 1-4 manifest low, intermediate, and
high steric demand and have been shown in previous studies to provide
ensembles that are well-resolved in °Li spectra.”’ The solvent-dependent

formation of dimers, trimers, and tetramers (5-7) reveals relationships of

solvation and aggregation that may seem counterintuitive.

OLi OLi OLi OLi
F Cl

1 2 3 4

Ar___Li___Ar Ar_
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T4 (ID Ll\'l_o\'|~Ar
Ar /O_Li
Ar
5 6 7



Results

The assigned aggregation states with 5.0 equivalents per lithium of each
solvent in toluene cosolvent are summarized in Table I.1. The table headings
indicate the pairings (1-2 and 3-4) used to make the structural assignments as
dimer 5, trimer 6, or tetramer 7. We occasionally used lithium phenolate 8 or
lithium naphtholate 9 as pairing partners to confirm or further probe a structural
assignment. The sections below delineate how we determined the solvent-
dependent aggregation states and obtained insight into the relative binding
efficacies of the solvents. Representative data are presented. The preponderance

of spectra and affiliated Job plots are archived in supporting information.

OLi OLi
Cl
8 9



Table I.1. Solvent-dependent aggregation states and °Li NMR chemical shifts for
homoaggregates of 1-4 at -60 to -110 °C (see supporting information).
Assignments are based on pairings of 1-2 and 3-4.

OLi OLi OLi OLi
© “! ] HsC \©/CH3 HsC \©/CH3
F Cl
1 2 3 4
Entry Solvent™ Aggregate (8 ppm)
1 TMEDA dimer dimer dimer dimer
(0.01) (0.23) (0.03) (-0.20)
2 Et,0O tetramer tetramer trimer trimer
(0.21) (1.35) (1.06) (0.69)
3 MeCN tetramer tetramer tetramer tetramer
(0.42) (1.50) (0.92) (0.55)
4 pyridine tetramer tetramer dimer dimer
(2.00) (3.10) (2.15) (1.94)
5 DMA tetramer tetramer tetramer tetramer
(1.17) (2.02) (1.33) (1.04)
6 DMF tetramer tetramer - -
(1.24) (2.16)
7 DMSO tetramer tetramer tetramer tetramer
(0.60) (1.62) (1.28) (0.53)
trimer trimer
(0.82) (0.53)
8 DMPU tetramer tetramer b b
(0.87) (1.93) (0.92) (0.70)
9 NMP tetramer tetramer tetramer tetramer
(1.13) (2.03) (1.47) (1.16)
10 PrNH, tetramer tetramer dimer dimer
(0.87) (2.07) (0.49) (0.25)
11  piperidine tetramer®  trimer® dimer* dimer
(0.75) (1.80) (0.36) (0.08)



12

13

14

15

16

17

18

19

20

21

“Insoluble. *Could not be resolved. ‘With 4-chloro-1-naphthol. Appears to be
only tetrameric by °Li NMR spectroscopy, whereas "F NMR spectroscopy shows
both the trimer and tetramer. “A major peak was left unassigned. Fails to mix
aggregate with 2 and 8. ‘Temperature routinely at -80 °C; for exceptions see

pyrrolidine

i-BuNH,

s-BuNH,

t-BuNH,

(i-Pr),NH

Et,NH

n-Pr,NH

t-BuOH

n-BuOH

s-BuOH

tetramer
(0.70)

tetramer
(0.91)

tetramer
(0.87)

tetramer
(0.78)

e

(1.07)

tetramer
(0.55)

tetramer
(0.49)

tetramer
(0.50)

tetramer
(0.90)8

tetramer
(0.64)

tetramer
(1.96)

tetramer
(2.22)

tetramer
(2.09)

tetramer
(1.96)

trimer®
(1.28)

tetramer
(1.79)

tetramer
(1.78)

tetramer
(1.56)

tetramer
(2.05)8

tetramer
(1.73)

(0.13)

(-0.23)

supporting information. 8Resolves only with Et,O as cosolvent.



MCV. Lithium phenolates 1-4 were characterized using the Method of
Continuous Variation'"* (MCV)."” The output is often called a Job plot in which a
physical property (P) is plotted against the mole fraction of A or B (X, or X;) in
mixtures in which the total concentrations of A and B remain constant. In its
simplest and most prevalent uses, MCV identifies the stoichiometry of a single
complex (or aggregate) such as AB from the association of A and B. The
stoichiometry of the complex is ascertained from the mole fraction corresponding
to the maximum in the curve. In relatively rare instances, parametric fits are used
to determine the equilibrium constant for complexation.”

MCV can be extended to an ensemble of A, B, aggregates (eq 1) by
monitoring the concentrations of all species versus X, or X;.>***" Chart 1
summarizes the number of spectroscopically distinct aggregates expected for
cyclic dimers, cyclic trimers, and cubic tetramers derived from A, /B, mixtures.
Magnetically inequivalent °Li nuclei within each aggregate are denoted with
colored spheres. The number of aggregates within the ensembles and the
affiliated spectral complexity increase markedly with aggregate size. An
ensemble of tetramers, for example, contains five aggregates displaying up to a

total of eight discrete resonances.



Chart 1. Dimer, trimer, and tetramer mixtures showing magnetically inequivalent

lithium sites.

Ay AB B,
1:1)
A,B, AB,
2:1) 1:2)
A;3By A,B, AqBs
(3:1) 2:2) 1:3)

°Li NMR Spectroscopy. Ensembles of homo- and heteroaggregates™
derived from binary mixtures of lithium phenolates were prepared using [°Li]
lithium hexamethyldisilazide [°Li]JLiHMDS.* (The hexamethyldisilazane
byproduct has no measurable Lewis basicity.*") Resolution is optimal when the
chemical shift separation of the homoaggregates is large, a factor that contributed
to our choice of lithium phenolates 1-4. Figure I.1a and L.1b offer examples of
spectra for ensembles of cyclic dimers and tetramers, respectively. The line
widths and resolution were optimized by adjusting the probe temperature,
although the origins of the temperature dependencies were not always obvious.
The stoichiometries apparent from the number of aggregates and their spectral

symmetries are labeled and color coded.
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Figure 1.1. °Li NMR spectra recorded as approximate 1:1 mixtures of lithium
phenolates in toluene cosolvent: (a) dimers of [°Li]3 (A) and [°Li]4 (B) in 0.50 M
TMEDA (-80 °C); (b) tetramers of [°Li]2 (A) and [*Li]1 (B) in 0.50 M propylamine
with slow intraaggregate exchange (-80 °C); (c) trimers of [°Li]3 (A) and [°Li]4 (B)
in 0.50 M Et,0 with rapid intraaggregate exchange (-80 °C); and (d) tetramers of
[°Li]2 (A) and [°Li]1 (B) in 0.50 M pyridine in ether cosolvent with rapid
intraaggregate exchange (22 °C).

For a number of lithium phenolate-solvent combinations we found that
certain proportions of two lithium phenolates result in a loss of resolution owing
to inexplicably enhanced interaggregate exchange. We occasionally observed the
aggregates in the limit of rapid intraaggregate yet slow interaggregate exchange.”
Under these conditions, each stoichiometry appears as a single resonance.” In the
case of lithium phenolate trimers, for example, fast intraaggregate exchange was
the only viable option (Figure I.1c). Figure I.1d shows a tetramer similar to that in

Figure L.1b but in the limit of rapid intraaggregate exchange. Both limiting

perspectives have merit: the symmetries are highly characteristic in the slow



exchange limit, whereas the spectra are simpler and often more tractable in
complex systems such as hexamers in the fast intraaggregate exchange limit.’
Job Plots and Parametric Fits. We monitored the homo- and
heteroaggregates for various proportions of two lithium phenolates at a constant
total lithium phenolate concentration (Figure 1.2). Plotting the relative
integrations of the homo- and heteroaggregates versus measured mole fraction of
the lithium phenolate subunits (X, or X;) afforded Job plots for dimers, trimers,
and tetramers shown emblematically in Figures 1.3-1.5. We always use the so-
called measured mole fraction—the mole fraction within only the ensemble of
interest—rather than the overall mole fraction of lithium phenolates added to the
samples because it eliminates the distorting effects of impurities and enables
concurrent analysis of several ensembles (Figure 1.6). The curves represent
parametric fits using methods detailed elsewhere.*** Although the fitting
protocols measure deviation from statistical, the aggregate distributions almost
always approximate statistical. Deviations from statistical, especially a resistance
to form ensembles, constitute evidence of two different aggregation states.
Figure 1.6 displays an unusual circumstance in which intraaggregate exchange is

slow for the tetramer ensemble and fast for the trimer ensemble.

10



A4 A3Bl AZBZ AlB3 B4 Measured Mole

Fraction of A

1.00
J 0.66
0.47
0.27
0.00
| 1 I 1 l 1 | 1 | 1 I 1 |
3.0 25 20 15 1.0 0.5 0.0

Figure 1.2. °Li NMR spectra recorded of [°Li]2 (A) and [°Li]1 (B) in solutions 0.50
M isobutylamine in toluene at -80 °C.
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Figure 1.3. Job plot showing the relative integrations of dimeric homo- and
heteroaggregates versus measured mole fractions of 3 (X,) for 0.10 M mixtures of
phenolates [°Li]3 (A) and [°Li]4 (B) in 0.50 M pyridine/toluene at -80 °C.

Relative Integration

Xa

Figure 1.4. Job plot showing the relative integrations of trimeric homo- and
heteroaggregates versus measured mole fractions of 3 (X,) for 0.10 M mixtures of
phenolates [°Li]3 (A) and [°Li]4 (B) in 0.50 M diethyl ether/toluene at -90 °C.
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Figure 1.5. Job plot showing the relative integrations of tetrameric homo- and
heteroaggregates versus measured mole fractions of 2 (X,) for 0.10 M mixtures of
phenolates [°Li]2 (A) and [°Li]1 (B) in 0.50 M isobutylamine/toluene at -80 °C.

272 suspected

A3B 1 A1B3 B dimer

I 1 | L I L | L | L | L |
20 1.5 1.0 0.5 0.0 -0.5 -1.0

Figure 1.6. °Li NMR spectrum of 0.50 M dimethylsulfoxide (DMSO)/ toluene
solutions containing approximate 1:1 mixtures of [°Li]3 and [°Li]4 recorded at -90
°C showing trimeric and tetrameric ensembles of homo- and heteroaggregates.
The tetramer is at the limit of slow intraaggregate exchange whereas the trimer is
undergoing rapid intraaggregate exchange. An ensemble appears upon warming
to -50 °C and shows characteristics of dimers.

Solvent Swapping and Relative Binding Constants. We have developed
a number of strategies for probing aggregate structure and solvation under the

rubric of “solvent swapping.”****' Solvent swaps are multipurpose and can take

13



several of the forms described below. They provide insights into lithium
phenolate solvation albeit with occasional complications.

A solvent swap requires a measurable °Li chemical shift difference for a
single lithium phenolate solvated by two solvents. It is based on rapid solvent-
solvent exchange (ligand substitution)*® and much slower aggregate-aggregate
exchange. Several behaviors can be observed by recording incrementally
replacing one solvent by a second or by holding one solvent concentration fixed

and varying the other (Figure 1.7).

(a) AnS'm (b) ArS'm (c) ArS'm
¥ ¥
AT M, A5,
AnSn | | A.S, |
¥
AS, ArSS, as, ¥
AmS'm | ArS,S
¥
AnSh AmS'm AnSh

Figure 1.7. Expected °Li NMR when replacing solvent S by S”: (a) elicits only a
change in aggregation state (A, for A,,), (b) causes solvent substitution on a
common aggregate (A,,), or (c) causes an aggregation state change (A, for A,,)
and concurrent partial exchange of solvent on A,, to form a mixed solvate.

Results from the solvent swapping experiments illustrated in Figure 1.7a-c
are as follows:

(a) If the observable aggregates in the two solvents are different—dimer
versus tetramer, for example—incremental solvent swap in conjunction with slow

aggregate-aggregate exchange causes one to disappear and the other to appear

14



(Figure 1.7a). The coexistence of both forms in slow exchange confirms
differential aggregation. With a TMEDA-solvated dimer as a benchmark (eq 2),
the relative binding constants of other solvents to the lithium phenolate tetramer
can be measured” provided that mixed-solvated dimers or mixed-solvated

tetramers do not intervene (vide infra).***

3
=
()

MeoN  NMe, Nt
i +4S sgLiibfAr
2 Ar—0_ JO-Ar Lli'|—(13'|~Ar )
L +4TMEDA S” o—Li
MezN\—/NMeg Ar/ \S
b5a 7a

(b) If the two observable forms in the two coordinating solvents differ
only in ligating solvent, incremental solvent swap in conjunction with rapid
solvent exchange will cause the resonances to exchange via time-averaging (Figure
1.7b).* The solvent-concentration-dependent shift confirms the common
aggregation state and provides qualitative insights into relative binding
affinities. This experiment works particularly well with pyridine as one of the
solvents owing to the marked (>1.0 ppm) downfield shift of pyridine
solvates.®*"*® Quantitation is precluded by the unknown additive effects on the
chemical shift by intervening mixed solvates—three A,S,S’, ,, tetramer-based
mixed solvates, for example. Nevertheless, the magnitude of the shift gives a

qualitative sense of the relative capacity to solvate the tetramer.
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(c) The useful dimer-tetramer competition in eq 2 occasionally shows
evidence of mixed solvates.**® The example in Figure I.7c is characteristic of the
occasional intervention of a mixed solvated dimer (eq 4). Strongly coordinating
monodentate ligands can displace one chelated TMEDA ligand from the dimer.”®

Although TMEDA does not appear well suited to solvate tetramers, we
nonetheless found evidence that n'-TMEDA solvated tetramers® can intervene

even in cooperation with strongly coordinating monodentate ligands (vide infra).

M\ M A s
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The results described below derived from combinations of the solvent
swapping strategies. In most cases the strategy will be self-evident; all data are
archived in supporting information. Our initial goal to quantitatively measure
solvation of lithium phenolates was thwarted by sporadic technical problems
and intervening mixed solvation. Consequently, the discussion is largely about
qualitative effects (and selective examples at that) but they are revealing

nonetheless.
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Aprotic Solvents. Mixtures of 1 and 2 in Et,O show exclusively tetramers.
Solutions of lithium phenolate 1 in neat Et,0 with as little as 2.0 equiv of TMEDA
(see eq 2) contain exclusively TMEDA-solvated dimer 5a. Although this outcome
does not attest to the relative binding constants of Et,0O and TMEDA because of
the unknowable energy of aggregation, ether is poorly coordinating® compared
with other solvents (except the highly hindered i-Pr,NH). By contrast, 5 equiv of
TMEDA and 5 equiv of pyridine (eq 2; S = pyridine) afforded nearly equal parts
dimer and tetramer. Both resonances are at approximately the same chemical
shift as observed when the solvents are used separately, suggesting the absence
of mixed solvation (see Figure 1.7a). The dramatic downfield chemical shift
imparted by pyridine is a highly characteristic and useful diagnostic probe.®*'
Adding pyridine incrementally in neat Et,O in an experiment akin to that
represented by eq 3 (Figure 1.7b) shows much stronger binding of pyridine than
of Et,O on a per-molar basis.

Incrementally increasing the pyridine concentration in pyridine-TMEDA
solutions of naphtholate 2 yields the expected replacement of the TMEDA-
solvated dimer with a pyridine-solvated tetramer. However, accompanying
substantial downfield shifting of the dimer implicates mixed-solvated dimer 5b
(eq 4; S = pyridine).

Dipolar Aprotic Solvents. Highly dipolar solvents in toluene cosolvent
(Table I.1, entries 5-9) display a strong tendency to form tetramers for all four
lithium phenolates 1-4, which is contrary to the often-cited belief that dipolar
solvents promote deaggregation.”® Addition of 1.0 equiv of the dipolar solvents
to TMEDA-solvated dimer 5a elicits quantitative conversion to the

corresponding tetramers (eq 2), indicating that dipolar solvents bind more
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strongly than do pyridine (as well as n-PrNH, and pyrrolidine; vide infra).
Despite concerns that the dipolar ligands might catalyze facile exchanges,
intraaggregate exchange is slow at low temperatures. Even the hindered 2,6-
dimethylphenolates 3 and 4, which display a penchant to deaggregate in THF*
afford tetramers when solvated by most of the highly dipolar ligands.
Inexplicably high interaggregate exchange rates for N,N’-dimethyl-N,N’-
trimethyleneurea (DMPU) precluded studies of 3 and 4. Acetonitrile mimicked
the carbonyl-based dipolar ligands in promoting tetramers, although high
interaggregate exchange rates precluded detailed studies. Attempts to measure
the relative binding constants of the dipolar ligands were largely
unsuccessful.”*

Mixtures of the hindered 2,6-dimethylphenolates 3 and 4 solvated by
DMSO are outliers, affording ensembles of dimers, trimers, and tetramers
observed concurrently (Figure 1.6.) DMSO-solvated mixtures of 1 and 2 also
departed from the norm in that intraaggregate exchange rates depended
markedly on the stoichiometry of the mixed tetramers. We turned to an
alternative strategy to examine DMSO solvates.

Previous studies have shown that ’F NMR spectroscopy affords superior
resolution in highly fluxional ensembles,” but the spectral fingerprint of such
ensembles is markedly different. Ensembles of 1 and 2 observed with “F NMR
spectroscopy, for example, are necessarily missing the NMR silent homonuclear
tetramer of 2. Moreover, the 1:3,2:2, and 3 : 1 heterotetramers will each appear
as a single resonance irrespective of the rate of intraaggregate exchange because
of the NMR silent subunits of 2. Mixtures of 1 and 2 in DMSO/toluene afford a

well-resolved four-resonance tetramer ensemble as well as very low
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concentrations of what appears to be the corresponding trimer ensemble (Figure

L.8).

| 1 | 1 | 1 | 1 |
-132 -133 -134 -135 -136

Figure 1.8. °F NMR spectra of a 1:1 mixture of 2 (A) and 1 (B) in toluene
containing 0.50 M DMSO recorded at -80 °C. A, is absent because it is NMR
silent.

Protic Amines. We examined mono- and dialkylamines spanning a range
of steric demands. n-PrNH, / toluene solutions of 1 and 2 afford tetramers
consistent with anticipated* strong coordination akin to that of dipolar ligands.*
Dipolar ligands and monoalkylamines, however, give different results with
mixtures of hindered lithium phenolates 3 and 4. Whereas dipolar ligands afford
tetramers, n-PrNH, / toluene solutions contain only dimers. One could imagine
highly stabilized tetrasolvated dimers, yet we observed dimers with as little as
1.0 equiv of i-BuNH,. This dimer preference may be general, but high exchange
rates for +-BulNH, and s-BuNH, precluded analysis. Further studies are needed to
make definitive statements.

Pyrrolidine, the least sterically demanding dialkylamine, showed a high
penchant for forming tetramers of unhindered lithium phenolates 1 and 2.
Solvent-swapping experiments showed pyrrolidine has a surprisingly high

binding affinity compared to that of even pyridine.” Et,NH, by contrast, affords
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tetramers but is a weaker ligand than pyridine. Piperidine produced conflicting
results by affording a tetramer ensemble with mixtures of 1 and 2 and a trimer
ensemble with mixtures of lithium naphtholates 2 and 9, apparently resulting
from divergent steric demands of unhindered phenolates 1 and 2.

The capacity of 2 solvated by piperidine to participate in two ensembles
with equal facility affording statistical distributions in both cases is the first
instance of such promiscuity reported to date. In previous studies, the rule of
thumb “like aggregates with like” has held true.”**' Hindered lithium phenolates
3 and 4 display an unexpected tendency to form trimers with unhindered
dialkylamines.***

The highly hindered i-Pr,NH, a ligand of some interest in the context of
enolates generated from lithium diisopropylamide,’ affords trimers from lithium
naphtholates 2 and 9, showing similarity to the less hindered piperidine. Failure
to form heteroaggregates between 1 and 2 suggested that unhindered lithium
phenolate 1 does not form trimers and more hindered lithium naphtholate 2 does
not form tetramers. Although lithium phenolate 1 showed solubility consistent
with at least partial solvation by i-Pr,NH, attempts to characterize the suspected
tetramer fell short. Dimethylated lithium phenolates 3 and 4 afforded trimers for
most dialkylamines yet afforded exclusively dimers with i-Pr,NH.

Alcohols. Alcohols generally displayed technical problems associated
with high exchange rates. Methanol and ethanol, for example, failed to provide
tractable results altogether. By contrast, +-BuOH affords tetramers with
unhindered lithium phenolates 1 and 2 and intractable mixtures with hindered
lithium phenolates 3 and 4. The less demanding n-butanol and s-BuOH also

afford tetramers with 1 and 2, although n-butanol shows an odd tendency to
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afford resolved tetramer ensembles only using Et,0 as cosolvent, which
suggested a cooperative solvation effect. Solvent swaps competing the alcohols
with TMEDA (eq 2) show the anticipated qualitative drop in binding with

increasing steric demands: primary > secondary > tertiary.*”

Discussion

Lithium enolates, alkoxides, carboxylates, and phenolates are notoriously
difficult to study in solution®"’ owing to the absence of the single most important
NMR spectroscopic probe—scalar coupling. It was in this context that we turned
to the Method of Continuous Variation (MCV).>***' The underlying theme of this
paper, however, is less about the role of MCV in determining aggregation states
of lithium phenolates—a topic covered in previous studies”—and more about
the merits of relatively nonbasic and stable lithium phenolates for the study of
lithium ion solvation using solvents that are not easily examined with more
reactive organolithiums. Lithium phenolates characterized by low steric
demands (1), intermediate steric demands (2), and high steric demands (3 and 4)
were used emblematically. The solvents are moderately polar (pyridine, Et,0,
and TMEDA; Table 1.1, entries 1-3), highly dipolar (Table 1.1, entries 5-9), and
protic (amines and alcohols; entries 10-21). In addition to investigation of
solvent-dependent aggregation states (Table I.1), solvent swapping experiments
using binary solvent mixtures represented by eqs 2-4 shed light on relative
binding energies, relationships of solvation and aggregation, and mixed
solvation. Descriptions of metal ion solvation as a molecular phenomenon rather
than a bulk medium effect are still so elusive that even incremental gains are

notable.” Note that the results described herein are obtained at low ligand
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concentrations (0.50 M); high concentrations often elicit rapid aggregate
exchanges that may obscure affiliated deep-seated structural changes.
Occasionally, an additional (lower) aggregate also appears.

Nonpolar solvents established a foundation for the study. Et,O promotes
tetramers and is poorly coordinating relative to most ligands. TMEDA
dependably affords chelated dimers (5a), allowing for solvent comparisons
through competition according to eq 2. Pyridine is comparable to THF* and
readily promotes tetramers with the particular advantage of causing marked
(=1.0 ppm) downfield °Li shifts used that are useful both diagnostically and to
maximize resolution. These three solvents have routinely been used as

benchmarks in investigations of the dipolar and protic solvents.
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The dipolar ligands are all very strongly coordinating as shown by the
especially facile conversion of TMEDA-solvated dimers to tetramers (eq 2).
Despite failed efforts to quantitate their relative binding affinities, we confirmed
that they act quite similarly to one another. The seemingly paradoxical tendency
to afford tetramers despite a reputation for deaggregating lithium salts is
consistent with previous studies showing that a lack of deaggregation® and even
promotion of aggregation® are possible. DMSO is an outlier, showing a marked

tendency to afford dimers, trimers, and tetramers concurrently. Overall, the

22



dipolar ligands remind us that simple maxims about solvation and aggregation
must be viewed skeptically: metal ion and aggregate solvation are complex.

The protic amines provided the most widely varying results, possibly
because of their enormous range of structural diversity and steric demands. At
one extreme, monoalkylamines are comparable to the dipolar ligands, although
we noted a greater penchant of the amines to support dimers. The least hindered
dialkylamine, pyrrolidine, is also a strong ligand, exceeding pyridine in its
capacity to bind. Previous studies of pyrrolidine® and pyrrolidine-based
chelates™ have shown similarly strong ligation. At the other extreme,
diisopropylamine appears to bind, but it is a poorly coordinating ligand at best.
This additional data in conjunction with other studies® showing poor
coordination of i-Pr,NH contrasts with provocative and still somewhat baffling
evidence that i-Pr,NH can influence the chemistry of lithium enolates in neat THF
solution.” Dialkylamines also cause the unexpected appearance of lithium
phenolate trimers. It would be a mistake, however, to underestimate the
complexity of the steric contributions on a tetramer containing up to four ligands
that could promote lower aggregates by default.

Our previous studies of LIHMDS solvated by R-X-R’ ligands in which R
and R’ varied widely showed a remarkably linear correlation of binding constant
with X = O and NH: the binding is independent of X.* One can see similar trends
with lithium phenolates, although the correlation is unlikely to be as strong. We
presume, for example, that serial solvation of the four sites of a tetramer is
nonstatistical, especially for sterically demanding ligands.

Studies of the alcohols were clearly the most disappointing given their

prevalence in industrial scale reactions of alkali metal phenolates.” We observed
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evidence that low concentrations of alcohols could support tetramers in solution,
but studies of the most commonly used alcohols—methanol and ethanol—were
precluded by high exchange rates. Although these high rates may simply reflect
low steric demands, we cannot rule out a role of the alcoholic proton in the
catalysis of inter- and intraaggregate exchanges.”’ Somewhat more hindered
cases such as n-BuOH and the highly hindered t+-BuOH afford tetramers, but
only the latter is well behaved. We reiterate that exchange rates may be blinding
us to deaggregation at the high ligand concentrations often used in synthesis.®

Solvent swapping studies using binary mixtures of coordinating solvents
provided glimpses of an elusive but fascinating phenomenon collectively
referred to as correlated (cooperative)™ solvation that has captivated our
attention for some time.” This topic is important given the prevalence of solvent
mixtures in organic chemistry. The extent to which the multiple ligands compete
and cooperatively bind is relatively unexplored.”*

In routine cases such as incrementally swapping pyridine, it is possible
that one homosolvated tetramer may be replaced by another (eq 3). The far more
likely scenario, however, is that the marked changes in chemical shift result from
an ensemble of mixed solvate tetramers (Chart 2). That is not to say, however,
that they distribute statistically. Reich notes nonstatistical replacements of

™ Jacobsen noted

ethereal solvents by increments of hexamethylphosphoramide.
a surprising tendency of a hindered lithium pinacolate to favor trisolvate 8 with

added pyridine.”
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Chart 2
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We qualitatively observed cooperative solvation on multiple occasions.
Lithium naphtholate 2 in TMEDA / pyridine mixtures, for example, afforded the
anticipated TMEDA-solvated dimer and pyridine-solvated tetramer, yet the
dimer showed clear evidence of an intervening TMEDA / pyridine mixed-
solvated dimer (eq 5). We saw no evidence that the corresponding tetramer
contained any coordinated TMEDA. By contrast, lithium phenolate 1 in
analogous TMEDA / pyridine mixtures showed the opposite: substantial solvent-
dependent chemical shifts of the tetramer characteristic of mixed solvation

occurs with no obvious changes in the dimer.
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A more detailed investigation of mixed solvation is required to reveal
intimate details. One possible strategy is foreshadowed by an experiment in
which lithium phenolates are starved of solvent to force coordination of both
solvents (eq 6). We expected lithium naphtholate 2 containing 0.50 equiv of n-
PrNH, and 0.50 equiv of TMEDA—one solvent molecule per lithium—to provide

a mixture of homosolvated dimer 5a and tetramer 7a (see eq 2) but only tetramer
forms, suggesting cooperativity in tetramer 7f. The n'-bound TMEDA is inferred

but well precedented.* If so, cooperativity—a nonstatistical preference for mixed
P P y p

solvation—is strongly indicated.

Me Me
Me 7 Me 7
HoN H2N
Me N/_\NMe \L Ar\ /2 \L Ar
21N, O Li Ar O—LI Ar
Li NH; \L Rl NH~ Lo
Ar—0_ JO-Ar + l T e — (6)
Li/ H N Ol Ar Me,N LI |_O| -Ar
‘NM 2 /O—LI 2 /O—LI
Me?N\_/ e2 Ar NH, Ar NMe,
5a Me 7e MeoN 7f
Me NMe,
Conclusion

Our efforts to untangle organolithium chemistry often yield both insights
into organolithium chemistry and tactical advances—expansion of our toolbox—
that promise greater clarity in future studies. Several insights from the present
study are noteworthy. Dipolar ligands promote aggregation, and DMSO offers

evidence that it is an outlier compared with its carbonyl-based brethren. Protic
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amines with widely varying steric demands show a large range of binding
affinity, resulting in highly amine-dependent distributions of aggregates. The
most interesting results came from binary solvent mixtures in which evidence of
mixed solvates suggest cooperative solvation.

From a tactical perspective, some promising protocols emerged for
studying the coordination chemistry (solvation) of enolates, phenolates, and
related O-lithiated species. Studies of binary mixtures may be a fruitful direction
for future studies. In particular, aggregate distributions under starved conditions
in which both ligands in a binary mixture are forced to bind may reveal
interesting insights into solvent-solvent (ligand-ligand) interactions within
aggregates. We are using pyridine centrally in a number of projects owing to
exceptional chemical shifts caused by coordination, which not only improve
resolution but also confirm the very existence (or absence) of the pyridine-
lithium contacts. Confirming the presence or absence of solvent-lithium contacts
can be difficult. We have also documented another example in which ’F NMR
spectroscopy was used to resolve aggregate distributions that could not be
resolved by °Li NMR spectroscopy,” underscoring the potential importance of

alternative nuclei in studies of salt aggregation and solvation using MCV.

Experimental Section

Reagents and Solvents. All phenols used are commercially available.
TMEDA, Et,0, and all amines were distilled from solutions containing sodium
benzophenone ketyl. Toluene was distilled from blue solutions containing

sodium benzophenone ketyl with approximately 1% tetraglyme to dissolve the
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ketyl. Alcohols and all solvents containing carbonyls were distilled from 3 or 4 A

molecular sieves. [°Li]LIHMDS was prepared and recrystallized as described
previously.* Air- and moisture-sensitive materials were manipulated under
argon using standard glove box, vacuum line, and syringe techniques.

NMR Spectroscopy. Individual stock solutions of substrates and base
were prepared at room temperature. An NMR tube under vacuum was flame

dried on a Schlenk line and allowed to return to room temperature. It was then
backfilled with argon and placed in a -78 °C dry ice/acetone bath. The
appropriate amounts of [°Li]JLiHMDS and phenol were added sequentially via
syringe. The tube was sealed under partial vacuum, stored in a -86 °C freezer,

and shaken prior to placement into the spectrometer. Each NMR sample
contained 0.10 M total phenol and 0.11 M LiHMDS.

°Li NMR spectra were typically recorded at -80 °C (unless stated
otherwise) on a 500 or 600 MHz spectrometer with the delay between scans set to
>5 x T1 to ensure accurate integrations. Chemical shifts are reported relative to a
0.30 M °LiCl/MeOH standard at the reported probe temperature. The resonances
were integrated using the standard software accompanying the spectrometers.
After weighted Fourier transform with 64,000 points and phasing, line
broadening was set between 0 and 0.3, and a baseline correction was applied
when appropriate. Deconvolution was performed in the absolute intensity mode,
with application of a drift correction using default parameters for contributions
from Lorentzian and Gaussian line shapes. The mathematics underlying the

parametric fits have been described in detail.**”
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Dimer Job Plots in TMEDA
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Figure AL1. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M (CH,),NCH,CH,N(CH,),/toluene at -90 °C. The measured mole fractions
of Ain (a)-(e) are 1.00, 0.74, 0.56, 0.25, and 0.00, respectively.
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Figure AL2. Job plot showing the relative integrations versus the measured mole
fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M

(CH,),NCH,CH,N(CH,),/toluene at -90 °C.
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Dimer Job Plots in TMEDA
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Figure AL3.°Li NMR spectra of 0.10 M solutions of [°Li]3 (A) and [°Li]4 (B) in

0.50 M (CH,),NCH,CH,N(CH,),/toluene at -80 °C. The measured mole fractions
of Ain (a)-(e) are 1.00, 0.66, 0.48, 0.30, and 0.00, respectively.
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Figure AL4. Job plot showing the relative integrations versus the measured mole
fractions of 3 for 0.10 M mixtures of [°Li]3 (A) and [°Li]4 (B) in 0.50 M

(CH,),NCH,CH,N(CH,),/toluene at -80 °C.
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Tetramer Job Plots in Diethyl Ether
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Figure AL5. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M Et,0O/toluene at -90°C. The measured mole fractions of A in (a)-(e) are
1.00, 0.70, 0.43, 0.17, and 0.00, respectively.
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Figure AL®6. Job plot showing the relative integrations versus the measured mole
fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M

Et,O/toluene at -90 °C.
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Tetramer Job Plots in Diethylether
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Figure AL7. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in
neat Et,O at +22 °C. The measured mole fractions of A in (a)-(e) are 1.00, 0.72,

0.48, 0.25, and 0.00, respectively.
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Figure ALS. Job plot showing the relative integrations versus the measured mole
fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M

Et,O/toluene at +22 °C.
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Trimer Job Plots in Diethylether
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Figure AL9. °Li NMR spectra of 0.10 M solutions of [°Li]3 (A) and [°Li]4 (B) in

0.50 M Et,0O/toluene at -90°C. The measured mole fractions of A in (a)-(e) are
1.00, 0.86, 0.54, 0.32, and 0.00, respectively. t indicates unknown aggregate.
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Figure AL10. Job plot showing the relative integrations versus the measured
mole fractions of 3 for 0.10 M mixtures of [°Li]3 (A) and [°Li]4 (B) in 0.50 M

Et,O/toluene at -90 °C.
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Tetramer Job Plots in Acetonitrile
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Figure AL11. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M H,CCN/toluene at -80 °C. The mole fractions of A in (a)-(e) are roughly
1.00, 0.75, 0.50, 0.25, and 0.00, respectively. The intermolecular exchange rate is
fast except for when the ratio of 1 to 2 is 3:1.
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Tetramer Job Plots in Acetonitrile
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Figure AL12. °Li NMR spectra of 0.10 M solutions of [°Li]3 (A) and [°Li]4 (B) in

0.50 M H,CCN/toluene at -80 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.71, 0.47, 0.27, and 0.00, respectively.
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Figure AL13. Job plot showing the relative integrations versus the measured
mole fractions of 3 for 0.10 M mixtures of [°Li]3 (A) and [°Li]4 (B) in 0.50 M

H,CCN/toluene at -80 °C.
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Tetramer Job Plots in Pyridine
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Figure AL14. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M pyridine/toluene at -80 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.80, 0.50, 0.13, and 0.00, respectively. t indicates unknown aggregate.
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Figure AL15. Job plot showing the relative integrations versus the measured
mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M

pyridine/toluene at -80 °C.
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Tetramer Job Plots in Pyridine
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Figure AL16. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M pyridine/toluene at -80 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.63, 0.49, 0.29, and 0.00, respectively. T indicates unknown aggregate.
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Figure AL17. Job plot showing the relative integrations versus the measured
mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M

pyridine/toluene at -80 °C.



Dimer Job Plots in Pyridine
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Figure AL18. °Li NMR spectra of 0.10 M solutions of [°Li]3 (A) and [°Li]4 (B) in

0.50 M pyridine/toluene at -100 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.66, 0.56, 0.33, and 0.00, respectively.
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Figure AL19. Job plot showing the relative integrations versus the measured
mole fractions of 3 for 0.10 M mixtures of [°Li]3 (A) and [°Li]4 (B) in 0.50 M

pyridine/toluene at -100 °C.
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Tetramer Job Plots in Dimethylacetamide
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Figure AL20. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M dimethylacetamide/toluene at -80 °C. The measured mole fractions of A
in (a)-(e) are 1.00, 0.64, 0.45, 0.25, and 0.00, respectively.
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Figure AL21. Job plot showing the relative integrations versus the measured
mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M
dimethylacetamide/toluene at -80 °C.
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Tetramer Job Plots in Dimethylacetamide

A,A,B,A,B,A BB,
OLi OLi
| (@
=
Cl
3 4 | / ®)
O (c)
H,.C.
3 I}IJkCH3
CH, @

(e)

20 18 16 14 12 10 08 06 04 02 00

Figure AL22. °Li NMR spectra of 0.10 M solutions of [°Li]3 (A) and [°Li]4 (B) in

0.50 M dimethylacetamide/toluene at -80 °C. The measured mole fractions of A
in (a)-(e) are 1.00, 0.61, 0.50, 0.29, and 0.00, respectively.
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Figure AL23. Job plot showing the relative integrations versus the measured
mole fractions of 3 for 0.10 M mixtures of [°Li]3 (A) and [°Li]4 (B) in 0.50 M
dimethylacetamide/toluene at -80 °C.
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Tetramer Job Plots in Dimethylformamide
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Figure AL24. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M dimethylforamide/toluene at -80 °C. The measured mole fractions of A in
(a)-(e) are 1.00, 0.65, 0.44, 0.23, and 0.00, respectively.
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Figure AL25. Job plot showing the relative integrations versus the measured
mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M
dimethylformamide/toluene at -80 °C.
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Tetramer Job Plots in Dimethylsulfoxide
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Figure AL26. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M DMSO/ toluene at -80 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.76, 0.46, 0.37, and 0.00, respectively.
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Figure AL27. Job plot showing the relative integrations versus the measured
mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M
DMSO/ toluene at -80 °C.
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PF Spectra in Dimethylsulfoxide
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Figure AL28. "F NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in
0.50 M dimethylsulfoxide/toluene at -80 °C. The mole fractions of A in (a)-(e) are
roughly 0.90, 0.70, 0.40, 0.20, and 0.00, respectively.The naphtholate
homoaggregate is invisible by "F NMR, so the A;B, is the last observable species.
At high naphtholate mole fraction, resolution becomes difficult and the A,B,
aggregate becomes a minor shoulder on the A;B, peak. t appears to be a minor
trimer component.
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Trimer Job Plots in Dimethylsulfoxide
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Figure AL29. °Li NMR spectra of 0.10 M solutions of [°Li]3 (A) and [°Li]1 (B) in
0.50 M DMSO/ toluene at -80 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.69, 0.54, 0.32, and 0.00, respectively.
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Figure AL30. Job plot showing the relative integrations versus the measured
mole fractions of 3 for 0.10 M mixtures of [°Li]3 (A) and [°Li]4 (B) in 0.50 M

DMSQ/ toluene at -80 °C.
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Tetramer Job Plots in DMPU
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Figure AL31. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M DMPU/ toluene at -80 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.70, 0.46, 0.15, and 0.00, respectively.
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Figure AL32. Job plot showing the relative integrations versus the measured

mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M
DMPU /toluene at -80 °C.
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Tetramer Job Plots in DMPU
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Figure AL33. °Li NMR spectra of 0.10 M solutions of [°Li]3 (A) and [°Li]4 (B) in

0.50 M DMPU/ toluene at -80 °C. The measured mole fractions cannot be
calculated, but tubes (a) and (d) are 3 and 4, respectively, whereas tubes (b) and

(c) are mixtures.
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Tetramer Job Plots in N-Methylpyrrolidone
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Figure AL34. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M N-methylpyrrolidone/ toluene at -85 °C. The measured mole fractions of
A in (a)-(e) are 1.00, 0.65, 0.44, 0.30, and 0.00, respectively.
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Figure AL35. Job plot showing the relative integrations versus the measured
mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M N-
methylpyrrolidone/ toluene at -85 °C.
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Tetramer Job Plots in N-Methylpyrrolidone
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Figure AL36. °Li NMR spectra of 0.10 M solutions of [°Li]3 (A) and [°Li]4 (B) in

0.50 M N-methylpyrrolidone/ toluene at -80 °C. The measured mole fractions of
A in (a)-(e) are 1.00, 0.68, 0.53, 0.33, and 0.00, respectively.
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Figure AL37. Job plot showing the relative integrations versus the measured
mole fractions of 3 for 0.10 M mixtures of [°Li]3 (A) and [°Li]4 (B) in 0.50 M N-
methylpyrrolidone/toluene at -80 °C.
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Tetramer Job Plots in n-Propylamine
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Figure AL38. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M n-PrNH, / toluene at -80 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.76, 0.56, 0.28, and 0.00, respectively.
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Figure AL39. Job plot showing the relative integrations versus the measured
mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M n-
PrNH,/ toluene at -80 °C.
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Dimer Job Plots in n-Propylamine
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Figure AL40. °Li NMR spectra of 0.10 M solutions of [°Li]3 (A) and [°Li]4 (B) in

0.50 M n-PrNH, / toluene at -110 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.73, 0.58, 0.34, and 0.00, respectively.
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Figure AL41. Job plot showing the relative integrations versus the measured
mole fractions of 3 for 0.10 M mixtures of [°Li]3 (A) and [°Li]4 (B) in 0.50 M n-
PrNH,/ toluene at -110 °C.
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Tetramer Job Plots in Piperidine
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Figure AL42. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M piperidine/toluene at -60 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.74, 0.48, 0.21, and 0.00, respectively.
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Figure AL43. Job plot showing the relative integrations versus the measured
mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M
piperidine/toluene at -60 °C.
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F Spectra in Piperidine
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Figure AL44. "F NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in
0.50 M piperidine/toluene at -80 °C. The mole fractions of A in (a)-(e) are
roughly 0.90, 0.60, 0.40, 0.20, and 0.00, respectively.The naphtholate
homoaggregate is invisible by "F NMR, so the A;B, is the last observable species.
1 has three additional resonances, which form the unidentifiable ensembles
denoted by t.
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Trimer Job Plots in Piperidine
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Figure AL45. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]9 (B) in

0.50 M piperidine/toluene at -90 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.64, 0.43, 0.24, and 0.00, respectively.
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Figure AL46. Job plot showing the relative integrations versus the measured

mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]9 (A) in 0.50 M
piperidine/toluene at -90 °C.
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Job Plots in Piperidine

OLi OLi
@
H,C | o CHs HC CH, A,ABB,
=

Figure AL47. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]9 (B) in

0.50 M piperidine/toluene at -90 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.78, 0.52, 0.33, and 0.00, respectively. T indicates unknown aggregate.
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Figure AL48. Job plot showing the relative integrations versus the measured
mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M
piperidine/toluene at -90 °C.
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Job Plots in Pyrrolidine
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Figure AL49. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]9 (B) in

0.50 M pyrrolidine/ toluene at -90 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.69, 0.52, 0.35, and 0.00, respectively. T indicates unknown aggregate.
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Figure AL50. Job plot showing the relative integrations versus the measured
mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M
pyrrolidine/ toluene at -90 °C.
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Job Plots in Pyrrolidine
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Figure AL51. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]9 (B) in

0.50 M pyrrolidine/ toluene at -90 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.58, 0.45, 0.29, and 0.00, respectively. T indicates unknown aggregate.
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Figure AL52. Job plot showing the relative integrations versus the measured
mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M
pyrrolidine/ toluene at -90 °C.
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Tetramer Job Plots in i-Butylamine
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Figure AL53. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M i-BuNH, /toluene at -80 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.66, 0.53, 0.73, and 1.00, respectively.
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Figure AL54. Job plot showing the relative integrations versus the measured
mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M i-
BuNH,/ toluene at -80 °C.
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Dimer Job Plots in i-Butylamine
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Figure ALS55. °Li NMR spectra of 0.10 M solutions of [°Li]3 (A) and [°Li]4 (B) in

0.50 M i-BuNH, /toluene at -110 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.62, 0.48, 0.46, and 0.00, respectively.
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Figure AL56. Job plot showing the relative integrations versus the measured
mole fractions of 3 for 0.10 M mixtures of [°Li]3 (A) and [°Li]4 (B) in 0.50 M i-
BuNH,/toluene at -110 °C.
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Tetramer Job Plots in sec-Butylamine
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Figure AL57. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M sec-BuNH, / toluene at -60 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.76, 0.43, 0.28, and 1.00, respectively.
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Figure AL58. Job plot showing the relative integrations versus the measured
mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M sec-
BuNH,/toluene at -60 °C.
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Tetramer Job Plots in #~-Butylamine
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Figure AL59. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in
0.50 M t-BuNH, / toluene at -80 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.68, 0.53, 0.32, and 1.00, respectively.
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Figure AL60. Job plot showing the relative integrations versus the measured
mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M t-

BuNH,/ toluene at -80 °C.
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Trimer Job Plots in Diisopropylamine
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Figure AL61. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]9 (B) in

1.0 M i-Pr,NH/toluene at -60 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.89, 0.53, 0.23, and 0.00, respectively.
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Figure AL62. Job plot showing the relative integrations versus the measured

mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]9 (B) in 1.0 M i-
Pr,NH/ toluene at -60 °C.
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°Li Spectra in Diisopropylamine
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Figure AL63. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in
1.0 M diisopropylamine/ toluene at -40 °C. The mole fractions of 2 in (a)-(e) are

approximately 1.00, 0.75, 0.50, 0.25, 0.00, respectively. The absence of

heteroaggregate formation indicates that 2 and 1 are not the same aggregation
state. 2 was characterized as a trimer (previous page). t indicates unknown

aggregate.
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Dimer Job Plots in Diisopropylamine
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Figure AL64. °Li NMR spectra of 0.10 M solutions of [°Li]3 (A) and [°Li]4 (B) in

1.0 M i-Pr,NH/toluene at -80 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.73, 0.54, 0.31, and 0.00, respectively.
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Figure AL65. Job plot showing the relative integrations versus the measured
mole fractions of 3 for 0.10 M mixtures of [°Li]3 (A) and [°Li]4 (B) in 1.0 M i-

Pr,NH/toluene at -80 °C.
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Tetramer Job Plots in Diethylamine
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Figure AL66. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M Et,NH /toluene at -60 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.65, 0.47, 0.29, and 0.00, respectively.
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Figure AL67. Job plot showing the relative integrations versus the measured
mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M
Et,NH/toluene at -60 °C.
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Trimer Job Plots in Diethylamine
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Figure AL68. °Li NMR spectra of 0.10 M solutions of [°Li]3 (A) and [°Li]4 (B) in

0.50 M Et,NH /toluene at -80 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.69, 0.53, 0.31, and 0.00, respectively. t indicates unknown aggregate.

1

08} B, A,

0.6

041 -

Relative Integration

>

]
o5

By

>

o5

N

027 L] ® \

0 0.2 0.4 0.6 0.8 1
X

A

Figure AL69. Job plot showing the relative integrations versus the measured
mole fractions of 3 for 0.10 M mixtures of [°Li]3 (A) and [°Li]4 (B) in 0.50 M
Et,NH/toluene at -80 °C.

67



Tetramer Job Plots in n-Dipropylamine
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Figure AL70. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M n-Pr,NH/toluene at -80 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.68, 0.52, 0.31, and 0.00, respectively.
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Figure AL71. Job plot showing the relative integrations versus the measured
mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M n-
Pr,NH/ toluene at -80 °C.
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Trimer Job Plots in n-Dipropylamine
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Figure AL72. °Li NMR spectra of 0.10 M solutions of [°Li]3 (A) and [°Li]4 (B) in

0.50 M n-Pr,NH/toluene at -80 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.62, 0.46, 0.27, and 0.00, respectively. T indicates unknown aggregate.
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Figure AL73. Job plot showing the relative integrations versus the measured
mole fractions of 3 for 0.10 M mixtures of [°Li]3 (A) and [°Li]4 (B) in 0.50 M n-
Pr,NH/toluene at -80 °C.
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Tetramer Job Plots in #-Butanol
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Figure AL74. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M t-BuOH / toluene at -95 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.75, 0.41, 0.21, and 0.00, respectively.
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Figure AL75. Job plot showing the relative integrations versus the measured

mole fractions of 2 for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M t-
BuOH /toluene at -95 °C.
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Tetramer Job Plots in sec-Butanol
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Figure AL76. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M sec-BuOH / toluene at -80 °C. The mole fractions of A in (a)-(e) are 1.00,
0.65, 0.46, 0.27, 0.00, respectively.
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Figure AL77. Job plot showing the relative integrations versus mole fractions of 2

for 0.10 M mixtures of [°Li]2 (A) and [°Li]1 (B) in 0.50 M sec-BuOH / toluene at -80
°C.

71



°Li Spectra in n-Butanol

Figure AL78. °Li NMR spectra of 0.10 M solutions of [°Li]2 (a) and [°Li]1 (e) in

0.50 M n-BuOH/toluene at -110 °C. The measured mole fractions cannot be
calculated, but the mole fraction of 2 in tubes (b), (c), and (d) are roughly 0.75,
0.50, and 0.25, respectively.
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Figure AL79. °Li NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]1 (B) in

0.50 M n-BuOH/ ether at -60 °C. The mole fractions of A in tubes (a)-(e) are
roughly 1.00, 0.75, 0.50, 0.25, 0.00, respectively. The ether cosolvent provides the
aggregate resolution, however, n-BuOH has been shown to bind to lithium
preferentially over ether.  denotes unknown aggregate. * denotes ‘LiHMDS.
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Solvent Swap

Pyridine : Diethylamine

1 equiv: 0equiv
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Figure AIL80. Solvent swap on 0.10 M of [°Li]1 in various pyridine and Et,NH
concentrations with toluene as cosolvent at -80 °C. The chemical shift more
closely resembles pyridine even at high Et,NH concentrations. The peak
migration, however, indicates that Et,NH is also functioning as a ligand to the
tetramer. The medium dependent chemical shift is clearly demonstrated going
from 1.0 equiv to 10 equiv of Et,NH. t denotes unknown aggregate.
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Solvent Swap

Diethylamine : TMEDA
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Figure ALS81. Solvent swap on 0.10 M of [°Li]2 in various ratios of Et,NH and
TMEDA with toluene as cosolvent at -40 °C. Addition up to 15 equiv of Et,NH
does not move the naphtholate aggregate from being solely a TMEDA-bound
dimer.
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Solvent Swap

TMEDA: DMA
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Figure AIL82. Solvent swap on 0.10 M of [°Li]1 in 1 equiv dimethylacetamide and
various TMEDA concentrations with toluene as cosolvent at -80 °C. Addition of
up to 15 equiv of TMEDA does not affect the chemical shift, indicting that the
tetramer is solely DMA-bound. The appearance of a small peak at high TMEDA

concentrations may be the concentration-dependent chemical shift of the

TMEDA-solvated dimer.
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Solvent Swap

TMEDA: DMF

0 equiv: 1equiv

2 equiv: 1equiv

Bl
|
J_
)

10 equiv : 1 equiv

15 equiv : 1 equiv

5equiv: 0equiv

Figure AIL83. Solvent swap on 0.10 M of [°Li]1 in 1 equiv dimethylformamide
and various TMEDA concentrations with toluene as cosolvent at -80 °C. Addition
of up to 15 equiv of TMEDA does not affect the chemical shift, indicting the
tetramer is solely DMF-bound. The appearance of a small blip at high TMEDA
concentrations may be the concentration-dependent chemical shift of the
TMEDA-solvated dimer.
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Solvent Swap

20 equiv TMEDA

TMEDA : NMP
5 equiv : 5 equiv

31 equiv NMP

Figure AL84. Solvent swap on 0.10 M of [°Li]1 in N-methylpyrrolidone and
TMEDA with toluene as cosolvent at -80 °C. At a 1:1 ligand ratio, the chemical
shift closely resembles the chemical shift of NMP, indicating that it is solely a
NMP bound tetramer. The slight chemical shift difference is probably due to the
difference in ligand concentration (medium effect).
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Solvent Swap
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Figure AIL85. Solvent swap on 0.10 M of [°Li]1 in 1 equiv N-methylpyrrolidone
and various TMEDA concentrations with toluene as cosolvent at -80 °C. Addition
of up to 15 equiv of TMEDA does not affect the chemical shift, indicting the
tetramer is solely NMP-bound. The appearance of a small peak at high TMEDA
concentrations may be the concentration-dependent chemical shift of the
TMEDA-solvated dimer.
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Solvent Swap

t 19 equiv pyridine
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Figure AL86. Solvent swap on 0.10 M of [°Li]1 in pyridine and N-
methylpyrrolidone with toluene as cosolvent at -80 °C. At a 1:1 ligand ratio, the
chemical shift closely resembles the chemical shift of NMP, indicating that it is
predominantly a NMP bound tetramer. The slight chemical shift difference may
be due to minor pyridine binding. + denotes an aggregate present only at high
pyridine concentration; it is assumed to be a highly solvated dimer.
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Solvent Swap

Pyridine : NMP
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Figure AL87. Solvent swap on 0.10 M of [°Li]1 in 1 equiv N-methylpyrrolidone
and various pyridine concentrations with toluene as cosolvent at -80 °C.
Addition of up to 10 equiv of pyridine does not affect the chemical shift,
indicting the tetramer is solely NMP-bound.
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Solvent Swap

19 equiv pyridine

pyridine : ether

5equiv : 5 equiv
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Figure AI88. Solvent swap on 0.10 M of [°Li]1 in pyridine and diethyl ether with
a toluene cosolvent as needed at -40 °C. At a 1:1 ligand ratio, the chemical shift
closely resembles the chemical shift of pyridine, indicating that it is
predominantly a pyridine bound tetramer. The slight chemical shift difference
may be due to minor ether binding. t denotes an aggregate present only at high
pyridine concentration; it is assumed to be a highly solvated dimer.
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Solvent Swap
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Figure AL89. Solvent swap on 0.10 M of [°Li]1 in ether with increasing pyridine
concentrations at -40 °C. Using ether as the cosolvent enables ether to compete
with pyridine as the ligand for the tetramer.
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Solvent Swap
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Figure AL90. Solvent swap on 0.10 M of [°Li]1 in toluene with 1 equiv pyridine
and increasing Et,O concentrations at -80 °C. Up to 15 equiv of Et,O yields no
impact on the pyridine-solvated tetramer.
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Solvent Swap

19 equiv pyridine

pyridine : TMEDA

5 equiv : 5 equiv

20 equiv TMEDA

(TP N N TR NU U NP RU SRR
40 35 30 25 20 15 10 05 00 -05 -10

Figure AL91. Solvent swap on 0.10 M of [°Li]1 in pyridine and TMEDA with
toluene as cosolvent at -40 °C. At a 1:1 ligand ratio, there is broadening and
minor inward shift of both the pyridine solvated tetramer and the TMEDA
solvated dimer. This change indicates the possibility of mixed ligand aggregates.
t denotes an aggregate present only at high pyridine concentration; it is assumed
to be a highly solvated dimer.
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Solvent Swap

Pyridine : TMEDA

1 equiv: 0 equiv

“ 1 equiv: 1 equiv
’\ 1 equiv : 2 equiv

1 equiv: 5 equiv

1 equiv: 10 equiv

0 equiv : 1 equiv

n 1 equiv: 15 equiv

Figure AL.92. Solvent swap on 0.10 M of [°Li]1 in pyridine and various TMEDA
concentrations with toluene as cosolvent at -80 °C. Addition of TMEDA causes
both the appearance of a TMEDA solvated dimer around 0.2 ppm and a slight
shift of the pyridine solvated tetramer. The slight shift may be due to
incorporation of TMEDA into the tetramer. The chemical shift variation at
increasing TMEDA concentration is due to a medium effect.
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Solvent Swap

Pyridine : TMEDA

L 0 equiv: 5 equiv

n 2.5 equiv: 1.25 equiv
A
k L 5equiv: 1.25 equiv
A\ L 10 equiv : 1.25 equiv
ﬂ \ 15 equiv : 1.25 equiv

JA k 20 equiv : 1.25 equiv
i i | I I

40 35 30 25 20 15 10 05 00 -05 -10

Figure AL93. Solvent swap on 0.10 M of [°Li]2 in TMEDA and various pyridine
concentrations with toluene as cosolvent at -40 °C. Addition of pyridine causes
both the appearance of a pyridine solvated tetramer around 2.75 ppm and the
migration of the TMEDA solvated dimer.
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Solvent Swap

Pyridine : Propylamine

L 1 equiv: 0equiv

J 10 equiv : 1 equiv

5equiv: 1equiv

2equiv: 1equiv

1 equiv: 1equiv

1
1
)|

|
1
I

1 equiv: 5equiv

1 equiv: 10 equiv

1 equiv: 15 equiv

l 0equiv: 1equiv

Figure AL.94. Solvent swap on 0.10 M of [°Li]1 in various pyridine and n-PrNH
concentrations with toluene as cosolvent at -80 °C. The chemical shift more
closely resembles n-PrNH even at high pyridine concentrations. The medium
dependent chemical shift is clearly demonstrated going from 1.0 equiv to 15
equiv of n-PrNH.
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Solvent Swap

Pyridine : Pyrrolidine

i 1 equiv: 0equiv
N 10 equiv : 1 equiv

k 5equiv: 1equiv

2 equiv : 1equiv

1equiv: 1equiv

|

i1

JL 1equiv : 2 equiv
)

A

1 equiv: 5equiv

1 equiv : 10 equiv

’\ O equiv : 1equiv

L L | L | L | L | L | L |

3.0 25 20 15 1.0 0.5 0.0

Figure AL95. Solvent swap on 0.10 M of [°Li]1 in various pyridine and
pyrrolidine concentrations with toluene as cosolvent at -80 °C. The chemical shift
more closely resembles pyrrolidine even at high pyridine concentrations. The
medium dependent chemical shift is clearly demonstrated going from 1.0 equiv
to 10 equiv of pyrrolidine.
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Solvent Swap

Pyridine : t-Butanol

l 1 equiv: 0equiv

10 equiv : 1 equiv

5equiv : 1 equiv

2 equiv : 1equiv

A
L
L
l 1equiv: 1equiv
A
Ny
|

1equiv: 2 equiv

1 equiv: 5equiv

1 equiv : 10 equiv

\ Oequiv: 1equiv
l 0 equiv : 10 equiv

3.0 25 20 15 1.0 0.5 0.0

Figure AL.96. Solvent swap on 0.10 M of [°Li]1 in various pyridine and +-BuOH
concentrations with toluene as cosolvent at -80 °C. The chemical shift more
closely resembles pyridine even at high ~-BuOH concentrations. The medium
dependent chemical shift is barely present going from 1.0 equiv to 10 equiv of ¢-
BuOH.
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CHAPTER II

Method of Continuous Variation:
Characterization of Alkali Metal Enolates Using 'H and °F NMR

Spectroscopies
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Method of Continuous Variation:

Characterization of Alkali Metal Enolates Using 'H and F NMR Spectroscopies

Abstract

The method of continuous variation (MCV) in conjunction with 'H and F NMR
spectroscopies was used to characterize lithium and sodium enolates solvated by
N,N,N’,N’-tetramethylethyldiamine (TMEDA) and tetrahydrofuran (THF). A
strategy developed using lithium enolates was then applied to the more
challenging sodium enolates. A number of sodium enolates solvated by TMEDA
or THF afford exclusively tetramers. Evidence suggests that TMEDA chelates

sodium on the cubic tetramers.

Introduction

Carbon—carbon bond formations using metal enolates are ubiquitous. A
recent survey of large scale procedures carried out over several decades at Pfizer
revealed that 44% of these C—C bond formations involved metal enolates.’
Although lithium enolates dominate the field, metal enolates bearing a wide
range of counter ions proliferate.” Sodium enolates, for example, are suggested to
be decidedly more reactive than their lithium counterparts.” However, they are
less commonly used in synthesis for several reasons. The lower stability and
solubility of n-butylsodium (n-BuNa)® and sodium amides* when compared with
n-butyllithium (n-BuLi) and lithium amides make sodium enolates less

accessible. Only weakly basic sodium hexamethyldisilazide,” sodium alkoxides,’
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and sodium hydride are used routinely. Moreover, empirical studies have
suggested that, with few exceptions,” the putative greater reactivity imparted by
sodium relative to lithium frequently comes at the cost of lower selectivities.
Nonetheless, sodium enolates maintain an important niche.*’

We became interested in studying the influence of aggregation and
solvation on the reactivity of sodium enolates with the aim of providing
structural and mechanistic support to synthetic applications. Although few
sodium enolates have been characterized crystallographically,” there is no
reason to doubt that further progress could be made. X-ray structures of sodium
phenolates (isostructural analogues of enolates) reveals a dominance of cubic
tetramers,"" although other forms have occasionally appeared.” The challenge of
determining solution structures is acute, however. The absence of detectable M-
O scalar coupling that plagues all NMR spectroscopic studies of metal enolates is
exacerbated by the highly quadrupolar *Na nucleus,” rendering the broad
sodium resonances of little or no diagnostic value.""” In what were ambitious
and pioneering studies by Zook' and Hauser," colligative measurements of
relatively stable sodium enolates suggested that they aggregate in solution, but
the measured aggregation numbers included non-integer values spanning a wide
range. In general, colligative measurements are poorly suited for studying
mixtures and can be highly suspect owing to potentially undetectable
impurities.'®" Diffusion-ordered NMR spectroscopy (DOSY) explored
extensively by Williard® in organolithium chemistry could be brought to bear on
organosodium chemistry, but there are no studies reported to date. Of course,

computational chemists have attempted to fill in the experimentally elusive
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details,”! but computational data offers a nice complement to, not a substitute for,
experimental data.”

We wondered whether the method of continuous variation (MCV)? could
be used to characterize sodium enolates. The idea is simple: mixing two salts of
unknown aggregation states denoted as A, and B, (eq 1) affords an ensemble of
homo- and heteroaggregates manifesting spectroscopic fingerprints and
concentration dependencies that are highly characteristic of the overall
aggregation number, n. We have used such a strategy in conjunction with °Li

NMR spectroscopy to characterize over 100 enolate-solvent combinations.*

A,+B,=— A, +A,B +A,B,+A,B,.+B, (1)

Can this same strategy be used with sodium enolates? Certainly not using
*Na NMR spectroscopy but possibly with a more NMR-friendly nucleus. We
took a cue from the seminal study of Gagne and coworkers in which '"H NMR
spectroscopy was used to characterize an ensemble of tetrameric aggregates
derived from sodium tert-butoxide and sodium phenolates (Scheme 1; Ar = 4-
tert-butylphenyl).” This strategy, combined with detailed studies of their
concentration dependencies with the application of MCV, could be used to

characterize sodium enolates.
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Scheme 1

Ar Ar Ar_ Bu
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‘Na iO |Na Lo ‘Na—O ‘Na—iO
Na‘—O Ar — Na‘—O ‘ Bu — N\a‘—O “tBu p— Ng—O-|-Bu
O—Na O—Na /O—Na O—Na
Ar Ar Bu Bu

We describe herein using MCV in conjunction with 'H and ’F NMR
spectroscopies to determine the aggregation state of alkali metal enolates. To
develop tactics and strategies, we examined lithium enolates (Chart 1) with well-
documented solution structures and behaviors demonstrated in previous
studies.” We then applied the methods to characterize the sodium enolates in
Chart 2, focusing on synthetically important N,N,N’,N'-
tetramethylethylenediamine (TMEDA) and tetrahydrofuran (THF) solvates.
Several sodium phenolates are included owing to their ease of preparation and
convenient tagging with fluoro moieties as well as their central roles in
pharmaceutically important O-alkylations.”® "H NMR spectroscopy proves more
effective than ’F NMR spectroscopy in most instances.” Despite an emphasis in
this study on methods, even the preliminary results revealed that the least stable
sodium enolates 15 and 16 are structurally complex in THF, and TMEDA-

solvated enolates are quite different for sodium and lithium.*
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Chart 1
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Results

Sodium Bases. We sought sodium bases with optimal solubilities and

reactivities. Highly reactive sodium bases such as n-BuNa’and sodium

diisopropylamide (NDA)" present challenging technical problems. NDA can be

prepared directly from sodium meta

129

BuONa metal exchange.” The solubility properties of solvated or ligand-free

NDA rendered recrystallization difficult, and the potential complexity arising
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from the mixed salt protocol was especially troubling. Sodium
tetramethylpiperidide (NaTMP) reported by Mulvey may work well but was not
tested.*”’ We settled on two bases. The highly soluble sodium
hexamethyldisilazide (NaHMDS) is easily prepared and purified.** It is often the
base of choice, but it is insufficiently basic for all applications (especially
cycloalkanone-derived enolates). Sodium isopropylcyclohexylamide (NaICA)*
has been prepared as a crystalline TMEDA solvate® (which we consider too
restrictive). We found, however, that unsolvated NaIlCA can be prepared as a
powder and recrystallized to >90% purity. NMR spectra of NalCA solubilized
with TMEDA shows two forms, which we presume to be cis and trans cyclic
dimers based on analogy to lithium isopropylcyclohexylamide.” The only
contaminant is the protic amine (<5%), which may be generated during NMR
sample preparation. The protocols that we used for preparing ligand-free NaICA
and NaHMDS as well as an improved procedure to prepare LIHMDS are
described in the experimental section.

General strategy. Alkali metal enolates are prone to aggregate as
illustrated generically in Chart 3.* The oppressively high symmetry, which
causes these structural forms to appear deceptively simple and indistinguishable
by NMR spectroscopy, is exacerbated when scalar coupling (such as "N-°Li and
PC-°Li) cannot be used to show metal-ligand connectivities. We break the high
symmetry by generating ensembles of homo- and heteroaggregates from enolate
subunits A and B as illustrated in eq 1. Monitoring the homo- and
heteroaggregates versus mole fraction of subunits A and B (X, and Xj) reveals a

distribution in which the number, symmetries, and mole fraction dependencies
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are characteristic of the aggregation state. Application of MCV affords what is

referred to colloquially as a Job Plot.” Subsequent examples are illustrative.

Chart 3
5
M - N
M-O-R R-O O-R hél 1(\5/1
M RM R
R R
O—M R /|O\1\|/Io’R
M—O RTO_\M
MC|)—O.IJ/~[R o M\‘ Olr
T R/ M-~
R QR

The prominent technical challenge is to obtain adequate spectroscopic
resolution of the enolate ensembles. °Li NMR spectroscopy suffices for lithium
enolates and has been exploited ex’censively.24 Sodium enolates, by contrast,
require the monitoring of resonances emanating from organic fragments using
"H or F NMR spectroscopies (19) rather than the monitoring of a nucleus within
the O-M aggregate core. The obvious advantage of monitoring the vinyl proton
(19; red) is that it requires no explicit tag. We were concerned at the outset (albeit
incorrectly) that resolution might be inadequate and, in some cases, that complex
splitting by other protons would be problematic. "F NMR spectroscopy offered
the potential for high resolution but required that at least one enolate contains a

fluoro moiety (19; blue).

ONa

=S

19
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“F NMR spectroscopy. The methods for determining aggregation states
are identical for 'H or ’F NMR spectroscopy. We illustrate them with "F NMR
spectroscopy using an ensemble generated from phenolates 2 and 3 that both
contain a fluorine tag. Having tags on both enolates is by no means necessary,
but this starting point is pedagogically useful. Lithium phenolates 2 and 3 prove
to be tetrameric and well behaved. Figure II.1 shows the "F NMR spectrum of an
approximate 1 : 1 mixture of 2 and 3. We refer to groups of resonances stemming
from a single subunit as envelopes. The two discrete envelopes of four
resonances correspond to four of the five tetrameric aggregates containing that
particular “F tag in each envelope; each envelope is missing the complementary
homoaggregate. Accounting for the number of "°F nuclei per aggregate affords
the relative aggregate concentrations and reveals that the aggregate distribution
reflected by Figure II.1 is nearly statistical. The slight difference between the two
envelopes results in part from a minor deviation from the intended 1 : 1
stoichiometry. Seemingly systematic changes in the chemical shifts in Figure II.1
with the shifting composition are common but somewhat deceptive; the chemical

shift orderings of the resonances vary with different enolate pairings.
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Figure I1.1. ”F NMR spectra of 1 : 1 mixture of tetrameric lithium phenolates 2
(A) and 3 (B) at 0.10 M total phenolate concentration in 0.50 M THF / toluene. The
envelope of resonances correspond to subunit A (left) and subunit B (right). The
color code indicates affiliation with the five homo- and heteroaggregates shown
above.

Monitoring the ensemble of aggregates represented in Figure II.1 versus
enolate mole fractions (X, or X;) at fixed total enolate concentration reveals the
changing aggregate proportions (Figure I1.2). Plotting the relative aggregate
concentrations versus X, affords the Job plot in Figure I1.3.%* The relative
concentrations are determined by accounting for the differential number of “F
nuclei per aggregate. When, as in this case, both subunits contain visible and
well-resolved envelopes of resonances, simply adding the integrations for each
aggregate from the two envelopes of resonances is expedient. The parametric fits
shown have been described previously.24 The mole fraction, X,, is what we call

the measured mole fraction—the mole fraction derived from the relative
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integrations rather than the intended mole fractions. Ascertaining the mole
fraction from the integrations renders the method robust by providing more
accurate values for X, as well as eliminating problems arising from unwanted
impurities, standard experimental error, and multiple aggregation states. Using
measured mole fraction is optional in this application but becomes imperative

when one of the subunits is NMR silent (vide infra).
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Figure I1.2. ”F NMR spectra of mixtures of tetrameric lithium phenolates 2 (A)
and 3 (B) at 0.10 M total phenolate concentration in 0.50 M THEF/toluene. The
envelopes of resonances correspond to subunit A (left) and subunit B (right). The
color code indicates affiliation with the five homo- and heteroaggregates shown
above. The labeled mole fraction X, corresponds to the measured mole fraction
ascertained from the relative integrations.
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Figure I1.3. Job plot showing the relative concentrations of tetrameric homo- and
heteroaggregates versus measured mole fractions of 2 (X,,) for 0.10 M mixtures of
lithium phenolates 2 (A) and 3 (B) in 0.50 M THEF/toluene at —80 °C. (See Figure

I1.2.) All aggregates are represented by summing the integrations of each
aggregate within the two envelopes of resonances.

The example above exploits two envelopes of resonances to view a single
ensemble of aggregates, but this degeneracy is neither required nor necessarily
desirable. Often only one of two envelopes of resonances is well resolved. More
importantly, we envisioned the potential of using "F NMR spectroscopy to probe
the structures of unfluorinated enolates. Using a single envelope of resonances,
however, markedly impacts how the data are processed in ways that demand
careful elaboration. We illustrate the point using a mixture of phenolates 1 and 3
in which only 3 has a fluorine tag. Monitoring the ensemble illustrated in Figure
I1.4 versus mole fraction affords the Job plot in Figure IL.5. The logic is described
as follows.

Given any aggregation state, 1, there will be a total of n + 1 homo- and
heteroaggregates but only n of them will be visible owing to the NMR silence of

one homoaggregate. The left-hand y-intercept in Figure I1.4 corresponds to
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measured mole fraction X, = 0—enolate A is absent. In the limit of high A,
however, the Job plot becomes more abstract. As X, approaches unity and the
spectroscopically silent A, homoaggregate becomes dominant, the only
remaining observable species is the A;B, heteroaggregate. As the real mole
fraction of A approaches unity—as the added B becomes very low—the
concentration of A;B, approaches zero in the limit, but the relative concentration
of A;B; among the observable aggregates approaches unity. Moreover, the
measured mole fraction X, in Figure II.4 necessarily approaches only 0.75
because it represents the measured mole fraction of A among the spectroscopically
observable aggregates.

Admittedly, the treatment represented in Figure IL.5 has some abstraction.
The good news is that the Job plot of a tetrameric enolate missing one
homotetramer is visually and mathematically similar to a Job plot corresponding

to a trimer,?**

and that pattern holds true for all aggregates: n—-mers take on the
visual appearance and are mathematically treated as (n—1) -mers. The
mathematical treatment for all aggregates is fully developed.* The asymmetry in
Figure IL5 is caused by a minor deviation from statistical behavior. The maxima

in Figure IL.5 are all found at the appropriate measured mole fraction

corresponding to their stoichiometries, consistent with standard Job plots.”
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Figure I1.4. °F NMR spectra of lithium phenolates 1 (A) and 3 (B) at 0.10 M total
concentration in 0.50 M propylamine/toluene at —80 °C. Only B contains a
fluorine, rendering A, spectroscopically invisible.
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Figure IL.5. Job plot showing the relative integrations of tetrameric homo- and
heteroaggregates versus measured mole fractions of 1 (X,,) for 0.10 M mixtures of
lithium phenolates 1 (A) and 3 (B) in 0.50 M propylamine/toluene at —80 °C. (See
Figure I1.4.) The relative concentrations include corrections for the number of "°F
nuclei in each aggregate. The curves result from a parametric fit.
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"H NMR spectroscopy. Ensembles monitored using '"H NMR
spectroscopy are treated as described above. We illustrate the point using
sodium enolates, for which "H NMR spectroscopy proved especially successful.
Figure I1.6 shows representative spectra in which envelopes of resonances
derived from sodium enolates 10 and 16 are well-resolved. Although
unnecessary in this case, single-frequency decoupling is occasionally needed to
sharpen the resonances. The representative Job plot derived from the two pairs

of sodium enolates is shown in Figure IL7.
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Figure I1.6. '"H NMR spectra of sodium enolates 10 (A) and 16 (B) at 0.10 M total
concentration in 0.50 M TMEDA /toluene-d, at varying X, recorded at —80 °C.
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Figure I1.7. Job plot showing the relative concentrations of tetrameric homo- and
heteroaggregates versus measured mole fractions of 10 (X,) for 0.10 M mixtures
of sodium enolates 10 (A) and 16 (B) in 0.50 M TMEDA /toluene-d; at -80 °C. The

relative concentrations are obtained by simply summing the integrations of each
aggregate represented in the two envelopes of resonances. (See Figure I1.6.)

Lithium enolates and phenolates. The results for the lithium enolates and
phenolates used to develop the protocols are listed in Table II.1. The spectra and
affiliated Job plots are archived in supporting information. Previous studies
using °Li NMR spectroscopy in conjunction with MCV have revealed the
structures of the enolates in Chart 1 (except 6 and 9). In several instances, the
high sensitivity of "F NMR spectroscopy allowed us to detect minor
concentrations of a previously undetected ensemble. Despite the large chemical
shift window, the "’F resonances broaden at low temperature owing in part to
fast T, relaxation. For those cases in which one of two envelopes of resonances
did not resolve, the unresolved envelope can be integrated and the contribution
from the second homoaggregate extracted to provide a standard Job plot
showing all species. In practice, this works in the case of dimers but is

challenging for tetramers.
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Table I1.1. Characterization of lithium phenolates and enolates in solution using
“F and 'H NMR spectroscopies.

Substrates A,/B, Ligand® Structure | Nucleus
N-methylpyrrolidone
dimethylformamide
OLi OLi dimethylsulfoxide
“ N,N’-dimethylpropylene
OO (; urea (DMPU) tetramer” “F
1 F 3 11-PrNH,
Et,NH
1-Pr,NH
piperidine
t-butanol
3/4
3/5 TMEDA dimer
2/3
THEF tetramer H
6/8 TMEDA dimer | 'Hand
YR
THEF tetramer H
7/8 TMEDA dimer | 'Hand
YR
7/9 TMEDA dimer H

“Typically recorded using 5.0 equiv of ligand in toluene as the bulk solvent.
Only 3 was visible by “F NMR, resulting in singly-tagged Job plots. In all other
instances, both substrates are visible, affording Job plots showing all aggregates.

Sodium enolates and phenolates. We used exclusively 'H NMR

spectroscopy to characterize sodium enolates solvated by TMEDA and THF
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(Table I1.2) owing to the surprisingly poor resolution using "F NMR

spectroscopy. A representative example is shown in Figures II.6 and II.7 above.

Table I1.2. Sodium enolate tetramers characterized using the method of
continuous variation and '"H NMR spectroscopy.

Substrate pairs Ligand | Structure
A,/B,
10/16
11/13
12/15
13/14
10/11 tetramer
11/12
11/13 THF
11/14
17/18

TMEDA

TMEDA-solvated enolates showed a penchant for forming tetramers
rather than the anticipated dimers (although in some cases an additional
aggregate could be detected.””) We demonstrated that TMEDA was bound as an
N’ (chelated) rather than ' (unchelated) ligand by showing that Me,NEt and
Me,N-n-Bu, which are non-chelating TMEDA surrogates, failed to mimic
TMEDA by affording intractable structures. Whether all sodium nuclei are
chelated by TMEDA is discussed below.

The results for simple cycloalkanones were confusing at the outset.
Enolization of cyclohexanone and cyclopentanone using either
NaHMDS/TMEDA or NaICA /TMEDA afforded enolates 15 and 16 (Figure

I1.8a). By contrast, enolization with NaHMDS/THF afforded no detectable
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enolate, and enolization with more basic NalCA / THF afforded broad mounds in
the '"H NMR spectra (Figure I1.8b). Treating the cycloalkanones with

NalICA /THF and subsequently adding TMEDA, however, afforded the TMEDA
solvates cleanly (Figure I1.8c), showing that enolizations in THF are adequate but

the structural control is poor. The origins of the structural complexity are not

known at this point.
(@)
TMEDA
()
THF
(©)
THF + TMEDA
| L | L | ! | ! | L | L |
55 5.0 45 40

Figure I1.8. '"H NMR spectra recorded on 0.10 M 15 generated from 1.0 equiv
NalCA in ligand / toluene-d, solution. The ligands are as follows: (a) 5.0 equiv
TMEDA, (b) 5.0 equiv THF, and (c) 5.0 equiv THF with addition of 5.0 equiv
TMEDA subsequent to enolization.
Discussion

Summary. We described a series of structural studies of alkali metal
enolates using the method of continuous variation (MCV) in conjunction with 'H
and “F NMR spectroscopies. Lithium enolates known from previous studies to
give high structural control were used to develop the methods (Chart 1) and to

distinguish failed strategies from failed chemistry. We then directed our

attention to the more challenging sodium enolates (Chart 2), which are
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emblematic of metal salts bearing metal nuclei that resist NMR spectroscopic
examination.

By example, a 1 : 1 mixture of two fluorine-tagged enolates afford two
envelopes of "°F resonances highly characteristic of an ensemble of enolate
tetramers (Figure II.1). Each envelope shows four of the five homo- and
heteroaggregates; the fifth is not observable because it lacks that particular tag.
Monitoring the relative aggregate concentrations versus mole fraction (X) affords
a series of spectra (Figure I1.2) and an affiliated Job plot showing the relative
concentrations of all five tetrameric forms (Figure I1.3). Using "H NMR
spectroscopy to monitor the enolate vinyl resonance affords analogous envelopes
of resonances (Figure I1.6) and Job plots (Figure I1.7). The implicit assumption in
all studies is that the formation of a near-statistical distribution of homo- and
heteroaggregates reflects the structures of the homoaggregates from which the
ensemble derives. Previous studies of lithium enolates show that two
homoaggregated enolates of differing aggregation (dimer and tetramer, for
example) either resist forming heteroaggregates altogether or form
heteroaggregates non-statistically, which lead to the maxim "like aggregates with
like."

Although the clearest examples stem from enolate pairs in which both
subunits can be monitored spectroscopically, this is neither required nor our
intent. Our long-term goal is to develop a library of enolates that are either
tagged with fluoro moieties or have vinyl proton resonances that afford well-
resolved envelopes of vinyl resonances when paired with any enolate regardless
of how spectroscopically unfriendly it might be. Indeed, monitoring one

envelope of resonances showing four of the five tetrameric aggregates—one
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homoaggregate is spectroscopically invisible—affords an accompanying Job plot
showing the dependencies of the four visible forms on mole fraction (Figure IL.5).
Although the Job plot in Figure IL5 is that of a tetrameric ensemble of lithium
phenolates 1 and 3, the missing aggregate renders it visually comparable to an
ensemble of trimers and is treated as such mathematically. The nuances of the
analysis are described in the results section.

'H versus ’F NMR spectroscopy. We examined "’F NMR spectroscopy
assuming that we might achieve superior spectroscopic resolution. 'H NMR
spectroscopy, by contrast, requires no explicit tagging of the substrates and
ironically offered superior resolution to that of F NMR spectroscopy. In fact,
sodium enolates could only be characterized using 'H NMR spectroscopy.
Although the comparisons of the enolates herein are by no means
comprehensive, the fluorine tags, admittedly in relatively remote locations, have
offered few advantages so far.

TMEDA-solvated sodium enolates. In contrast to lithium enolates in
which TMEDA invariably affords chelated dimers from a wide range of

enolates,”* the corresponding sodium enolates in Chart 2 proved to be
tetrameric without exception. Putative unchelated (n') and chelated (n?) enolates
are illustrated in Chart 4. The small lithium nucleus forces the choice of n*-
solvated dimers (akin to 22) over the only sterically accessible tetrameric form,
n'-solvated cubic Li—X tetramers (akin to 21).” By contrast, the much larger

sodium nucleus appears to support a chelated TMEDA on cubic Na—X tetramers
(20) as evidenced in crystal structures.”’ The chelate is further evidenced by

complete failures of Me,NEt or Me,N-n-Bu—TMEDA analogues lacking the
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capacity to chelate—to afford anything tractable. The plot seemed to thicken

when N,N,N’,N’-tetramethylcyclohexanediamine (TMCDA), a TMEDA analog
that appears to be incapable of forming n' complexes, afforded intractable results.

Either TMEDA serves a dual role as an n' and 0’ ligand (23) or TMCDA suffers

from other problems related to bite angle or steric demands."

Chart 4
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THF-solvated sodium enolates. Characterizations of the sodium
indenolates solvated by THF proceeded smoothly. By contrast, the two generic
homoaggregates of sodium enolates derived from cyclohexanone (15) and
cyclopentanone (16) afforded broad mounds corresponding to the enolate vinyl
protons. Although we initially thought that the enolization by sodium bases in
THF had gone afoul, enolizations in THF / toluene with subsequent addition of
TMEDA afforded TMEDA-solvated tetramers indistinguishable from samples

prepared in TMEDA /toluene. Therefore, the broad mounds attest to structural
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complexity—oligomerizations via enolate laddering'**

or cube stacking may be
occurring'>—rather than decomposition during enolization. The consequences in
synthesis are not knowable but possibly substantial.” These results also attest to

the relative efficacy of TMEDA to coordinate to sodium (albeit only

qualitatively).

Conclusions

We have shown that by monitoring NMR-friendly nuclei in the organic
fragment, we can use MCV to characterize sodium enolates. Those characterized
to date illustrate primarily proof of principle. Nevertheless, the results suggest
that putative high reactivities of sodium enolates have structural foundations
distinct from their lithium counterparts. After years of studying organolithium
chemistry, we have to extrapolate the principles derived from lithium to sodium
with caution. Fundamental issues such as rigorously determined solvation
numbers have yet to be addressed. Most importantly, we do not have a clue how
many principles of structure and reactivity are shared by lithium and sodium
salts. Are the synthetically less central sodium salts worth the effort and
resources? Can principles of aggregation and solvation unlock potential

applications of sodium enolates? We shall see.

Experimental Section

Reagents and Solvents. All substrates are commercially available.
TMEDA, THF, and toluene were distilled from blue or purple solutions
containing sodium benzophenone ketyl. Owing to the appearance of vinyl ethers

from tetraglyme degradation in the "H NMR spectra, no tetraglyme was added to
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dissolve the ketyl in toluene, resulting in a lighter blue color. Liquid substrates
were distilled from 4 A molecular sieves. (Some ketones decompose on exposure
to molecular sieves for extended times.) NaHMDS,* NalCA,*** and
[°Li]LIHMDS® were prepared and recrystallized from modified literature
procedures as described below. Air- and moisture-sensitive materials were
manipulated under argon using standard glove box, vacuum line, and syringe
techniques.

[‘Li]Lithium hexamethyldisilazide.
Isoprene (8.0 mL, 0.080 mol) was dissolved in 30
mL dry dimethylethylamine (DMEA) and added
over 1-2 h via syringe pump to a solution of
lithium metal (1.11 g, 0.16 mol) and
hexamethyldisilazane (HMDS, 25.8 g, 33.4 mL,
0.16 mol) in 80 mL DMEA at room temperature.

The reaction was run in the bottom of an

apparatus with 250 mL round bottom flasks and a

fine frit attached directly to a Schlenck line (inset).

The temperature was maintained below 30 °C to

avoid darkening. When the solution turned yellow
at low temperature, the HMDS was consumed, and isoprene addition was
stopped immediately to avoid further darkening. After the addition of isoprene,
the mixture was stirred until the lithium metal was nearly consumed (up to 1 h).
The apparatus was inverted to filter the solution, and then the solution was
evaporated to dryness under vacuum for 6 h. DMEA had to be removed

completely because it provides the LIHMDS with too much added solubility in

122



the subsequent pentane recrystallization. The white solid was transferred to an
analogous coarse frit setup in a glovebox and returned to the Schlenk line.
LiHMDS was dissolved in a minimum amount of pentane, crystallized slowly at
—78 °C, and filtered to remove the residual liquid. This procedure was repeated 3
times or until the solid was completely white. The solid was spectroscopically
pure as described previously.®

Sodium hexamethyldisilazide. Isoprene (8.0 mL, 80 mmol) was dissolved
in 30 mL of dry DMEA and added over 1-2 h via syringe pump to a solution of
sliced sodium metal (3.7 g, 160 mmol) and HMDS (25.8 g, 33.4 mL, 160 mmol) in
80 mL DMEA at room temperature. The reaction was run in the bottom of a
swivel fine frit apparatus with 250 mL round bottom flasks, attached directly to a
Schlenck line (picture). The temperature was maintained below 30 °C to avoid
darkening. If the cold solution turned yellow HMDS had been consumed, and
the addition of isoprene addition was stopped immediately to avoid further
darkening. After addition of isoprene a significant amount of sodium remained;
the reaction was stirred for an additional 2-3 h. The frit was flipped, the solution
was slowly filtered, and the solution was evaporated to dryness under vacuum
for 6 h. The white solid was transferred to a coarse frit setup under inert
atmosphere. NaHMDS was recrystallized from a minimum amount of DMEA
(~30-50 mL), crystallized by cooling slowly in a dry ice/acetone bath, and
filtered to remove the residual liquid. This procedure was repeated three times or

until the solid was completely white and spectroscopically pure.’
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Sodium isopropylcyclohexylamide (NaICA). Isoprene (16 mL,

160 mmol) was dissolved in 30 mL dry DMEA and added over 1-2 h

via syringe pump to a solution of finely sliced sodium metal (7.36 g,
320 mmol) and cyclohexylisopropylamine (45.2 g, 320 mmol) in 80 mL
DMEA at room temperature. Sodium dispersion is reportedly
necessary to acquire a reasonable yield;* we sliced the sodium thinly

under inert atmosphere and obtained an acceptable amount of NaICA.

The reaction was run in a 250 mL round bottom flask attached directly \__/
to a Schlenck line. Addition of isoprene resulted in a yellow solution and
precipitation of the product. After the addition of isoprene was complete, the
reaction was stirred for an additional 6-8 h and evaporated to dryness. A portion
of the solid was transferred under inert atmosphere to a fine-frit swivel
apparatus (see LIHMDS synthesis figure) and dissolved in DMEA. The frit was
flipped and the solution was slowly filtered, then the solution was evaporated to
dryness. In a glove box, approximately 3 g of the off-white solid was added to
each of two centrifuge tubes (inset) for eventual compaction of a very fine
powder. (Substantial crude solid remained for future crystallization.) Under
continuous argon flow, the solid was dissolved in DMEA and concentrated to the
point of turbidity. Cyclopentane (25 mL) was added, and the vessel cooled with a
dry ice/acetone bath. The resulting suspension was centrifuged until a white
cake formed, and the solution was removed via syringe. This procedure was
repeated until the solution was colorless. The resulting white solid was dried
under vacuum. Full NMR spectroscopic characterization included COSY,
TOCSY, HSQC, HMBC and ROESY spectroscopies (supporting information). °C

(125 MHz, 0.50 M TMEDA / toluene-dy) d (isomer 1) 23.36, 27.08, 28.33, 39.04,
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49.08, 80.92; (isomer 2) 25.73, 26.52, 28.05, 34.13, 43.72, 52.81 ppm.
NMR sample preparation. Individual stock solutions of substrates and
base were prepared at room temperature. An NMR tube under vacuum was

flame dried on a Schlenck line and allowed to return to room temperature. It was
then backfilled with argon and placed in a —78 °C dry ice/acetone bath. The
appropriate amounts of base and substrate were added sequentially via syringe.
The tube was sealed under partial vacuum, stored in a —-86 °C freezer, and
carefully mixed prior to placement into the spectrometer. Each NMR sample
contained 0.10 M total phenol and 0.10 M base.

NMR Spectroscopy. 'H and "F NMR spectra were typically recorded at
—80 °C (unless stated otherwise) on a 500 MHz spectrometer with the delay
between scans set to >5 x T1 to ensure accurate integrations. Chemical shifts are
reported relative to toluene ("H) and fluorobenzene (*°F). The resonances were
integrated using the standard software accompanying the spectrometers. After
weighted Fourier transform with 64,000 points and phasing, line broadening was
set between 0 and 0.30, and a baseline correction was applied when appropriate.
Deconvolution was performed in the absolute intensity mode, with application
of a drift correction using default parameters for contributions from Lorentzian
and Gaussian line shapes. The mathematics underlying the parametric fits have
been described in detail,** with minor modifications appearing in the supporting

information of this paper.
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Figure AIL1. "F NMR spectra of 0.10 M solutions of [°Li]3 (A) and [°Li]4 (B) in

0.50 M TMEDA / toluene at -80 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.62, 0.42, 0.19, and 0.00, respectively.
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Figure AIL.2. Job plot showing the relative integrations versus the measured
mole fractions of A for 0.10 M mixtures of [°Li]3 (A) and [°Li]4 (B) in 0.50 M

TMEDA /toluene at -80 °C.
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Dimer Job Plots in TMEDA
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Figure AIL3. "F NMR spectra of 0.10 M solutions of [°Li]3 (A) and [°Li]5 (B) in

0.50 M TMEDA / toluene at -80 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.75, 0.57, 0.40, and 0.00, respectively.
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Figure AIL4. Job plot showing the relative integrations versus the measured
mole fractions of A for 0.10 M mixtures of [°Li]3 (A) and [°Li]5 (B) in 0.50 M
TMEDA /toluene at -80 °C.
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Dimer Job Plots in TMEDA
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Figure AIL5. “F NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]3 (B) in

0.50 M TMEDA / toluene at -80 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.70, 0.41, 0.24, and 0.00, respectively.
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Figure AIL6. Job plot showing the relative integrations versus the measured

mole fractions of A for 0.10 M mixtures of [°Li]2 (A) and [°Li]3 (B) in 0.50 M

TMEDA /toluene at -80 °C.
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Tetramer Job Plots in THF
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Figure AIL7. "F NMR spectra of 0.10 M solutions of [°Li]2 (A) and [°Li]3 (B) in

0.50 M TMEDA / toluene at -80 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.75, 0.47, 0.27, and 0.00, respectively.
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Figure AILS8. Job plot showing the relative integrations versus the measured
mole fractions of A for 0.10 M mixtures of [°Li]2 (A) and [°Li]3 (B) in 0.50 M
TMEDA /toluene at -80 °C.
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Tetramer Job Plots in N-methylpyrrolidone
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Figure AIL9. "F NMR spectra of 0.10 M solutions of [°Li]3 (F) and [°Li]1 (B) in

0.50 M NMP/toluene at -80 °C. The measured mole fractions of F in (a)-(e) are
0.28, 0.37, 0.42, 0.78, and 1.00, respectively. The 1-naphtholate homoaggregate is
invisible by fluorine NMR.
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Figure AIL10. Job plot showing the relative integrations versus the measured
mole fractions of B for 0.10 M mixtures of [°Li]3 (F) and [°Li]1 (B) in 0.50 M
NMP/toluene at -80 °C.
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Tetramer Job Plots in Dimethylformamide
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Figure AIL.11. ”F NMR spectra of 0.10 M solutions of [°Li]3 (F) and [°Li]1 (B) in

0.50 M DMEF/toluene at -80 °C. The measured mole fractions of F in (a)-(e) are
0.27,0.41, 0.55, 0.87, and 1.00, respectively. The 1-naphtholate homoaggregate is
invisible by fluorine NMR.
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Figure AIL12. Job plot showing the relative integrations versus the measured
mole fractions of B for 0.10 M mixtures of [°Li]3 (F) and [°Li]1 (B) in 0.50 M

DMEF/ toluene at -80 °C.
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Tetramer Job Plots in Dimethylsulfoxide
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Figure AIL.13. “F NMR spectra of 0.10 M solutions of [°Li]3 (F) and [°Li]1 (B) in
0.50 M DMSO/ toluene at -80 °C. The measured mole fractions of F in (a)-(e) are
0.27,0.34, 0.49, 0.65, and 1.00, respectively. The 1-naphtholate homoaggregate is
invisible by fluorine NMR. t denotes unknown fluorinated material, possibly
minor aggregation states.
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Figure AIL.14. Job plot showing the relative integrations versus the measured
mole fractions of B for 0.10 M mixtures of [°Li]3 (F) and [°Li]1 (B) in 0.50 M

DMSQ/ toluene at -80 °C.
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Tetramer Job Plots in Dimethylpropyleneurea

F,B,F,B,F,B, F,

OLi OLi
1 F 3

(b)

N ©

J\ )
1.
N
-1

36 -137

| s | s | . |
-132 -133 -134 -135

Figure AIL15. “F NMR spectra of 0.10 M solutions of [°Li]3 (F) and [°Li]1 (B) in
0.50 M DMPU/ toluene at -80 °C. The measured mole fractions of F in (a)-(e) are
0.43, 0.64, 0.72, and 1.00, respectively. The 1-naphtholate homoaggregate is
invisible by fluorine NMR. t denotes unknown fluorinated material, possibly
minor aggregation states.
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Figure AIL16. Job plot showing the relative integrations versus the measured
mole fractions of B for 0.10 M mixtures of [°Li]3 (F) and [°Li]1 (B) in 0.50 M

DMPU /toluene at -80 °C.
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Tetramer Job Plots in n-Propylamine
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Figure AIL.17. ”F NMR spectra of 0.10 M solutions of [°Li]3 (F) and [°Li]1 (B) in

0.50 M n-PrNH, / toluene at -80 °C. The measured mole fractions of F in (a)-(e) are

0.30, 0.38, 0.51, 0.69, and 1.00, respectively. The 1-naphtholate homoaggregate is

invisible by fluorine NMR.
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Figure AIL18. Job plot showing the relative integrations versus the measured
mole fractions of B for 0.10 M mixtures of [°Li]3 (F) and [°Li]1 (B) in 0.50 M n-

PrNH,/ toluene at -80 °C.
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Tetramer Job Plots in Diethylamine
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Figure AIL19. “F NMR spectra of 0.10 M solutions of [°Li]3 (F) and [°Li]1 (B) in
0.50 M Et,NH/toluene at -80 °C. The measured mole fractions of F in (a)-(e) are

0.31, 0.40, 0.55, 0.63, and 1.00, respectively. The 1-naphtholate homoaggregate

is

invisible by fluorine NMR. t denotes unknown fluorinated material, possibly

minor aggregation states.
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Figure AIL.20. Job plot showing the relative integrations versus the measured
mole fractions of B for 0.10 M mixtures of [°Li]3 (F) and [°Li]1 (B) in 0.50 M

Et,NH/toluene at -80 °C. FB, is the last "F NMR visible aggregate, reaching a
maximum of 0.75 along the x-axis; B, is not visible.
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Tetramer Job Plots in Dipropylamine
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Figure AIL.21. ”F NMR spectra of 0.10 M solutions of [°Li]3 (F) and [°Li]1 (B) in

0.50 M n-Pr,NH/toluene at -90 °C. The measured mole fractions of F in (a)-(e) are
0.50, 0.53, 0.69, 0.83, and 0.88, respectively. The 1-naphtholate homoaggregate is
invisible by fluorine NMR. t denotes unknown fluorinated material, possibly
minor aggregation states.
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Tetramer Job Plots in Piperidine
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Figure AIL.22. "F NMR spectra of 0.10 M solutions of [°Li]3 (F) and [°Li]1 (B) in

0.50 M piperidine/toluene at -80 °C. The measured mole fractions of F in (a)-(e)
are 0.31, 0.51, 0.57, 0.67, and 1.00, respectively. The 1-naphtholate homoaggregate
is invisible by fluorine NMR. t denotes unknown fluorinated material, possibly
minor aggregation states.
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Figure AIL.23. Job plot showing the relative integrations versus the measured
mole fractions of B for 0.10 M mixtures of [°Li]3 (F) and [°Li]1 (B) in 0.50 M

piperidine/toluene at -80 °C.
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Tetramer Job Plots in #~-Butanol
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Figure AIL.24. ”F NMR spectra of 0.10 M solutions of [°Li]3 (F) and [°Li]1 (B) in

0.50 M t-BuOH/ toluene at -90 °C. The measured mole fractions of F in (a)-(e) are
0.27,0.41, 0.66, 0.77, and 1.00, respectively. The 1-naphtholate homoaggregate is
invisible by fluorine NMR.
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Figure AIL.25. Job plot showing the relative integrations versus the measured
mole fractions of B for 0.10 M mixtures of [°Li]3 (F) and [°Li]1 (B) in 0.50 M ¢-

BuOH /toluene at -90 °C.
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Tetramer Job Plots in Tetrahydrofuran
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Figure AIL.26. "H NMR spectra of 0.10 M solutions of [°Li]8 (A) and [°Li]6 (B) in

0.50 M THF / toluene at -80 °C. The expected mole fractions of A in (a)-(e) are 1.0,
0.8, 0.5, 0.3, and 0.0, respectively.
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Dimer Job Plots in TMEDA
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Figure AIL27. "H NMR spectra of 0.10 M solutions of [°Li]8 (A) and [°Li]6 (B) in

0.50 M TMEDA / toluene at -80 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.65, 0.47, 0.27, and 0.00, respectively.
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Figure AIL.28. Job plot showing the relative integrations versus the measured
mole fractions of A for 0.10 M mixtures of [°Li]8 (A) and [°Li]6 (B) in 0.50 M

TMEDA /toluene at -80 °C.
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Dimer Job Plots in TMEDA
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Figure AIL29. “F NMR spectra of 0.10 M solutions of [°Li]8 (A) and [°Li]6 (B) in

0.50 M TMEDA / toluene at -80 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.72, 0.50, 0.29, and 0.00, respectively. + denotes unknown aggregation
states.
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Figure AIL30. Job plot showing the relative integrations versus the measured
mole fractions of A for 0.10 M mixtures of [°Li]8 (A) and [°Li]6 (B) in 0.50 M

TMEDA /toluene at -80 °C.
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Tetramer Job Plots in Tetrahydrofuran
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Figure AIL.31. "H NMR spectra of 0.10 M solutions of [°Li]8 (A) and [°Li]7 (B) in

0.50 M THEF/toluene at -80 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.69, 0.50, 0.40, and 0.00, respectively. T denotes unknown aggregation
states.
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Figure AIL32. Job plot showing the relative integrations versus the measured
mole fractions of A for 0.10 M mixtures of [°Li]8 (A) and [°Li]7 (B) in 0.50 M

THF/toluene at -80 °C.
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Dimer Job Plots in TMEDA
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Figure AIL33. "H NMR spectra of 0.10 M solutions of [°Li]8 (A) and [°Li]7 (B) in

0.50 M TMEDA / toluene at -80 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.58, 0.50, 0.30, and 0.00, respectively.
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Figure AIL34. Job plot showing the relative integrations versus the measured
mole fractions of A for 0.10 M mixtures of [°Li]8 (A) and [°Li]7 (B) in 0.50 M

THF/toluene at -80 °C.
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Dimer Job Plots in TMEDA
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Figure AIL35. “F NMR spectra of 0.10 M solutions of [°Li]8 (A) and [°Li]7 (B) in

0.50 M TMEDA / toluene at -80 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.71, 0.50, 0.31, and 0.00, respectively.
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Figure AIL36. Job plot showing the relative integrations versus the measured
mole fractions of A for 0.10 M mixtures of [°Li]8 (A) and [°Li]7 (B) in 0.50 M

TMEDA /toluene at -80 °C.
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Dimer Job Plots in TMEDA
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Figure AIL.37. "H NMR spectra of 0.10 M solutions of [°Li]7 (A) and [°Li]9 (B) in

0.50 M TMEDA / toluene at -80 °C. The measured mole fractions of A in (a)-(e) are
1.00, 0.59, 0.47, 0.30, and 0.00, respectively. T denotes unknown aggregation
states.

1.0
B, A,
o 08f
.8
T
= AB
S 06f °
g °
5
Q (]
) 04
3
2 °
(]
m 0.2 .
[ ) (]
0 . ° =
0 0.2 0.4 0.6 0.8 1.0
Xa

Figure AIL38. Job plot showing the relative integrations versus the measured
mole fractions of A for 0.10 M mixtures of [°Li]7 (A) and [°Li]9 (B) in 0.50 M

TMEDA /toluene at -80 °C.
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Tetramer Job Plots in TMEDA
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Figure AIL39. 'H NMR spectra of 0.10 M solutions of [Na]10 (A) and [Na]16 (B)

in 0.50 M TMEDA /toluene-d; at -80 °C. The measured mole fractions of A in (a)-
(e) are 1.00, 0.69, 0.48, 0.39, and 0.00, respectively.
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Figure AIL40. Job plot showing the relative integrations versus the measured
mole fractions of A for 0.10 M mixtures of [Na]10 (A) and [Na]16 (B) in 0.50 M

TMEDA / toluene-d, at -80 °C.
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Tetramer Job Plots in TMEDA
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Figure AIL41. "H NMR spectra of 0.10 M solutions of [Na]11 (A) and [Na]13 (B)
in 0.50 M TMEDA /toluene-d; at -80 °C. The measured mole fractions of A in (a)-
(e) are 1.00, 0.77, 0.50, 0.23, and 0.00, respectively.
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Figure AIL42. Job plot showing the relative integrations versus the measured
mole fractions of A for 0.10 M mixtures of [Na]11 (A) and [Na]13 (B) in 0.50 M
TMEDA / toluene-d, at -80 °C.
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Tetramer Job Plots in TMEDA
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Figure AIL43. "H NMR spectra of 0.10 M solutions of [Na]12 (A) and [Na]15 (B)

in 0.50 M TMEDA /toluene-d; at -80 °C. The measured mole fractions of A in (a)-
(e) are 1.00, 0.79, 0.56, 0.21, and 0.00, respectively. t denotes unknown

aggregation states.
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Figure AIL44. Job plot showing the relative integrations versus the measured
mole fractions of A for 0.10 M mixtures of [Na]12 (A) and [Na]15 (B) in 0.50 M

TMEDA /toluene-d;at -80 °C.
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Tetramer Job Plots in TMEDA
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Figure AIL45. '"H NMR spectra of 0.10 M solutions of [Na]14 (A) and [Na]13 (B)

in 0.50 M TMEDA /toluene-d; at -80 °C. The measured mole fractions of A in (a)-
(e) are 1.00, 0.80, 0.60, 0.34, and 0.00, respectively. t denotes unknown
aggregation states.
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Figure AIL46. Job plot showing the relative integrations versus the measured
mole fractions of A for 0.10 M mixtures of [Na]14 (A) and [Na]13 (B) in 0.50 M

TMEDA / toluene-d;at -80 °C.
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Tetramer Stack Plots in THF
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Figure AIL47. '"H NMR spectra of 0.10 M solutions of [Na]11 (A) and [Na]10 (B)

in 0.50 M THF/ toluene-d; at -80 °C. Spectra (b)-(j) show a superposition of
ensembles, though the dominant one appears to be tetramer. The expected mole
fractions are in 0.01 increments.
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Tetramer Stack Plots in THF
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Figure AIL.48. '"H NMR spectra of 0.10 M solutions of [Na]11 (A) and [Na]12 (B)

in 0.50 M THEF/toluene-d; at -80 °C. At low mole fraction of 11, the ensemble has
poor resolution on the A side. The expected mole fractions are in 0.01 increments.

t denotes unknown aggregation states.
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Tetramer Stack Plots in THF
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Figure AIL.49. '"H NMR spectra of 0.10 M solutions of [Na]11 (A) and [Na]13 (B)

in 0.50 M THEF / toluene-d; at -80 °C. The expected mole fractions are in 0.01
increments. t denotes suspected mixed aggregate with NaHMDS.
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Tetramer Job Plots in THF
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Figure AIL50. 'H NMR spectra of 0.10 M solutions of [Na]11 (A) and [Na]14 (B)

in 0.50 M THEF/ toluene-d, at -80 °C. The measured mole fractions of A in (a)-(e)
are 1.00, 0.81, 0.63, 0.34, and 0.00, respectively. t denotes unknown aggregation

states.
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Figure AIL51. Job plot showing the relative integrations versus the measured
mole fractions of A for 0.10 M mixtures of [Na]11 (A) and [Na]14 (B) in 0.50 M

THF/ toluene-d;at -80 °C.
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Tetramer Stack Plots in THF
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Figure AIL52. '"H NMR spectra of 0.10 M solutions of [Na]17 and [Na]18 in 0.50

M THE /toluene-d; at -80 °C. The expected mole fractions of 17 in (a)-(g) are 1.0,
0.8,0.6,0.5, 0.4, 0.2 and 0.0, respectively.
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E. Sodium isopropylcyclohexylamide NMR characterization.
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Figure AIL53. "H NMR spectrum of NaICA.
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Figure AIL54. "C NMR spectrum of NaICA.

157



1
o, 10 o o 1 o g TMEDA
2
H,C
3
6ax
> Of 7ax
. G~ 8 %7&
TMEDA > g 6eq Sy 6eq0 eeq

COSY NMR

T T T T T T T T T T T T T T T
42 40 38 36 34 32 30 28 26 24 22 2 18 1.6 14 12 10 08 06 04 02

f2 (ppm)

Figure AIL55. COSY NMR spectrum of NalCA.
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HSQCAD NMR
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Figure AIL56. HSQCAD NMR spectrum of NalCA.
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Figure AIL57. ROESY NMR spectrum of NalCA.

Sodium diisopropylamide (NDA). Isoprene (16mL, 0.16 mol) was dissolved in 30
mL dry DMEA and added over 1-2 h via syringe pump to a solution of finely
sliced sodium metal (7.36 g, 0.32 mol) and diisopropylamine (32.4 g, 0.32 mol) in
80 mL DMEA at room temperature. The reaction is run in the bottom of a swivel
fine frit apparatus with 250 mL round bottom flasks, attached directly to a
schlenck line (see picture under LIHMDS synthesis). Addition of isoprene results
in a yellow solution. After the addition of isoprene is complete the reaction is

stirred for an additional 6-8 h. The frit is flipped and the solution is slowly
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filtered, then the solution is evaporated to dryness. Solubility of NDA is high in
DMEA yet it is insoluble in diethylmethylamine and triethylamine, making
recrystallization difficult. Low amounts can be acquired using the centrifuge

method described under the NaICA synthesis with DMEA.

Sodium dicyclohexylamide (NaDCA). [soprene (16mL, 0.16 mol) was dissolved in
30 mL dry DMEA and added over 1-2 h via syringe pump to a solution of finely
sliced sodium metal (7.36 g, 0.32 mol) and dicyclohexylamine (58 g, 0.32 mol) in
80 mL DMEA at room temperature. The reaction is run in a 250 mL round
bottom flask attached directly to a schlenck line. Addition of isoprene results in a
yellow solution and precipitation of the product. After the addition of isoprene is
complete the reaction is stirred for an additional 6-8 h and evaporated to dryness.
Solubility of NaDCA is low in DMEA and most amines, though it can be

dissolved in N-methylpyrrolidine for potential recrystallization.
F. Comparing Lithium and Non-Lithium Ensembles with Underlying Math

For an ensemble formed from two homoaggregates with the same aggregation
number (equation 1), the total number of species observed is n + 1, where n is the

aggregation number

Equation1: A, +B, ——) A, + A, 1B+ A oBy+..By

For NMR active nuclei in the center of an ensemble (e.g. lithium), the number of

species formed is the same as the NMR peak count, which corresponds to n + 1.
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Shown in Figure AIL58 is a tetramer example.

Figure AIL58. A 1: 1 mixture of A and B, with roughly the expected NMR ratios

of1:4:6:4:1.

Using MCV, the statistical Job plots are shown in Figure 59.
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Figure AIL59. For monomer through hexamer, the statistical NMR integrals are

shown as points, and the curves are the parametric fits described previously.
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When the NMR nuclei used to detect these ensembles is not in the center of the

aggregate but rather directly attached to both the A and B substrate, an A

envelope and a B envelope are observed, each with n number of peaks (Figure

AIL60). Both “F and 'H have been used for this purpose.

T

Figure AIL60. A 1 : 1 mixture of A and B, with a distinct A envelope and B

envelope.

If both sides are visible and resolved, the heteroaggregate peaks can be summed

together to give a standard Job plot. For "F NMR, it is also important to note that

even when both sides are visible, the number of fluorines present should be

taken into account (Figure AIL61). The points will shift along the x-axis as the

measured mole fraction will change.
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Figure AIL61. Part (a) does not correct for the two fluorines in 2,6-difluorophenol
whereas part (b) includes the correction.

When the NMR nuclei used to detect these ensembles is not in the center of the
aggregate but rather directly attached to either the A or B substrate, either an A
envelope or a B envelope is observed, still with n number of peaks. "F has most
commonly been used where only one substrate has a fluorine attached (Figure

AIL62).

lji—%&

A3B,

AzB,

TS

By

Figure AIL62. The grey spheres in the tetramer ensembles are not visible,
resulting in the detection of 4 NMR peaks .

The visibility of only one side results in a different number of visible subunits for

each aggregate. Shown in table AIL1 are the predicted NMR ratios based on a

statistical distribution for a tetramer.

164



Aggregation Aggregates Statistical ensemble ratios for 1: 1 Statistical singly-tagged

state mixture (x # visible subunits) ratios for 1 : 1 mixture

Tetramer A, A;B, A,B, AB; B, 1(x4):4(x3):6(x2):4 (x1):1 (x0) 1:3:3:1*

Table AIL1. The statistical ensemble ratios and the statistical singly-tagged NMR
ratios for a 1 : 1 tetrameric mixture. The parenthetical numbers indicate the
number of visible subunits present per aggregate, which upon multiplication
gives the statistical singly-tagged NMR ratios of a 1 : 1 tetramer. *This ratio
corresponds exactly to the statistical ensemble ratio of a trimer.

Experimentally, the reverse must occur for the construction of the Job Plot. Each
NMR integral must be divided by the number of visible substrates per aggregate,
giving a measure of the relative concentration of either substrate A or B. The Job
plot is not inherently different, except the last observable species will be either
A.B,,or A, B, The x-axis limit will now be dependent on the aggregation state

following (1-1)/n, which corresponds to the maximum of the last observable

species (Figure AIL.63).
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Figure AIIL63. For monomer through hexamer, the x-axis will terminate at 0.9,
0.5, 0.67, 0.75, 0.8, and 0.83, respectively. Statistical NMR integrals are shown as
points, and the curves are the parametric fits described in the supporting
information. The monomer will only have one peak present throughout; shown
is a plot of absolute integration instead of relative integration.
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G. Matlab Files for a Singly-Tagged Tetramer Ensemble.

The Matlab folders described below in the bold titles are labeled for F, though
obviously the nuclei does not matter for the parametric fit. To start the process,
open Datal_19F.m and insert the measured mole fractions and normalized NMR
integrals into their appropriate matrix and save the file without changing the file
name. Using the Matlab command window, type the following:

Datal_19F % variables will appear in the workspace

try_fit_19F(XA_19F, phi, peak_assignment, Expt_Populations)
% only done to check whether the data is entered correctly; generates a plot

[phi_new, error] = refine_fit_19F(XA_19F,phi, peak_assignment,
Expt_Populations)

% does the curve fitting through an iterative process; gives phi values and errors
phi = phi_new % replaces the old phi values with the new phi values from the fit
try_fit_19F(XA_19F, phi, peak_assignment, Expt_Populations)

% Generates a Job plot with the parametric fit, which can be exported to Adobe
Illustrator

Tetramer:

A tetramer will appear like a trimer, and the x-axis will scale to 0.75,
corresponding to the stoichiometry of the last visible aggregate, A;B,.

Datal_19F.m:

o°

This script sets up variables for an ensemble of
aggregates of the same aggregation number.

0% o°

o°

XA(j): the measured mole fractions.

Expt Populations(j,k): the normalized NMR integrals
peak assignment: sets the order of NMR peaks.

phi: sets the relative energies of each n-mer.

0% o°

o°

oo

First, list the mole fractions of A such that it
correlates with the rows in the Expt Populations.

oo

$DISCLAIMER: this part is only relevant if your B n is the
$fluorinated part, but will help align the axis and numbers
$correctly. We are using a tetramer A4 and B4 purely for
$illustrative purposes.
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$If using the same format as with lithium, the
$homoaggregrate on the right (B4) will be the curve on the
$left of the Job plot. Usually Mole Fraction is calculated
$with respect to A4. Since B is the fluorinated part, we
$have to calculate it with respect to B4. 1-[MF] is
$necessary if we want the plot to run from 0 to 0.75
$instead of 0.25 to 1.0.

¢$Lithium format: L to R
$ A4 A3B1 A2B2 A1B3 B4

%calc MF w.r.t A = A4 + 0.75*A3B1 + 0.5*A2B2 + 0.25*A1B3

$19F format if B4 is fluorinated: L to R
$A3B1 A2B2 A1B3 B4

$calc MF w.r.t. B (Fluorine) = 0.25*A3B1 + 0.5*A2B2 +
$0.75*A1B3 + B4

o°

pure F (B4) should be at point 0, not 1.
If following this setup, it will be at MF =1 with
experimental populations of 0 0 0 1. Hence, 1 -[Xa 19F]

o°

o°

XA 19F = 1-[0.1

HOOOOOOOO
L]
S WO g UT D W N

[R— )

oo

Next, list the experimental populations of the
% aggregates. The number of rows must match XA 19F.

Expt Populations

[0.9 0.09 0.01 0
0.x 0.x 0.x 0.x
0.x 0.x 0.x 0.x
0.x 0.x 0.x 0.x
0.x 0.x 0.x 0.x
0.x 0.x 0.x 0.x
0.x 0.x 0.x 0.x
0.x 0.x 0.x 0.x
0.x 0.x 0.x 0.x

0 0 0 1;1;
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o°

following the described format will put it as [4 3 2 1]
corresponding to A3B1l, A2B2, A3Bl, B4.
if peaks overlap, assign them twice. e.g. [3 2 1 1]

oo

oo

peak assignment = [4 3 2 1];

% Assign the "energy" of each n-mer using the computer's
expected ordering.

phi = [ 1111 ];

Error_of Model 19F.m:

o°

The description of this file has been previously
reported; Please refer to the supporting information in
J. Am. Chem. Soc. 2008, 130, 4859

o°

o°

function [mean error, pop error] =
Error of Model 19F(XA 19F,phi, peak assignment,
Expt Populations, Expt weights)

if (nargin<5) % If no info on data given assume all
points equally precise.
Expt weights=ones(size(Expt Populations));
end

% Compute values from the model.
Concentrations = multimers 19F (XA 19F,phi);
PP = Populations(Concentrations, peak assignment);

% Compute the mean error.

diff = PP - Expt Populations;

mean_error = sqrt(sum(sum(diff.*diff.*Expt weights)) /
sum(sum(Expt weights)));

% Compute the error for each population independently.
pop _error = sum(diff.*Expt weights,1l) ./
sum(Expt weights,1);
pop error(2,:) = sqrt(sum(diff.*diff.*Expt weights,1)
./ sum(Expt weights,1));

Refine fit 19F.m:

o°

The description of this file has been previously
reported; Please refer to the supporting information in
J. Am. Chem. Soc. 2008, 130, 4859

o°

o°
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function [phi new, error] = refine fit 19F(XA 19F,phi,
peak assignment, Expt Populations)

if (nargin<5)
Expt weight = ones(size(Expt Populations));
end

N = length(phi)-1;
param = [ 2:(N+1)];
% We need to select an initial step size of each for trial
improvements 10% is a good starting figure.

step size = 0.l*phi(param),

% Initialize Search
N _no_progress = 0;
improved.

N max_trials = 30;
got no better.
[error_best, temp] = Error_of Model 19F(XA 19F,phi,

peak assignment, Expt Populations) ; % Initial Quality of
Fit

fprintf(1l,'\n Initial Error of Fit
error_best * 100);

oo

Number of steps since error last

oo

Give up if after 30 steps things have

$f percent.\n',

o

% Iteratively try to improve fit.
while (N_no_ progress < N _max_trials)

flag = 0;

for k=1l:length(param) % Try tweaking each parameter in
turn.

% Step to the right
phi testr = phi;
phi testr(param(k))=abs(phi(param(k)) +
step size(k));
[error testr, temp] =
Error_of Model 19F(XA 19F,phi testr, peak assignment,
Expt Populations, Expt weight);

% Step to the left
phi testl = phi;
phi testl(param(k))=abs(phi(param(k)) -
step size(k));
[error testl, temp] =
Error_ of Model 19F(XA 19F,phi testl,
peak assignment,Expt Populations, Expt weight);
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o

% Decide if you want to step.
if (error_ testr<error best)

2

¥ Positive step better so keep going that
way .
error_best=error_ testr; phi=phi testr;
step size(k) = step size(k) * 1.5;
N _no_progress=0;
elseif (error testl <error best) % Negative
step better so keep going that way
error_best=error_ testl; phi=phi testl;
step size(k) = step size(k) * 1.5;
N _no_progress=0;
else
flag = flag + 1; % Failure. Add it to the
list.

end
end

if (flag>2) % Failed to improve by stepping in any
direction

step size = step size * (0.75 + 0.25*rand); %
Reduce step size
N no_progress=N no progress+l;
end

3

3 After adjust each element of rel weight, report new
fit.

fprintf(1l, '\nError - %f , Last Good Step - %d , Mean
Step Size - %f \n ',error best, N no progress,
100*mean(step size./phi(param)));

fprintf(1,' Phi - %f',phi);

end
error=error_best;

phi new = phi;

try_fit_19F.m:

o°

The description of this file has been previously

reported; Please refer to the supporting information in
J. Am. Chem. Soc. 2008, 130, 4859.

o°

o°

function try fit 19F(XA 19F, phi, peak assignment,
Expt Populations)
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% If no experimental errors given, weight all points
equally.
if (nargin<5)
Expt weights=ones(size(Expt Populations));
else
Expt weights = 1./( Expt Errors +
mean (mean (Expt Errors)));
end

% Plot the measured values of NMR populations
% hold on ; cscheme='brgmkcybgrmkcy'; axis([0 0.75 O
11); xlabel('X A'); ylabel('Mole Fractions');

% set(gca, 'XTick',[0 0.25 0.50 0.757])

hold on ; cscheme='brgmbrcbcybgrmkecy'; axis([0.0
0.75 0.0 1.01);
set(gca, 'XTick',[0.0 0.25 0.50
0.75], 'FontSize',14, 'FontName', 'Palatino')
set(gca, 'YTick',[0.0 0.2 0.4 0.6 0.8 1.0])

xlabel('X B', 'FontSize',16, 'FontName', 'Palatino');
$xlabel('X n o

______ yIaBel('Relative

Integration', 'FontSize',16, 'FontName', 'Palatino');

for j=l:size(Expt Populations,2)
if (nargin<5)
plot (XA 19F,
Expt Populations(:,Jj),sprintf('%so’',cscheme(j)), 'MarkerSize
',25, 'Marker',"'.");
else
errorbar (XA 19F, Expt Populations(:,Jj),
Expt Errors(:,j),sprintf('%so',cscheme(j)));
end
end

% Plot the model on
XAc = [0:0.01:0.757;
TP=Populations(multimers 19F(XAc,phi), peak assignment);
for j=1l:size(TP,2)
plot(XAc,TP(:,j), sprintf('%c',cscheme(j)),
'LineWidth',2);
end

% Compute how good the model is and AepoAt to the useA.
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[mean error, pop error] =
Error of Model 19F(XA 19F,phi, peak assignment,
Expt Populations, Expt weights);
N = length(phi)-1;
fprintf(1l, '\nThe Mean mismatch is %f
peAcent.\n', mean error*100);
for j=l:size(pop error,2)
fprintf(1l, 'Predicted value of species A%dB%d
+A%dB%d exceeds measurement by %f percent and mean square
error of %f percent.\n ',j-1,N-j+1,N-j+1,7j-
1,pop error(l,j)*100,pop error(2,j)*100);
end

multimers.m and populations.m:

The description and contents of these files have been previously reported; Please

refer to the supporting information in J. Am. Chem. Soc. 2008, 130, 4859.
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