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ABSTRACT: Ketone enolization by sodium hexamethyldisilazide o NaHMDS ONa ONa
(NaHMDS) shows a marked solvent and substrate dependence. Mej)JVMe Mej/g + Mej&’v’e
Enolization of 2-methyl-3-pentanone reveals E—Z selectivities in Me Tjg}”ﬁ%}fﬂ[ﬁggfgma Me Me Me
Et;N/toluene (20:1), methyl-t-butyl ether (MTBE, 10:1), diglyme, PMDTA E/Z =20:1 10 1:90

N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDTA)/toluene

E t E
(8:1), TMEDA/toluene (4:1), diglyme (1:1), DME (1:22), and “;-:%O\Na/solvent NT:LZT-]O e ,\g%owa(solvent)n
H H ‘

tetrahydrofuran (THF) (1:90). Control experiments show slow or Kz SiMeg ‘
j . i L. 1 SiMeg H,
nonexistent stereochemical equilibration in all solvents except THF. ‘N-Na "N Nt
i i i i ; MegSi™ | N SiMe o SiMe
Enolate trapping with Me;SiCl/Et;N requires warming to —40 °C Me,si  solvent Vsie, ¢ Nsivte, ¢

whereas Me;SiOTf reacts within seconds. In situ enolate trapping at
—78 °C using preformed NaHMDS/Me;SiCl mixtures is effective
in Et;N/toluene yet fails in THF by forming (Me;Si);N. Rate
studies show enolization via mono- and disolvated dimers in Et;N/toluene, disolvated dimers in TMEDA, trisolvated monomers in
THE/toluene, and free ions with PMDTA. Density functional theory computations explore the selectivities via the E- and Z-based
transition structures. Failures of theory-experiment correlations of ionic fragments were considerable even when isodesmic
comparisons could have canceled electron correlation errors. Swapping 2-methyl-3-pentanone with a close isostere, 2-
methylcyclohexanone, causes a fundamental change in the mechanism to a trisolvated-monomer-based enolization in THF.

+ @)Na(solvent),1

Bl INTRODUCTION consider a broader range of conditions, we determined the
We have become infatuated with the untapped potential of aggregation and solvation states of NaHMDS in over 30 mono-,
organosodium chemistry.' Over a century in which organo- di-, and polyfunctional solvents.'® Emblematic solution
lithium chemistry flourished, organosodium chemistry lan- structures 1—7 germane to the mechanistic studies described
guished despite the prevalence and low cost of sodium.”” It is herein are shown in Chart 1.

difficult to find examples in which sodium-based reagents are We offer herein our first efforts to add a few mechanistic
used for sophisticated or nuanced applications in stereo- or details—an intellectual basis set so-to-speak—to correlate
regiocontrolled organic synthesis.* While it might be tempting

for the mechanistically minded to attribute this to a dearth of Chart 1. Select Solution Structures of NaHMDS

underlying solution structural and mechanistic principles,s_7
there is scant evidence that a lack of physical principles impedes
the empiricism-based development of new methods. A

< Me Et,N MTBE

| |
MesSi., _Na_ .SiMe; MegSi., _Na__ .SiMe; MesSi-, _Na. _.SiMes
Me;Si”" "Na™ " “SiMe;  MesSi” Na© “SiMe;  MegSi” Na” “Sibeg

perceived inconvenience of the obvious foundational reagents Me—<> BN MTBE
n-butylsodium (n-BuNa) and sodium diispropylamide (NaDA), ] ) s
when compared with commercially available n-butyllithium (n-
BuLi) and lithium diispropylamide (LDA) could have stifled oo Mo  MeNTY  MeNTY
development, but even that impediment was probably MeaSt T MesSinOMe MeaSi (L aNVe, - MegSin, | JaNMe

] 18 Me;Si \ “THF Me;Si \ “OMe MegSi \ MesSi” \
exaggerated and is now largely resolved.” THF MeO__) MeNT\ Me,N

€2

The preeminent organosodium reagent that has not been 4 5 6 7
ignored by the synthetic community is sodium hexamethyldi-
silazide (NaHMDS).*~"* It is soluble, stable, and commercially .
available in toluene and tetrahydrofuran (THF). NaHMDS is Received: June 23, 2021
used in both academic and industrial laboratories on micro-to- Published: October 13, 2021
plant scales.'”'* Nevertheless, whereas crystallographers have
characterized a number of synthetically relevant NaHMDS
solvates," solution structural and even computational studies
were nearly nonexistent.'®'” Hoping to nudge researchers to
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solution structures of NaHMDS with reactivities and S ketone _
selectivities using ketone enolizations as a template (eq 1)."” MesSir,, Na. .SiMe;  MesSi, Na.. .SiMe; — MegSin,
MezSi™ N‘a YSiMe;  MesSi” Nla YSiMe;  MesSi” n
o a. NaHMDS, solvent oM S S
Me Me _ —78°C,30min \H\ Meﬁ)\/Me
7)& “b. TMSCINE, (4:1) AeNagS, ANaSK ANaS,
Me _78°Ctort Me Me Me 12 13 14
8 E-9; M =N, Z-9;M =N .
E10;M = SiMes Z10; M = saiMe3 A= (S|Meg)2Ne; Na = Na®, S = solvent; K = ketone

E/Z =20:1t0 1:90

We got lucky in that unexpectedly high and highly solvent-
dependent E—Z selectivities serve as benchmarks to correlate
selectivity with the mechanism.”® (Of the several hundred easily
identified NaHMDS-derived E—Z selectivities, they all use
THE.)

Although few would doubt that sodium-based reagents are
much more reactive than their lithium analogs, we were not even
confident predicting something so simple as the relative
reactivities of NaHMDS versus LiHMDS let alone if the
solvent-dependent reactivities of NaHMDS span a factor of S or
5 orders of magnitude.'” The following relative reactivities
toward enolization of ketone 8 reveal that such simple questions
are insufficiently nuanced:

LIHMDS/EtsN > NaHMDS/THF > NaHMDS/EtzN > LiHMDS/THF
Keel 160 55 2 1

Detailed rate studies using a small sampling of solvents
revealed a bewildering array of dimer-, monomer-, ion pair-, and
free ion-based mechanisms. By happenstance, we also
discovered that isosteric ketones 8 and 11 (eq 2), despite
relative rates in 4.0 M THF/toluene that are nearly identical (k,
~ 1.0), enolize via fundamentally different mechanisms.

rel

(o} ONa
Me NaHMDS Me N @
4.0 M THF/toluene
EYIVVVPPIN —-78 °C
(0] (0}
Me% ky=10 Me
Me Me
8 1

This first examination of the mechanistic underpinnings of
NaHMDS reactivity has served up a wealth of surprises. To assist
the reader, we separate counterintuitive arithmetic oddities
relating to kinetics—there are quite a few—from the complex-
ities of organosodium chemistry. The Background section
begins with possible generic mechanisms and arithmetic
subtleties within the rate laws.

B BACKGROUND

A useful maxim is that rate laws provide the stoichiometries of
rate-limiting transition structures relative to the reactants.”’
Complex mechanisms are merely composites of the separate
contributions.”*> This section describes the graphical and
arithmetic consequences of nine mechanisms, seven of which are
implicated in the rate studies herein while two others are both
plausible and pedagogically useful. We use a shorthand in which
A = (Me,;Si),N~ anion, Na = Na* cation, K = ketone, and S =
solvent or ligand. (We use solvent and ligand interchangeably.)
The shorthand is illustrated with the three generalized reactants
of interest, 12—14.

Mechanism A. The simplest imaginable enolization starts
from an observable monomer and proceeds via a monomer-
based transition structure (eqs 3—S5). The first-order depend-
encies in substrate and NaHMDS would be accompanied by a
solvent order that could, in theory, span a range but would likely
be zero (if no change in solvation is required) or inverse-first
order (rate ox 1/[S]) if a sodium—substrate interaction requires
a solvent dissociation.

Monomer to monomer:

ANaS, + S = ANaS, (3)
ANaS,,, + K — enolate (4)
—d[K]/dt « [ANaS,]'[K]'[ST* ()

Mechanism B. Structural studies showed a penchant for
NaHMDS to form ion pairs in strongly dipolar solvents. Rate
studies suggest that ionizations to form fleeting ion pairs are
facile for lesser solvents as well (eqs 6—8). Because the two ions
are electrostatically correlated (bound), the ion pairs are
kinetically indistinguishable from covalently bound monomers;
both would display first-order dependencies in NaHMDS.****
However, an ion pair-based mechanism would likely (although
not necessarily) manifest a positive solvent order to fill the
sodium ion coordination shell.

Monomer to ion pair:

ANaS, + mS = A°//®Nas, (6)
A° //@NaSmH + K — enolate (7)
—d[K]/dt o [ANaS,][K]'[S]" (8)

Mechanism C. Free ion-based enolizations appeared
unexpectedly (eqs 9—11). Free ions are distinguished from
ion pairs in that the absence of electrostatic attraction causes
them to function as independent fragments.”*

Monomer to free ions:

ANaS, + mS = A° + ®Nas, ., 9)
A° + K - enolate (10)
—d[K]/dt « [ANaS,]"/*[K][S]"/> (11)

To obtain the rate law in eq 11, the equilibrium in eq 9 is
described by eq 12. Equating the amide and sodium free ions (eq
13) and solving for the concentration of amide anion, [A7],
affords eq 14, which shows the critical components of the rate
law in eq 11. The algebra not only predicts a half-order
dependence on the NaHMDS monomer but also introduces the
possibility of fractional orders in the solvent term if the
mechanism demands an odd number of additional solvents (m =
1 or 3).** The fractional orders in the NaHMDS monomer and
free solvent are highly diagnostic.
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K., = [A°1[®NaS,,,,]/[ANaS, ][S]" (12)
[Ae] = [®Nasm+n] (13)
[A°] = K,'/*[ANaS,]'/*[s]""? (14)

With the understanding of the arithmetic consequences
established, we must note that a triple ion-based metalation®
involving free ions (eq 15) would be kinetically indistinguishable
from monomer- or ion pair-based mechanisms (Mechanisms A
or B); the second-order contribution of associating two amido
fragments is offset by the half-order dependence imposed by the
free ionization.”* We have invoked triple ions in the past but
have insufficient evidence to invoke one in our current studies,
recognizing that we could be in error. None of the enolizations
manifest autoinhibition from the accumulation of the sodium
ions because of the reassociation with the enolate fragment.

2ANaS, = A,N& + ®Nas,, (15)

There is an acutely unintuitive arithmetic oddity: single-
solvent ligation to form an ion pair (Mechanism B) and double-
solvent ligation to give a free ion would both manifest first-order
solvent dependencies. The two mechanisms are distinguished by
the NaHMDS orders.

Mechanism D. Dimeric NaHMDS dominates in poorly
coordinating solvents.'® As found previously in lithium amide
chemistry, these weak solvents can promote dimer-based
mechanisms,” the simplest of which is shown in eqs 16—18.
First-order dependencies on NaHMDS dimer and ketone would
be accompanied by solvent orders depending on whether the
mechanism requires a fleeting solvent dissociation (rate o 1/
[S]), a disolvated dimer (zeroth-order), or additional solvation
(a positive integer order). This dimer mechanism as drawn has
not been observed for NaHMDS vyet, but a close relative is
described below.

Dimer to dimer:

A,Na,S, + nS = A,Na,S, (16)
A,Na,S, ., + K — enolate (17)
—d[K]/dt o [A;Na,S, |[K][S]' (18)

Mechanism E. The dimer-based mechanism described by
eqs 19 and 20 is distinguished from that in Mechanism D by the
observable formation of a ketone-complexed dimer (13). It is a
subtle distinction with some nontrivial influences on the rate
behavior. The substrate is formally the NaHMDS—ketone
complex 13 and would afford a first-order dependence on 13, a
zeroth-order dependence on free NaHMDS dimer, and a solvent
order that reflects the number of added solvents (n > 0). The
base concentration-independent rate for a base-mediated
reaction is quirky at first blush but precedented”® and highly
diagnostic.

Complexed dimer to dimer:

A,Na,SK + nS — enolate (19)

—d[K]/dt  [A,Na,SK][A,Na,S,]°[S]" (20)

Mechanism F. If an observably complexed dimer (A,NaSK)
reacts via a monomer-based pathway (eqs 21-23), it would
manifest an inverse half-order dependence on NaHMDS (rate o
1/[A,Na$S,]"/?). Such a counterintuitive inhibition of a base-

mediated metalation by the base has been observed***” but not
in this study. It would be difficult to miss.

Complexed dimer to monomer:

A,Na,SK + nS = ANaS K + 1/2A,Na,S, (21)
ANaS K — enolate (22)
—d[K]/dt  [A,Na,SK][A,Na,S,]™/2[S]" (23)

Mechanism G. A mechanism in which amide dimers
deaggregate to monomers (eqs 24—26) is by far the most
prevalent seen in the chemistry of LDA and related lithium
amides.”® The characteristic half-order dependence is often
accompanied by zeroth- or first-order solvent dependencies in
the lithium amides. The corresponding ion pair-based
mechanism would display the same NaHMDS order but
would likely manifest an elevated solvent order, n, to attain a
four- or higher-coordinate sodium cation.

Dimer to monomer:

1/2A,Na,S, + nS = ANaS, ., (24)
ANaS, ., + K — enolate (29)
—d[K]/dt x [A,Na,S,]""*[K][S]" (26)

Mechanism H. We would not have considered a free ion-
based mechanism (eqs 27—29) in weakly coordinating solvents
that afford an observable NaHMDS dimer had we not been
schooled by the rate data. The standout property is a one-fourth-
order dependence on the NaHMDS dimer. We have never
observed an order even approximating one-fourth in lithium
amide chemistry.”” Although the one-fourth-order stems from
the algebra, one can form a mental construct by imagining the
superposition of dimer—monomer deaggregation (eq 24) and a
monomer-free ion dissociation, each of which independently
imposes half-order dependencies.””** The square root embed-
ded in the solvent order creates the potential for fractional
solvent orders.

Dimer to free ion:

1/2A,Na,S, + nS = A° + ®Nas,,, (27)
A° + K — enolate (28)
—d[K]/dt « [A,Na,S, 1" *[K][S]"/> (29)

Mechanism |. The last mechanism was foisted upon us
during a control experiment (eqs 30—32). The association of
two monomers to form a more reactive dimer is decidedly
contrary to conventional wisdom, but the longstanding
perceived correlation of high reactivity with lower aggregates
has slowly eroded”® as has the correlation of strong solvation
with lower aggregates.”

Monomer to dimer:

2ANaS, + mS = A,Na,S, .. (30)
A,Na,S,, .., + K — enolate (31)
—d[K]/dt « [ANaS,][K][S]" (32)
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B RESULTS AND DISCUSSION

General Methods. NaHMDS and ["*N]NaHMDS were
prepared as white crystalline solids from hexamethyldizilazane
and sodium metal."® There is no evidence the added precautions
to purify NaHMDS for structural and mechanistic studies alter
reactivity when compared with commercial samples. Owing to
commercial availability being limited to toluene and THF, a
preparation of NaHMDS in neat Et;N in the Experimental
Section illustrates the ease of synthesis in any donor solvent.

E—Z Selectivities. Selectivities were monitored by enolizing
ketone 8 under argon in standard vials fitted with septa. Samples
were quenched with Me;SiCl/Et;N mixtures as described
previously’ and analyzed by gas chromatography. The two silyl
ethers could also be distinguished by IR spectroscopy (vide
infra). The solvent-dependent selectivities are summarized in
Table 1. E-selective enolizations are highest for Et;N/toluene

Table 1. E—Z Selectivities for the Enolization of Ketone 8-d;
to Provide Enol Silyl Ethers E-10-d, and Z-10-d,”

solvent concentration (M) E—Z ratio kel
toluene neat 6:1 1
Et;N 4.00 20:1 6
MTBE 6.00 10:1 60
THF 9.00 1:90” 820
DME 2.00 1:20° 186
TMEDA 1.50 4:1 680
PMDTA 1.50 8:1 90
diglyme 2.00 1:1

#0.10 M NaHMDS, 0.005 M ketone. Toluene, Et;N, and MTBE were
converted from rate constants determined using 8-d, on the basis of a
KIE of 12 + 1, while all other rate constants were determined from
the enolization of 8-ds. "Selectivity reflects full E~Z equilibration.
“Selectivity reflects limited erosion of E—Z selectivity.

whereas THF promotes exceptional Z selectivity. The probes of
solvent- and solvent concentration-dependent selectivities were
guided by both empiricism and the results from the mechanistic
studies. For example, the selectivity drops to 8:1 for 1.5 M Et;N/
toluene owing to a competing less-selective pathway.

o
D D
Me D

Me Me
8-dj
The rate and computational data suggest that kinetically

controlled enolizations should generally show dominant E
selectivity. Suspecting that reversible enolization (eq 33)

ONa  (MegSi),NH ONa
Me N == Me ~_Me (33)
Me Me Me

examined by Gaudemar and Bellassoued’' was the source of
the high Z selectivity in THF and possibly a source of
stereochemical erosion in other solvents,'”*** we probed for
equilibration by control experiments that became far more
extensive than anticipated, as discussed below.

We replicated the reactions in Table 1 but with monitoring by
IR spectroscopy. In the THF solution, the E and Z isomeric
enolates E-9 and Z-9 appear as overlapping absorbances at 1610
and 1603 cm™', respectively,” and isomerize at rates
comparable to the rate of enolization. Trapping with

Me;SiCl/Et;N showed what the GC studies had suggested:
the silylation half-life was approximately 20 m at —78 °C, which
is far too slow to capture the kinetic E—Z selectivity. Switching
to Me,SiOTf without Et;N elicited fast trapping (¢, < S s),
affording E-10 (1689 cm™) and Z-10 (1676 cm™). Prompt
quenching of a NaHMDS/THF enolization 8 at completion
(4.0 min) with Me;SiOTf at —78 °C and GC analysis afforded a
1:4 E—Z selectivity. Although failing to fully capture the kinetic
E selectivity, it confirms the rapid isomerization. Related studies
with the other solvents in Table 1 showed limited erosion of only
the NaHMDS/DME-mediated enolization.

Despite a focus on the chemistry of NaHMDS, not sodium
enolates, we would be remiss to not mention a few oddities that
emerged probing the isomerization. A number of controls
showed that free ketone did not participate. Similarly, metalation
of 8-d; in the presence of excess (Me;Si),N—H showed no
(<2%) proton incorporation (eq 34). In short, simple proton

0 NaHMDS/THF QTMS
a. Nal
M; Me xs (MezSN-H Me -~ Me 34)
D D —78 °C, 30 min
Me b. TMSCI/NEt; (4:1) Me D .
8-dy -78°Ctort Z10-d, >98% D

transfers were not implicated. Curiously, the metalation of 8
with NaHMDS/methyl-t-butyl ether (MTBE) or NaHMDS/
Et;N to generate the dominant E-9 enolate, subsequent addition
of THF, and aging at —78 °C for up to 60 min followed by
silylation showed no equilibration whatsoever. We leave the
reader with the current thoughts. Mounting evidence shows
enolization at —78 °C affords kinetically generated aggregates that
are not equilibrated.”* Aggregate equilibrations can require
warming to room temperature. An enolate generated in THF
could be very different than an enolate generated in Et;N or
MTBE with added THEF. As to how the E—Z isomerization takes
place, we imagine a facile isomerization of O—Na and C—Na
contacts of the ambident anion might be involved.

On a final note, during efforts to capture the kinetic selectivity
prior to equilibration, we examined the use of preformed
NaHMDS/Me;SiCl mixtures for in situ trapping first exploited
in the early 1980s.® As shown in Scheme 1, silylation of

Scheme 1. Solvent-Dependent In Situ Trapping

OTMS
ketone 8
Me
Et;N/toluene ﬁ)\
-78°C,1h Me Me
NaHMDS
+ 15:1 E/Z
TMSCI/EtsN
\ ketone 8 .
THE (Me3Si)sN
-78°C,1h

>95% conversion

NaHMDS afforded exclusively (Me;Si);N in THF, but Et;N/
toluene mixtures afforded excellent conversion and 15:1 E—Z
selectivity comparable to that in the stepwise protocol.

Rate and Computational Studies: General. Reaction
rates were monitored using in situ IR spectroscopy}6 under
pseudo-first-order conditions following the loss of ketone (1719
cm™! for 8 and 1715 cm™" 8-d;) as the limiting reagent and the
formation of enolate E-9—Z-9 (1599—1610 cm™'). Complex-
ation of the starting ketone to the NaHMDS dimer was detected
by a shift in the carbonyl absorbance (8 = 1712 cm™'; 8-d; =
1704 cm™) only in toluene, Et;N/toluene, TMEDA /toluene,

https://doi.org/10.1021/jacs.1c06529
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and very low MTBE concentrations in MTBE/toluene. Similar
perturbations in the carbonyl absorbances are documented for
ketone—lithium amide complexes.'”*”** A monotonic 2 Hz rise
in the *Si—"*N coupling constant resulting from incremental
additions of ketone 8 to [""N]NaHMDS/ Et;N/toluene affirmed
the complexation.'® Enolization rates at —78 °C were
modulated for maximal convenience using 8 and its deuterated
analog (8-d;).*” All enolizations display kinetic isotope effects
consistent with rate-limiting deprotonation (ky/kp > 12). The
figure captions indicate when deuterated substrates were
employed, but the deuteria are omitted from ChemDraw
depictions and discussions to minimize visual clutter.

Reactions under standard synthetic conditions with only a
moderate excess of NaHMDS show no anomalous curvatures
that would be emblematic of autocatalysis or autoinhibition.”**
Monitoring enolizations using [*N]NaHMDS by *’Si NMR
spectroscopy showed no evidence of sodium enolate—
NaHMDS mixed aggregates.'”

Density functional theory (DFT) computations to probe
experimentally elusive details were carried out at the M06-2X
level of theory.””*' Monte Carlo conformational searches were
performed with the molecular mechanics force field imple-
mented in Spartan V8. The standard Def2-SVP basis set was
used for geometric optimizations and the expanded Def2-TZVP
basis set, for single point calculations.*”** Prompted by a recent
publication revealing consequential free energy changes with
larger integration grid sizes, ™ geometric optimizations and
single-point calculations employed a refined (99 590) grid.
Goodvibes (v3.0.1) was also used to streamline the extraction of
thermochemical data.*® During these studies, we have found
that the calculations of either anionic or cationic fragments were
unreliable even when isodesmic comparisons could, in principle,
cancel large correlation errors.*® Using the latest functionals
from Head-Gordon (@wB97X-D), which include dispersion
corrections and Dunning’s diffuse function augmented basis
set (aug-cc-pVTZ), showed closer alignment with the
experimental data but were still inadequate.*” A large number
of DFT-computed energies of such ions are archived in the
Supporting Information.

NaHMDS/Et;N. Enolizations in toluene suffered from
precipitation of some form of the enolate at low percent
conversions, ~ prompting us to turn to the next weakest ligand,
Et;N. Plotting k,,.q versus the concentration of Et;N in toluene
measured at —78 °C (Figure 1) shows saturation kinetics
consistent with the near quantitative displacement of the
coordinated toluene to form complex 13a (S = Et;N).
Saturation occurs at lower concentrations of Et;N than for the
double substitution on toluene-solvated NaHMDS dimer 1 to
form dimer 2 owing to beneficial cooperative ketone—Et;N
solvation.*” The linear rise at >1.0 M Et;N shows a first-order
dependence on free Et;N.

Plotting kg,q versus NaHMDS concentration (Figure 2)
displays zeroth-order dependencies at both low and high Et;N
concentrations (2.0 and 7.0 M) expected for a reaction
originating from 13a (Mechanism E and egs 19 and 20). Recall
that a monomer-based metalation from an observable dimer
(Mechanism F and eqs 21—23) would display an inverse half-
order NaHMDS dependence. The rate data in total are
consistent with Mechanism E in which the substantial
extrapolated nonzero intercept of the linear Et;N dependence
corresponds to enolization via monosolvated dimer, A,NaSK
(15), and the Et;N-dependent term corresponds to enolization
via a disolvated dimer, A,NaS,K (16, Scheme 2). DFT
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Figure 1. Plot of k. vs [Et;N] (M) for the enolization of 2-methyl-3-
pentanone (8-d,,0.005 M) by NaHMDS (0.10 M) in toluene at —78 °C
measured by IR spectroscopy (1712 cm™"). The curve s fit to a function
that includes provisions for saturation kinetics leading to a first-oder
dependence as described in the Supporting Information.
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Figure 2. Plot of k. vs [NaHMDS] (M) for the enolization of 2-
methyl-3-pentanone (8-d,, 0.005S M) by NaHMDS in 2.0 M Et;N with
toluene cosolvent at —78 °C measured with IR spectroscopy (1712
cm™"). The curve depicts an unweighted least-squares fitto y = ax + b [a
=(2.1+09) x 10% b= (3.2 +02) x 10*].

Scheme 2. NaHMDS/Et;N-Mediated Enolization of Ketone
8
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computations of the E- and Z-selective dimer-based transition
structures in Figure 3 reflect the experimentally observed
penchant for E-selective enolization that is higher for the
disolvate.
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E-15 E-16

Figure 3. E-selective transition structures for the NaHMDS/Et;N-
based mono- and disolvated dimer (E-15 and E-16).

NaHMDS/MTBE. IR spectroscopy of ketone—NaHMDS
mixtures shows a slightly perturbed IR absorbance (1712 cm™)
at low MTBE concentrations (see 13b; S = MTBE) that
becomes indistinguishable from free ketone (1718 cm™) at
>2.0 M MTBE." A plot of kg versus NaHMDS concentration
reveals a one-fourth-order dependence. In literally hundreds of
rate laws determined for lithium amides,® we have never
obtained an order that even approximated one-fourth. Plotting
kypsq versus MTBE concentration reveals a 1.6-order depend-
ence on MTBE displaying a visible upward curvature, which is
within experimental error of an idealized 1.5 order. Taken
together, the rate data implicate the dimer-to-free ion pathway
described by Mechanism H (eqs 27—29) and Scheme 3. DFT
computed transition structures are archived in the Supporting
Information.*®

Scheme 3. NaHMDS/MTBE-Mediated Enolization of
Ketone 8

Me. _tBu
?/
MesSi.,, _Na_  ..SiMeg
Me;3Si” \N‘a/ “SiMes
O.

t+Bu” "Me
+3 MTBE | 13b

iPr— _0 —|ei
H

1/2

\VS MTBE

Pr— -0 —|ei

Me £ H—/Me
H, H,
N('lSiMes N'\'"SiMea
SiMe; SiMe;
+ ONa(MTBE), + ONa(MTBE),
E17 z17

Guided by experience with lithium amides and the results for
NaHMDS/THF (below), such a free ion-based mechanism in a
nonpolar solvent is surprising. Nonetheless, the mobility of alkali
metal ions in Et,O is high,”" and the "Na(MTBE), counterion is
structurally precedented.”” It is notable, however, that the
reaction is slow in MTBE (Table 1). Therefore, one should
focus less on how favorable the free ion-based mechanism is per
se but on the inferiority of the alternative monomer- or dimer-
based mechanisms. They must be problematic.

NaHMDS/N,N,N’,N”,N”-Pentamethyldiethylenetri-
amine (PMDTA). Enolization by NaHMDS/PMDTA mani-
fests a half-order NaHMDS dependence accompanied by a half-
order PMDTA dependence. In total, the data demand a full

ionization of observable monomer k-7 as in Mechanism C (eqs
9—11). We had observed solvent-separated ion pair formation in
the spectroscopic studies of NaHMDS'® but were not able to
spectroscopically distinguish them from free ions, which are
suggested to be present in low concentrations based on
dissociation constants of ion pairs.””>® An ion pair-based
pathway (Mechanism B) and free ion-based pathway (Mech-
anism C), however, would display distinctly different rate laws.
The free ion-based enolization is illustrated in Scheme 4.

Scheme 4. NaHMDS/PMDTA-Mediated Enolization of
Ketone 8
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We previously computed both homo- and heterosolvates of
sodium cations as part of the structural studies of NaHMDS, but
we never considered "Na(PMDTA), because PMDTA seemed
poorly suited as a second ligand.'”**> Four denticities for the
doubly solvated sodium counterions in Scheme 4 are
represented as 19a—d (Chart 2).*° Tons 19¢ and 19d are
structurally precedented.’®

Chart 2. "Na(PMDTA), Counterions with Differing
Denticities
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To probe the structure of the sodium counterion
experimentally, we examined Me,NEt and TMEDA as «' and
k> surrogates, respectively, for the second PMDTA.”® We
surmised that mixed solvate 20 could mimic four-coordinate
cation 19a whereas mixed solvate 21 would mimic five-
coordinate cation 19b. Holding the PMDTA concentration
fixed and varying the concentration of added Me,NEt shows that
Me,NEt has little influence on the rate, affirming that 20 and, by
proxy, 19a are unimportant. The same experiment with
TMEDA was predicted to track the half-order dependence on
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Scheme 5. TMEDA-Mediated Enolizations from Monomer- and Dimer-Based Resting States
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PMDTA owing to the intervention of 21 if PMDTA-solvated
cation 19b is important. An unexpected second-order TMEDA
dependence was observed instead, which undermined the
control experiment, left the cations 19b—d indistinguishable,
and foreshadowed a completely different mechanistic pathway.
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NaHMDS/TMEDA. We surmised from the aforementioned
second-order TMEDA dependence that TMEDA must
substitute for PMDTA, affording an isostructural variant of
transition structure 18 bearing a *Na(xk*>TMEDA), counterion
(22). This was shown to be wrong when a second-order
dependence on the observable PMDTA monomer 7 emerged.
Taken together, the rate data were consistent with the
generalized Mechanism I (eqs 30—32) in which two monomers
associate to form a reactive dimer. Because structural studies
clearly showed that PMDTA is more strongly bound than
TMEDA, PMDTA must also act as an inhibitor. Indeed,
identical conditions but with the omission of PMDTA resulted
in a 5-fold acceleration. This called for an independent rate study
of NaHMDS/TMEDA. IR spectra showed ketone 8-d;
observably complexes to NaHMDS in TMEDA/toluene. In
principle, the complexed form could be either monomer 23a or
dimer 24a. Owing to the rapid enolization, we were unable to
unassailably detect either complex by Si NMR spectroscopy;
using DMPU as a surrogate showed a resonance at —15.2 ppm
and 'Jy_g; of 8.1 Hz that is fully characteristic of dimer 24b, not
monomer 23b. We are fully comfortable concluding that ketone
8 drives TMEDA-solvated monomer 6 to mixed solvated dimer
24a. Computations show a marked (10 kcal/mol) preference for
ketone complexed dimer 24a relative to 23a.
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23a; S = ketone

23b; S = DMPU

Rate studies in TMEDA/toluene showed a zeroth-order
NaHMDS dependence and first-order TMEDA dependence,
consistent with Mechanism F (eqs 19 and 20; n = 1) involving a
disolvated dimer. Thus, NaHMDS/TMEDA-mediated metal-
ations, whether starting from PMDTA-solvated monomer 7 or
complexed dimer 24a converge on a common transition
structure of stoichiometry A,Na,S,K (Scheme S). Although
DFT computations of transition structures bearing two «’-
TMEDA ligands failed numerous attempts to converge,
computed E- and Z-selective dimer-based transition structures

24a; S = ketone
24b; S = DMPU

17458

with k- TMEDA and k>>TMEDA ligands are illustrated in Figure
4. We remain unconvinced that x'-TMEDA is necessarily
correct.

E-25

Z-25

Figure 4. Transition structures for the NaHMDS dimer-based
enolizations (E-25 and Z-25) with k'-TMEDA and ¥>>TMEDA. The
unassociated sodium cation is omitted.

The convergent mechanisms in Scheme S require context.
Using PMDTA to establish a well-characterized resting state and
to inhibit the reaction making it more tractable has potential
importance as a tactical kinetic strategy. The associative
mechanism involving the monomer-to-dimer pathway is
unusual but has precedent,” including in the chemistry of
TMEDA- and Et;N-solvated LiHMDS."”>*?°% It is also
unorthodox that a renowned chelating ligand, TMEDA, elicits
a reaction via a higher aggregate, although years ago we realized
that TMEDA’s capacity to strongly chelate is highly
contextual.”” Pushing a TMEDA-solvated monomer to a
dimer by the addition of an ostensibly weaker monofunctional
ligand (ketone in this case) has also been observed for
LiHMDS/TMEDA and certainly derives some driving force
from cooperative solvation within the complexed dimer 24." %"’
The general phenomenon in which the convergence of distinctly
different resting states to a common (or at least isostructural)
transition state was accompanied by markedly different rate
behavior was observed for LiTMP-mediated epoxide elimi-
nations.>®

NaHMDS/THF. Enolizations of 8-d; in THF/toluene with
previously characterized tetrasolvated monomer 4 (Chart 1)
implicate competing pathways involving a hexasolvated free ion
and pentasolvated ion pair (26 and 27, Scheme 6).>” A plot of
kopsa versus NaHMDS order stemming from a polynomial fit
affords an order of 0.74 + 0.07, suggesting the superposition of
mechanisms involving free ions (Mechanism C) and either
monomers (Mechanism A, eqs 3—S5) or ion pairs (Mechanism B,
eqs 6—8). A plot of k.4 versus THF concentration manifests an
upwardly curving THF dependence (1.3 order). An ANaS;-
based monomer seems unlikely, prompting our preference for
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Scheme 6. NaHMDS/THF-Mediated Enolization of Ketone
8 via Kinetic Control
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the ion pair 27. Of the many arithmetic oddities discussed above,
one of the least intuitive is that both the ANaS;-based ion pair
(Mechanism B) and the A~ and *NaS, free ions (Mechanism C)
predict first-order dependencies on the THF concentration
because of the square root in eq 11 but not eq 8. As to the origin
of the upward curvature, an analogy to lithium amides suggests a
modest medium effect is to be expected.”

Free ion-based transition structure 26 differs from E-18
(Scheme 4) only in the structure of the uncorrelated (free)
sodium cation. Attempts to compute pentasolvated ion-paired
transition structures E-27 and Z-27 afforded a valid saddle only
for the latter. Recall, however, that the high Z selectivity for
NaHMDS/THEF arises from facile equilibration of the enolate.

+ +
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2-Methylcyclohexanone: NaHMDS/THF. At the outset,
we pondered using 2-methylcyclohexanone (11) to solve some
minor technical problems, presuming that 11 should be a
surrogate of ketone 8. This was deceptively underscored in eq 2.
Rate studies revealed an inverse-first-order THF dependence and
a first-order NaHMDS dependence. The rate data are consistent
with monomer-based Mechanism A (eqs 3—5) with a requisite
dissociation of one THF (n = —1) to allow binding of the ketone
(eq 35). The calculated trisolvated-monomer-based transition
structure (28) is illustrated in Figure S.
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Curiously, ketone 11 undergoes monomer-based enolization
whereas 8 does not. We thought that this would trace to their
relative binding energies in which the added steric demands
render 8 a relatively poor ligand (eq 36).

One of the harsh realities noted in the synopsis of Mechanism
C is that we cannot exclude a triple ion-based transition
structure such as 29 manifesting a free (uncorrelated) sodium
cation. We have yet to design an experiment to resolve this.

28

Figure S. DFT-calculated transition structure 28 for the NaHMDS/
THF-solvated enolization of 2-methylcyclohexanone (11).
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B CONCLUSION

NaHMDS resides in the pantheon of amide bases alongside
LiHMDS, LDA, and LiTMP. The almost 2000-fold range of E—
Z enolization selectivities and >800-fold range of relative rates
summarized in Table 1 match or exceed those of its competitors.
The examination of what is seemingly a simple reaction for a
small selection of standard solvents revealed four general
mechanistic categories based on dimers, monomers, ion pairs,

Scheme 7. Mechanistic Summary
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and free ions (Scheme 7). (Triple ions cannot be excluded in
several instances.) The total count approaches nine mechanisms
if one accounts for variable solvation numbers and NaHMDS
resting states. This is a stupefying number of mechanisms at first
blush, and we suspect we would find more by simply scrutinizing
more solvents. In some sense, however, the unprecedented

https://doi.org/10.1021/jacs.1c06529
J. Am. Chem. Soc. 2021, 143, 17452—17464


https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=eq35&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=eq35&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=eq35&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=eq35&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=eq36&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=eq36&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=eq36&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=eq36&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=sch7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06529?fig=sch7&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c06529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

complexity is an artifact of examining so many diverse solvents in
a single paper. Studies of LIHMDS and LDA have, when taken in
total, produced their own bewildering array of mechanistic
pathways and generated exceptionally complex mechanistic
landscapes even in highly focused studies including enoliza-
tions.”> LIHMDS-mediated enolization of oxazolidinones® or
LDA-mediated reactions under nonequilibrium conditions***
manifests comparable complexity. Nonetheless, even the
seemingly minor changes in solvent or substrate elicited a new
mechanism for NaHMDS-mediated enolization at every turn.
One positive feature is that it generated what we think is a
pedagogically instructive tutorial on the relationships of
concentration dependencies, rate laws, and mechanisms that
we cordoned off in the prefacing Background section for the
kinetically inclined. For the computationally inclined, we were
disappointed to find that the computations of the ions, even
when isodesmicity was rigorously maintained hoping for large
electron correlation errors to cancel, produced results that often
made no sense.*

We inadvertently stumbled back into the chemistry of sodium
enolates when seemingly simple control experiments led to a
protracted study of the THF-mediated E—Z equilibration. The
E—Z equilibration in THF without isotopic exchanges reminds
us of a number of oddities uncovered in the alkali metal world.
These include Cram and Gosser’s conducted tour mechanism,®’
Walborski et al.’s base-mediated epimerizations without isotopic
exchanges,(’2 Seebach et al’s failures to deuterate enolates
generated from LDA,** Kawabata and Fuji’s amino acid-derived
enolate alkylations that retain the memory of the config-
uration,®* and even Davis et al.’s enolates generated with LDA in
the presence of water.”” They may somehow come together by
our repeated observations that kinetically generated enolate
aggregates can be remarkably slow to equilibrate.”* The habit of
letting reactions “warm to room temperature” may be covering
over considerable complexity.

As we attempt to examine the guiding principles of how
organosodium aggregation and solvation influence reactivities,
one of our biggest challenges is to overcome our biases,
constantly reminding ourselves that sodium is not lithium. The
ligands required to optimize alkali metal chemistry are likely to
be metal dependent. Almost four decades of experience studying
organolithium structure—reactivity relationships did not prepare
us for a few of the surprises. For example, a trivial change from 2-
methyl-3-pentanone to isosteric 2-methylcyclohexanone pro-
duced a profound change in the mechanism. A free ion-based
enolization using NaHMDS solvated by the weakly coordinating
MTBE could not have been further from the expectation. On the
other extreme, the addition of TMEDA to the NaHMDS/
PMDTA monomer diverted a NaHMDS/PMDTA free ion-
based enolization to a more efficient NaHMDS/TMEDA dimer-
based enolization, which was equally unexpected. The two latter
observations taken together fly in the face of all conventional
wisdom.

Comparison of NaHMDS to LiHMDS is instructive. Their
reactivities are highly solvent dependent, in some cases inverting
their relative reactivities as highlighted in the Introduction. We
suspect that many would not doubt the propensity of NaHMDS
to ionize and attain higher overall solvation numbers when
compared with LIHMDS. Comparisons of structural and rate
studies of the two bases, however, find little tangible support for
such assertions. The octahedral lithium cation is well
documented,®® for example, and the NaHMDS structures in
Chart 1 all have structural analogs in LIHMDS.*® Whether facile

ionization of NaHMDS is to be exploited or avoided through the
judicious choice of solvents is altogether unclear. It will likely
depend on the application.

In this context, we are calling out synthetic chemists to stop
using THF as the first and only resort. Of the almost 300 E—Z
selectivities generated from NaHMDS easily detected in a
database search, they were all in THF, the one solvent in which
enolate equilibration was unstoppable. There are other solvents.
NaHMDS is commercially available in toluene and easily
prepared in almost any solvent. While NaHMDS/Et;N fell short
of our expectations based on LiIHMDS/Et;N," the under-
estimate of potential applications of this inexpensive combina-
tion might be an error. We also must confess that it is tempting
to probe KHMDS because, to put it bluntly again, potassium is
not sodium either.

We are encouraged that NaHMDS offers insights into the role
of sodium ion solvation as molecular phenomena rather than just
generalized medium effects. Understanding sodium ion
solvation is an important milestone and may have implications
and applications outside of organic synthesis (such as sodium
batteries).’” Taking a broader view, it seems self-evident that
understanding any subdiscipline of organometallic chemistry,
not just the alkali metals, requires mapping the coordination and
cooperation by all potential ligands, which includes the solvent.

B EXPERIMENTAL SECTION

Reagents and Solvents. NaHMDS and ['*N]NaHMDS were
prepared as white crystalline solids from hexamethyldizilazane and
sodium metal.'"® Toluene, hexanes, THF, MTBE, PMDTA, and
diglyme were distilled from blue or purple solutions containing sodium
benzophenone ketyl. Ketone substrates were dried over 4 A mol sieves.

NMR Spectroscopic Analyses. An NMR tube under vacuum was
flame-dried on a Schlenk line, allowed to cool to room temperature,
backfilled with argon, placed in a —78 °C dry ice/acetone bath, and
charged with NaHMDS and solvents using stock solutions. The sample
was mixed with a vortex mixer. Standard 'H, *C, '*N, and *Si spectra
were recorded on a 500 MHz spectrometer at 500, 125.79, 50.66, and
99.36 MHz, respectively. The chemical shifts are referenced at —120 °C
as follows: 'H (Me,Si, 0.0 ppm), *C (Me,Si, 0.0 ppm), *N (neat
Me,NEt, 25.7 ppm), and »Si (Me,Si, 0.0 ppm).

Rate Studies. IR spectra were recorded with an in situ IR
spectrometer fitted with a 30-bounce, silicon-tipped probe. The spectra
were acquired every 6 s from 16 scans at a gain of 1 and a resolution of 4
cm™. A representative reaction was carried out as follows: The IR
probe was inserted through a nylon adapter and O-ring seal into an
oven-dried, cylindrical flask fitted with a magnetic stir bar and a T-joint.
The T-joint was capped with a septum for injections and a nitrogen line.
After evacuation under full vacuum, heating, and flushing with nitrogen,
the flask was charged with a 0.10 M stock solution of NaHMDS and
cooled to —78 °C in dry ice—acetone using fresh acetone daily. After a
background spectrum was recorded, ketone 8-d; (0.028 mmol) in
toluene (100 xL) was monitored with the absorbance at ketone 8-dj at
(1714 cm™") and enolate 9-d, (1599 cm™).

Preparative-Scale Synthesis of NaHMDS/Et;N (Unpurified).
To a 100 mL three-neck round-bottom flask fitted with a magnetic stir
bar was added sliced sodium metal (1.03 g, 45.0 mmol), 20 mL of Et;N,
and HMDS (7.31 g, 9.45 mL, 45.0 mmol) at rt. Isoprene (2.25 mL, 22.5
mmol) dissolved in 7.75 mL of dry Et;N was then added over 1 h viaa
syringe pump. The reaction was stirred at room temperature for an
additional 2 h. The solution was subsequently transferred by cannula to
a 50 mL flask fitted with a T-joint. Titration®® showed the solution to be
0.97 M. 'H NMR spectrum (500 MHz, Et;N) § —0.02 ppm; *C NMR
spectrum (125.72 MHz, Et;N) § 6.5 ppm; *Si NMR spectrum (99.36
MHz, Et;N) 6 —14.5 ppm.
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