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ABSTRACT: Lithium diisopropylamide (LDA)-mediated
ortholithiations of 2-fluoropyridine and 2,6-difluoropyridine
in tetrahydrofuran at —78 °C were studied using a
combination of IR and NMR spectroscopic and computational
methods. Rate studies show that a substrate-assisted
deaggregation of LDA dimer occurs parallel to an
unprecedented tetramer-based pathway. Standard and com-
petitive isotope effects confirm post-rate-limiting proton
transfer. Autocatalysis stems from ArLi-catalyzed deaggrega-
tion of LDA proceeding via 2:2 LDA—ArLi mixed tetramers. A
hypersensitivity of the ortholithiation rates to traces of LiCl
derives from LiCl-catalyzed LDA dimer—monomer exchange
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and a subsequent monomer-based ortholithiation. Fleeting 2:2 LDA—LiCl mixed tetramers are suggested to be key
intermediates. The mechanisms of both the uncatalyzed and catalyzed deaggregations are discussed. A general mechanistic
paradigm is delineated to explain a number of seemingly disparate LDA-mediated reactions, all of which occur in tetrahydrofuran

at —78 °C.

B INTRODUCTION

We describe herein mechanistic studies of the lithium
diisopropylamide (LDA)-mediated ortholithiation of 2-fluoro-
and 2,6-difluoropyridine (eq 1).'~> The ortholithiations of 1

| LDA |

and 2 join the ranks of a growing number of LDA-mediated
reactions carried out in THF at —78 °C, conditions used
routinely by synthetic chemists,* in which high substrate
reactivities cause aggregation events to become rate limiting.s’6
Reactions in this emerging class often display virulent
autocatalysis, a penchant toward catalysis by added lithium
salts (LiCl in particular), and a hypersensitivity to impurities.
The mechanistic complexity, a spike in the number of variables
that influence the time course of the lithiations, is unlike
anything we have detected during studies of organolithium
reaction mechanisms that span 25 years.” The particular case of
fluoropyridine metalation brings two baffling contributions to
the developing picture: (1) a substrate-mediated deaggregation
of LDA dimer 5 and (2) reaction orders in LDA and
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catalytically active lithium salts (aryllithium 3 and LiCl) that
attest to associative aggregation events. Both of these new
mechanistic wrinkles are, to date, affiliated only with
fluoropyridine metalations.

While perusing the paper, those who use LDA routinely
should note that commercial samples of LDA behave quite
similarly to the analytically pure LDA used in the rate studies
below. By contrast, LDA generated in situ from n-BuLi and
diisopropylamine is equivalent to LDA/LiCl mixtures by
manifesting substantially greater reactivity than LiCl-free
LDA. The Results section details the protocols and data for
specialists. The Discussion section summarizes what we have
learned, offers a mechanistic paradigm that covers a number of
LDA-mediated reactions, and discusses lingering issues. We
begin with background material that is germane to the
discussion yet serves as a preface to place the results into
context.

Background. During studies of LDA-mediated imine
metalations in THF, we noticed that one particularly reactive
imine—the only imine for which a reaction temperature of —78
°C is required for monitoring the metalation rate (eq 2)—
failed to follow the standard exponential decay, instead showing
an oddly linear decay throughout the first two half-lives that
was noted but not examined further.®

During studies of LDA/THF-mediated ortholithiations of
carbamates, the most reactive 3-fluorocarbamate (eq 3)
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displayed a decidedly linear decay to full conversion (more than
five half-lives) that was impossible to ignore.” The linearity, an
apparent zeroth-order dependence’ on 6, suggested a rate-
limiting deaggregation of LDA dimer followed by post-rate-
limiting proton transfer. Relatively minor changes in conditions,
however, afforded sigmoidal decays implicating significant
contributions from autocatalysis.'” Rate studies showed a
first-order rather than a zeroth-order dependence on 6 that did
not derive from a simple (uncatalyzed) deaggregation of LDA
dimer S. The linear and sigmoidal decays were traced to an
autocatalytic condensation of aryllithium 7 with LDA dimer §.
Isomeric LDA—ArLi mixed dimers 8 and 9 were shown to react
rapidly on the time scales that aggregates exchange. Whether 8
and 9 reacted directly or by facile dissociation remained open
to speculation. The metalation was also markedly catalyzed by
low concentrations of LiCl (<0.5 mol %).

Subsequent studies of a number of LDA/THF-mediated
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true zeroth-order dependence on 10 with an overlay of
autocatalysis. The uncatalyzed deaggregation proceeds via a
disolvated dimer; transition structure 13 is supported by
density functional theory (DFT) computations. Deuteration
shifted the rate-limiting step to deuterium transfer and revealed
tetra- and pentasolvated-dimer-based metalations ascribed to
triple ions 14 and 15. Marked acceleration with LiCl was traced
to the catalysis of LDA dimer—monomer exchange with a
resulting shift in the rate-limiting step from deaggregation to
proton transfer. Catalysis allowed us to peer beyond the
deaggregation and show that the critical proton transfer
proceeds through monomer-based transition structures 16
and 17.

lithiations of fluorinated arenes at —78 °C revealed strange i i i
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deaggregation of dimer 5. Notably, the critical deaggregation
occurs via a trisolvated-dimer-based transition structure,
suggested by DFT computations to be trisolvate 20 (or
THEF-bridged analogue 21)°° rather than disolvate 13. The
existence of two (or more) distinctly different rate-limiting
deaggregations is emerging as a central issue. Autocatalysis,
although muted because of the low catalytic efficacy of
enolates,*® elicits counterintuitive rate changes. Once again,
LiCl markedly accelerates the reaction by catalyzing dimer—
monomer exchange and shifts the rate-limiting step, which
allowed us to show that the 1,4-addition proceeds via a
monosolvated-monomer-based transition structure, 22.
Recognizing that aggregation events were rate limiting for
reactions of LDA in THF at —78 °C, we carried out detailed
NMR spectroscopic and DFT computational studies of the
dynamic behavior of LDA."” NMR spectroscopic studies
showed that subunit exchanges (at least nuclear exchanges)
occur on approximately the same time scales as the reactions
described above (half-life <1 h at 0.10 M LDA in THF at —78
°C). The dominant mechanism of exchange, quite unexpect-
edly, involved an associative pathway via a tetrasolvated tetramer.
Computational studies probed the role of ladders (Scheme
1).13 We could not ascertain, however, whether nuclear
exchange involves symmetrized cyclic tetramer (24) or
monomer (26). The notion that tetramers are possible sources
of monomers has a mechanistic logic that is discussed below.
Computational studies of the apparently slower direct
(dissociative) conversion of dimer § to monomer 26 revealed
a complex series of transformations; the most notable
intermediates are shown in Scheme 2. The computed
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activation barriers for the exchanges in Scheme 2 rise on
progression from dimer $ to monomer 26. An uncatalyzed,
dissociative conversion of dimer § to monomer 26 is predicted
to involve reversible formation of 27—30 and rate-limiting
cleavage of 30 via transition structure 20 or 21. Intermediates
27-30, however, are potentially important intermediates that
can be intercepted by substrates (vide infra).

B RESULTS

Solution Structures.'® Structural assignments of LDA and
aryllithiums are required to interpret the rate data. Previous
studies of [°Li,"*N]JLDA using °Li and "N NMR spectroscopies
revealed exclusively disolvated dimer $."° The C NMR
spectrum of ArLi 3 shows the lithiated carbon as two 1:1:1
triplets (doublet of triplets) arising from the superposition of
Li—"C coupling ('J;_c = 11.7 Hz) that is split further by
especially large *C—'°F coupling (*Je_c = 1243 Hz)
emblematic of 2-fluoroaryllithiums. =18 The F{'H}NMR
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spectrum displays a singlet."” Aryllithium 3 in the presence of
[°Li,">N]LDA shows no °Li—"*N splitting in 3, confirming the
absence of mixed aggregation.”” Aryllithium 4 displays
spectroscopic properties similar to those of 3 with additional
splitting arising from the fluoro moiety at the 6 position. DFT
computations of 3 and 4 at the B3LYP/6-31G(d) level* with
single point calculations at the MP2 level of theory implicate
trisolvated monomers (3a and 4a) in accord with other
monomeric aryllithiums.*"** Numbers 3 and 4 are often used
interchangeably with 3a and 4a throughout the text, depending
on the specific context.

Catalysis by LiCl is discussed in light of the structures of LiCl
homoaggregate and LDA—LiCl mixed aggregates. Previous
studies showed LiCl to be dimeric (31) in THF solution.”*?
Mixtures of LDA with very low LiCl concentrations (<2 mol %
LiCl) used in the rate studies described below afford a [LiCl]-
independent 8:1 mixture of 32 and 33 to the exclusion of free
LiCL>®?® Solutions containing [*Li]LiCl and 3a or 4a show no
evidence of LiCl—ArLi mixed aggregates.
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Rate Studies. General Protocols. We have historically used
recrystallized n-BuLi** to prepare LDA and then recrystallized
the resulting LDA."” Although potentiometry” and ion
chrornatography26 have shown that LDA prepared in this
manner contains <0.02 mol % LiCL>* the purity proved
inadequate for the studies described below because of
detectable accelerations elicited by as little as 0.01 mol %
LiCl (1 ppm). Accordingly, we prepared LiCl-free LDA from
lithium metal and diisopropylamine using a modified*®
literature protocol”’ and recrystallized the resulting LDA
from hexanes, rendering the residual variability acceptable.”®
Anhydrous LiCl was generated in THF solution by lithiation of
Et;N-HCI with LDA.* Et;N is a poor ligand® that has no
effect on solution structures or reaction rates. Similarly, added
diisopropylamine does not influence the ortholithiation.'®

Reactions were monitored using in situ IR* or F NMR
spectroscopy,'® the former offering convenience and the latter
affording resolution of all ArH and ArLi-related species. Key
resonances and absorbances are summarized in Table 1. The
choice of method depended on specific needs. In a broader
sense, we tactically attempted to study the mechanisms in
isolation (under limiting conditions) to the maximum extent
possible. Autocatalysis placed an importance on the method of
initial rates,*** obtained as the first derivative of a polynomial fit

Table 1. IR and "’F NMR Spectroscopic Data

compound IR absorbance (cm™) S VF?
1 1598, 1577 —67.8
3 1551, 1517 —40.6
1-d, —680
2 1613, 1592 —69.0
4 1577, 15158 —44.8, —82.0
24, 1597 -69.2
4-d, 1499 —82.2, —44.8

“The chemical shifts are reported relative to 0.005 M fluorobenzene in
neat THF (—113.15 ppm).

dx.doi.org/10.1021/jo302408r | J. Org. Chem. 2013, 78, 4214—4230
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to the raw data at early conversion.*® Rate laws were routinely
assessed using their integral forms. Numeric integrations of the
corresponding differential forms included provisions for
autocatalysis and other nonlimiting behaviors.

Substrate Dependence. Lithiation of 1 (0.002 M) using
LDA (0.10 M**) affords a linear decay (Figure 1, curve A).
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Figure 1. Plot of [1] vs time for the ortholithiation of 1 with LDA
(0.10 M) in THF (12.20 M) at =78 °C: (A) [1] = 0.002 M; (B) [1] =
0.10 M.

Increasing the substrate concentration to 0.004 M causes
detectable downward curvature, which becomes prominent at
elevated substrate concentrations (Figure 1, curve B). Down-
ward (sigmoidal) curvatures are characteristic of autocatalysis.10
Plotting initial rates, the rates before the onset of autocatalysis,
versus substrate concentration (Figure 2) reveals a first-order
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Figure 2. Plot of initial rates vs [1] for the ortholithiation of 1 with
LDA (0.10 M) in THF (12.20 M) at —78 °C. The curve depicts an
unweighted least-squares fit to —d[1]/dt = k[ArH] + k' [k = (1.22 +
0.04) X 1074 k' = (1.0 + 0.6) x 107°].

dependence on substrate along with a nonzero y-intercept that
is either minor or experimental error. Thus, the linear decay at
the lowest substrate concentration could arise from (1) the
reduction (but not complete elimination) of autocatalysis by
the low concentrations of ArLi’® or (2) a zeroth-order substrate
dependence evidenced by the small non-zero intercept.
Throughout the remainder of the text, allusions to low and
high substrate concentrations (0.002 and 0.10 M, respectively)
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represent probes of a minor (or nonexistent) substrate-
independent pathway and the dominant substrate-dependent
pathway, respectively.

THF Dependence. A plot of initial rates versus THF
concentration®* at low substrate concentration (Figure 3, curve
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Figure 3. Plot of initial rates vs [THF] for the ortholithiation of 1
(0.002 M) with LDA (0.10 M) at —78 °C. (A) In hexane cosolvent.
The curve depicts an unweighted least-squares fit to —d[1]/dt =
—k[THF] + k' [k= (2.1 £02) X 107, k' = (3.4 + 0.2) X 107]. (B)
In 2,5-dimethyltetrahydrofuran cosolvent. The curve depicts an
unweighted least-squares fit to —d[1]/dt = —k[THF] + k' [k = (6
+19) X 107%, k' = (8 + 1) x 1077].

A) shows an inverse dependence that is oddly linear. (Normal
inverse dependencies are hyperbolic.)”*** The inhibition by
THF was shown to derive from secondary-shell solvation
(medium effects) overlaid on a zeroth-order dependence using
a well-tested protocol in which 2,5—dimethyltetrahydrofuran is
used as a polar but poorly coordinating cosolvent™ to maintain
a constant polarity of the medium (curve B).

LDA Dependence. Plots of initial rates versus LDA
concentration reveal perplexing orders of 1.7 + 0.3 and 1.5 +
0.3 at low and high substrate concentrations, respectively
(Figure 4). These orders are significantly higher than any LDA
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Figure 4. Plot of initial rates vs [LDA] in THF (11.50 M) using
hexane as the cosolvent for the ortholithiation of 1 (0.002 M) at —78
°C. The curve depicts an unweighted least-squares fit to —d[1]/dt =
K[LDA]" [k = (5 +£2) X 1075, n = 1.7 + 0.3].
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orders measured to date.” We cannot exclude the intervention
of an uncontrolled variable; the kinetics are extraordinarily
sensitive, as reflected by the large error. Nonetheless, any
temptation to summarily dismiss the unusual orders is
tempered by analogously high LDA orders observed for
metalation of difluoropyridine 2 (vide infra) as well as by an
order of 1.2 for 3-deutero-2-fluoropyridine, 1-d,.

Partial Mechanisms. 1t is instructive to amalgamate the data
described to this point into partial rate laws and mechanisms.
Zeroth-order THF dependencies and first-order pyridine
dependencies are observed under all conditions. The high,
noninteger LDA orders, however, present special challenges
that force us to consider several mechanisms and their
combinations. We introduce the following shorthand: A = an
LDA subunit; S = THF (e.g, A,S, = §); ArH = fluoropyridine
1; and ArLi = aryllithium 3.

Dimer Mechanism. The most obvious mechanism is the
dimer-based pathway described by eqs 6 and 7. Such dimer-
based reactions of LDA have been observed on many
occasions”*” but cannot account for the high LDA orders.

—d[ArH]/dt = k'[ArH][A,S,][S]° (6)

)

Trimer Mechanism. A 1.5 LDA order could arise from a
dimer—trimer preequilibrium (eqs 8—10). The substrate must
participate in the rate-limiting transition structure, although the
specific timing of this involvement is unknowable. A dimer—
trimer preequilibrium, however, seems to demand the
intermediacy of monomers en route to trimers, which is
inconsistent with evidence that the lithiation proceeds most
efficiently via LDA monomers (vide infra).

A,S, + ArH — [A,S,(ArH)

—d[ArH]/dt = k"[ArH][A,S,]"[S)° (8)
3A,S, = 2AS, (9)
AS; + ArH — [A,S,(ArH)]* (10)

Tetramer Mechanism. A tetramer-based reaction (eqs 11
and 12) is without precedent in lithium amides®®*® but receives
support from the dynamic NMR and computational studies
showing tetramer-based (associative) LDA exchange (Scheme

12 . .
1).”* However, a tetramer-based mechanism cannot, in
isolation, account for the high and fractional LDA orders.

—d[ArH]/dt = k" [ArH][A,S, ] [S]° (11)

(12)

Dimer/Tetramer Composite Mechanism. Combinations of
the dimer- and tetramer-based mechanisms in parallel are
described by eq 13. The composite mechanism includes
provisions for any LDA order in the range of 1.0—2.0.

2A,S, + ArH — [A,S,(ArH)T*

—d[ArH]/dt

= K'[ArH][A,S,][S]° + k" [ArH][A,S, T [S]° (13)

Isotope Effects. The first-order substrate dependence
appears to implicate a mechanism(s) that, although disquieting
in detail, involves rate-limiting proton transfer. Isotopic labeling
studies, however, show that the critical proton transfer step is post
rate limiting.

The loss of 0.002 M 1-d; versus time displays a substantial
upward curvature that contrasts with the linear decay of 1

4218

(Figure S). Comparing initial rates for 1 and 1-d; measured
independently (rather than in direct competition) reveals a
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Figure S. Plot of [ArH] vs time for the ortholithiation of 0.002 M 1
and 1-d;, with LDA (0.10 M) in THF (12.20 M) at —78 °C. The
metalation of each isotopomer is measured in separate runs (not
competitively).

small isotope effect (ky/kp = 1.82 + 0.08). An even smaller
value is obtained at high substrate concentrations (ky/kp = 1.1
+ 0.3). Metalations of 1 and 1-d, in competition, loosely referred
to as a competitive isotope effect and discussed extensively
below,** can be determined from the initial rates by exploiting
isotopically sensitive °F chemical shifts.*' The resulting isotope
effect is large (ky/kp = 35S + 1) but not unusual for such
lithiations.**

The combination of small standard and large competitive
isotope effects offers compelling evidence of a post-rate-limiting
proton transfer. This conclusion is supported by following the
competition of 1 and 1-d, to full conversion (Figure 6). Arene
1-d; reacts in earnest only after 1 is fully consumed. Such
biphasic behavior is observed over a large (0.002—0.10 M)
range of substrate concentrations. The curves in Figure 6 result
from a best-fit numerical integration to the simplified model in
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6
Time x 107 (s)
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Figure 6. Plot of [ArH] vs time for the ortholithiation of a mixture of
fluoropyridines 1 and 1-d; (0.002 M each) with LDA (0.10 M) in
THF (12.20 M) at —78 °C, monitored by '’F NMR spectroscopy. The
curves result from a best-fit numerical integration to the model in
Scheme 3 (Supporting Information).
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Scheme 3. (A model in which the key intermediate is an
activated dimer, A,*, rather than two monomers fits equally
well.)

Scheme 3
A,
e
2A]
kH[ArHy \IiD[ArD]

ArLi ArLi

Two additional observations are subtle but important. First,
the large competitive isotope effect requires that facile ArH/ArD
ligand exchange occurs on the fleeting deaggregated form of
LDA (monomer A in Scheme 3, for example) before the post-
rate-limiting proton transfer. Second, the small but measurable
standard isotope effect and upward curvature arising from 1—d,;
(Figure S, curve B) indicate that deuterium transfer is partially
rate limiting, which is supported by the fit in Figure 6 showing a
20:1 ratio of the forward to reverse reaction rates (kp[ArD]-
[A]/k_,[A] = 20).

Ligand Catalysis. The combination of a substrate depend-
ence, a post-rate-limiting proton transfer, and a large
competitive isotope effect suggested that we might be able to
catalyze the metalation of 1 with a catalyst bearing some of the
structural attributes of 1. We attempted to mimic substrate-
catalyzed deaggregation with a variety of added ligands,
including pyridine (34), fluorobenzene (35), and silylated
fluoropyridine 36; none detectably catalyzed the metalation of
1. Curiously, 6—silylpyridine 37 metalates nearly as efficiently
as 1 despite the hindrance about the nitrogen, and it appears to
be susceptible to the same substrate-dependent deaggregation.
Catalysis of deaggregation is a recurring theme in subsequent
sections.

SiMe,

X A A
» L .
N F N F  MesSi N F
34 35 36

37

LiCl Catalysis. Traces of LiCl elicit marked rate accelerations
accompanied by distinct upward curvatures (Figure 7). First-
order decays are observed at >0.3 mol % LiCl. A plot of the
initial rates versus LiCl concentration shows saturation kinetics
(Figure 8). Sigmoidal curvature evident at the low LiCl
concentrations signifies a high (approximately second) order in
LiCL

Seemingly analogous LiCl saturation behavior (absent the
sigmoid) is observed for ortholithiations of arene 10 (eq 4) and
1,4-additions of LDA to unsaturated esters (eq S). The
saturation behavior is not Michaelis—Menten kinetics, which
would require stoichiometric LiCl to attain saturation. The
saturation behaviors were traced instead to LiCl-catalyzed
deaggregation of LDA accompanied by a shift in the rate-
limiting step as follows.”™*

Monitoring the ortholithiation of 1 at full saturation (2 mol
% LiCl) reveals large standard and competitive isotope effects
(ku/kp = 33 and 23, respectively), showing that LiCl catalysis
causes proton transfer to become rate limiting. Importantly, the
catalysis offers a view beyond what had been a rate-limiting
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Figure 7. Plot of [1] vs time for the ortholithiation of 1 (0.004 M)
with LDA (0.10 M) in 12.20 M THF at —78 °C in the presence of
varying mol percentages of LiCl: (A) no LiCl; (B) 0.05 mol % LiCl;
(C) 0.6 mol % LiCL
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Figure 8. Plot of initial rates vs [LiCl] for the ortholithiation of 1
(0.004 M) with LDA (0.10 M) in THE (1220 M) at —78 °C. The
solid curve depicts an unweighted least-squares fit to eq 16. See the
Supporting Information for derivation. [c = (5 + 1) X 107, n = 2
(fixed), and k; = (1.6 + 0.1) X 107% k_; = (1.03 + 0.03) X 10* k, =
(5.901 + 0.002) x 10".] The dashed curve represents a fit to the data
where n = 1 in the given equation.

deaggregation. Plotting k. versus LDA concentration (Figure
9) affords a generic half-order dependence implicating a
dimer—monomer preequilibrium and monomer-based metal-
ation. A plot of kg, versus THF concentration (Figure 10)
shows an ambiguous dependence that could be interpreted as
either (1) a first-order dependence with a single renegade point
at the highest THF concentration (solid curve) or (2) a
second-order dependence with a nonzero intercept (dashed
curve). Although the former seems most palatable by
inspection, the latter is supported by the analogous plot using
1-d,, which shows a more distinct upward curvature (Figure 10,
inset) and a nonzero intercept. Thus, we remain agnostic on
the solvation number at the rate-limiting transition structure
and present the mechanism according to eqs 14—17. The rate
law in eq 16 includes provisions for second-order saturation by
LiCl (Figure 8). The odd mathematical form of eq 16 stems
from the solution to the quadratic equation required by the
dimer—monomer preequilibrium.*' In the limit of full
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Figure 9. Plot of kg vs [LDA] for the ortholithiation of 1 (0.004 M)
in 12.20 M THEF in the presence of 2 mol % of LiCl at =78 °C. The
curve depicts an unweighted least-squares fit to k., = K[LDA]" [k =
(62 + 04) X 1073 n = (0.54 + 0.03).].
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Figure 10. Plot of kg, vs [THF] in hexane cosolvent for the
ortholithiation of 1 (0.004 M) with LDA (0.10 M) in the presence of 2
mol % LiCl at =78 °C. The solid line depicts an unweighted least-
squares fit to kg = k[THF], with the point at 12.2 M THF excluded
(k = (1.12 £ 0.03) X 1073). The dashed curve depicts an unweighted
least-squares fit to kyuq = k[THF]" + k' [k = (8 £7) X 1075, n = (2.0
+ 0.4), k' = (2.5 + 0.7) X 107°]. Inset shows the corresponding plot
for the ortholithiation of 1-d; (0.004 M). The curve depicts an
unweighted least-squares fit to kgyq = K[THF]" + k' [k = (1.1 £ 0.6) X
107% n= (24 +02), kK = (10 + 1) x 107°].

saturation (>0.3 mol % LiClg, eq 16 reduces to eq 17 as
described in detail previously.’

ky[LiCligen]”
[ ——

A,S, + 2mTHF 2AS,,,,
K [LiClg ] (14)
ky
AS,., + ArH = [AS, , (ArH)] (15)
k,[ArH
—A[ArH]/AH,_, = _KylAdd]
4k_[LiCI]’
(JK2[AHP + 16kk_[A,S,][LiCIP" [THFP"
— k,[ArH]) + ¢ (16)
—A[AH]/At,_, = (k,/k_)"*k,[ArH][THF]"" [LDA]*S (17)
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A highly attenuated saturation behavior is observed for LiCl-
catalyzed lithiations of 1-d; (Supporting Information). The
barely discernible catalysis supports the previous assertion that
deuteration renders the proton transfer partially rate limiting.

Mechanisms. With LiCl catalysis facilitating monomer-based
metalation of somewhat ambiguous solvation number, we
turned to DFT computations to fill in elusive details. Mono-,
di-, and trisolvated monomer-based transition structures 38—40
all may be viable; the disolvate is suggested to be the preferred
form. Li—F interactions appear to be mechanistically important
as noted in previous studies.”***** Intrinsic reaction coordinate

(IRC) calculations focusing on the computationally most viable
disolvate 39 show that it is preceded and succeeded by minima

AG* =16.9 kcal /mol AG* = 7.5 kcal /mol AG* =11.5 kcal /mol

N t THE
H H.{aipe 1 THE
Y NGPy, 7N m NHGP,
NZ > pop)-THE N7 oL THE N F
HE THF
a 39 2

Autocatalysis. Equations 6—13 describe possible rate-
limiting deaggregations that could be prevalent at early
conversion. By contrast, eqs 14, 15, and 17 describe lithiation
under conditions of a fully established dimer—monomer
equilibrium (LiCl catalyzed). We can now consider the
autocatalysis evident in Figure 1 (curve B). Recall that no
observable mixed aggregates are formed from LDA and
aryllithium 3.

A standard control experiment that we routinely use to show
the absence of autocatalysis under pseudo-first-order conditions
is carried out by zeroing the IR baseline at the end of a kinetic
run and measuring a rate constant from adding a second aliquot
of substrate. The second rate constant should be indistinguish-
able from the first except for a very small reduction in rate
resulting from loss of LDA titer. Instead, we noted a rate
increase from a second aliquot of 1, suggesting that aryllithium 3
accelerates the reaction. The impact of autocatalysis is readily
discerned by incrementally adding arene 1 to a solution of LDA
and monitoring the initial rates. Overall, a molar equivalent of
substrate is added in small aliquots, which minimizes the
influence of substrate-catalyzed deaggregation. The first notable
observation is that the presence of ArLi elicits upward
curvatures in the decay of ArH, suggesting that ArLi-derived
catalysis at least partially shifts the rate-limiting step from LDA
deaggregation to a reaction in which substrate 1 participates. A
plot of the initial rates versus the mole fraction of aryllithium 3
(Xam) is illustrated in Figure 11. The positive deviation from
the dotted curve (visible just above the X-axis) represents the
contribution of autocatalysis. This variant of a Job plot**
detects even low levels of autocatalysis that could be concealed
in decays that are already distorted by rate-limiting
deaggregation. The maximum in the curve corresponding to
1:1 ArLi:LDA titer (normality not molarity) shows the
optimum  stoichiometry to be equal proportions of ArLi and
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Figure 11. Plot of initial rates versus mole fraction of 3-lithio-2-
fluoropyridine (X,;;) for the serial injections of 0.0055 M aliquots of 1
to 0.10 M LDA in 12.20 M THF at —78 °C. The dotted line depicts
the theoretical initial rates in the absence of autocatalysis, assuming an
LDA order of 1.5. The solid curve depicts an unweighted least-squares
fit to eq 19. See the Supporting Information for the derivation. [m =
19+01,1n=19 +01,k=(15+03) x 107 k' = (1.3 + 04) X
1075.] The dashed curve represents a fit to the data where m = 1 and n
=1

LDA subunits, [(i-Pr),NLi],,(ArLi), (m = n). The fit to m = n
1 (dashed curve in Figure 11), however, is obviously
inadequate. A nonlinear least-squares fit to eq 19°' to ascertain
the order (solid curve in Figure 11) is excellent and implicates a
mixed tetramer, [(i-Pr),NLi], (ArLi), (m =19+ 0.1;n=19 +
0.1).4

—A[AH]/At = k(Xy )" (1 = Xy )" + k(1 = XArLi)LS

(19)

We monitored initial rates versus ArLi concentration at
constant LDA concentration (Figure 12), revealing saturation
behavior akin to that observed for LiCl (Figure 8). A nonlinear
least-squares fit with the ArLi order as an adjustable parameter
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Figure 12. Plot of initial rates vs [ArLi] for the ortholithiation of 1
(0.005 M) with LDA (0.10 M) in THF (12.20 M) at —78 °C. The
curve depicts an unweighted least-squares fit to eq 16, where LiCl is
substituted for ArLi. See the Supporting Information for derivation. [¢
=(32+05)x10%andn =17+ 04,k =12 +2.6,k_, = (1.6 +
0.2) X 10% k, = (9.2 + 11.5) X 107~.] The dashed curve represents a
fit to the data where n = 1.
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reveals a best-fit order of 1.7 + 0.4, supporting the putative
high-order dependence on ArLi. Rate studies at full saturation
(>0.03 M ArLi) reveal a half-order dependence on LDA,
confirming the dominance of the same monomer-based
metalation(s) as that observed under LiCl catalysis.

Evidence of a mixed tetramer-based autocatalysis (eqs 20 and
21) in conjunction with the data in Figure 11 allowed us to
calculate the relative contribution of the uncatalyzed and
autocatalyzed pathways versus percent conversion assuming
reaction of equimolar LDA and pyridine 1 (Figure 13).

12

1.0 1

autocatalyzed

0.8 1

0.6

0.4

Fractional Contribution

0.2 1
uncatalyzed
0.0 T —  — T T
0 20 40 60
% Conversion

100

Figure 13. Plot of fractional contribution of the autocatalyzed and
uncatalyzed pathway to the total reaction rates vs percent conversion
derived from the data in Figure 11. Equal contribution from the two
pathways (dashed line) occurs at 6% conversion.

Although the catalytic efficiency of ArLi pales compared to that
of LiCl, autocatalyzed deaggregation is dominant at >6%
conversion.

—A[ArH]/At = k_ [ArLi*[A,] (20)
e 24H
A, + 2ArLi =5 [A,(ArLi),] — 4ArLi (1)

2,6-Difluoropyridine (2). Extensive data was amassed on the
ortholithiation of difluoropyridine 2. Because of significant
parallels with 1—even the odd LDA orders were detected—the
data have been relegated largely to the Supporting Information.
Several differences, however, are notable:

(i) The metalation of 2 is decidedly less susceptible to
autocatalysis than is the metalation of 1, which could stem from
either a muted susceptibility of the metalation to catalysis or a
muted activity of aryllithium 4 as a catalyst. Control
experiments involving added mono- and difluoroaryllithiums
3 or 4 to metalations of arenes 1 or 2 show that the differences
stem from a low catalytic activity of aryllithium 4.

(ii) Plots of initial rate versus concentration of 2 show a first-
order dependence analogous to that in Figure 2 but with a 7-
fold greater slope than for 1. We caution that the higher
metalation rate can not be attributed to increased acidity at least
in a simple sense because the proton transfer is post rate
limiting. The higher reactivity of 2 relative to 1 stems from a
more efficient substrate-mediated deaggregation. Competition
of 1 and 2 shows biphasic kinetics consistent with a post-rate-
limiting proton transfer (Figure 14). The 7-fold greater
metalation rate for 2 when measured separately and the 30-
fold greater rate when measured in competition of 1 and 2
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Figure 14. Plot of [ArH] vs time for the ortholithiation of a mixture of
fluoropyridines 1 and 2 (0.004 M each) with LDA (0.10 M) in THF
(12.20 M) at —78 °C, monitored by '’F NMR spectroscopy.

suggest that the substrate properties influencing deaggregation
differ from those that influence the proton transfer.

(iii) Small standard isotope effects in conjunction with large
competitive isotope effects and biphasic kinetics (analogous to
those illustrated in Figure 6) confirm a post-rate-limiting
proton transfer at low substrate concentration. At high
substrate concentration, however, an intermediate standard
isotope effect (ky/kp = 14) suggests that deuterium transfer is
substantially rate limiting.

(iv) Pronounced LiCl catalysis causes the rates to become
immeasurably fast at concentrations that might have afforded
saturation behavior. In contrast to the greater catalytic
efficiency of 2 compared to 1 (described in part ii above),
the higher reactivity of 2 versus 1 under LiCl catalysis is due to
the 30-fold greater kinetic acidity of 2. A second-order
dependence on LiCl for pyridine 2 (Figure 15) supports the
second-order saturation behavior of pyridine 1 (Figure 8).

B DISCUSSION

Mechanistic studies of the LDA-mediated ortholithiation of 2-
fluoropyridine (1) afforded results that are surprising, in some
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Figure 1S. Plot of initial rates vs [LiCl] for the ortholithiation of 2
(0.004 M) with LDA (0.10 M) in THF (12.20 M) at —78 °C. The
curve depicts an unweighted least-squares fit to —d[2]/dt = k[LiCl]" +
K k=7 +3)x1031n=22+03k =(3+7) x107°].
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cases unprecedented, and at times seemingly paradoxical. The
complexity stems from several factors: (i) a rate-limiting
deaggregation mediated by fluoropyridine 1, (ii) evidence of
tetramer and mixed tetramer-based deaggregations, (iii)
changes in the rate limiting step with minor changes in
reaction conditions, (iv) autocatalysis by aryllithium 3, and (v)
highly efficient catalysis by LiCl. There is a natural tension
between our need as authors to compartmentalize the variables
for presentation and the inherent correlations of these variables.
Additional pedagogic challenges arise from comparisons of
fluoropyridine metalations with the LDA/THF-mediated
reactions summarized in the background section that, although
mechanistically related, can display strikingly different behav-
fors.

Overview. We begin the discussion by painting a picture of
the mechanism using the broadest of brush strokes with details
provided in subsequent sections. The sum of our efforts
described by Scheme 4 illustrate the three important phases of

Scheme 4

[ASATH)F  [ASArH)F  [AS,(ArLi)]F [A,S, (LiCl),+

| | | |

AS,
|
[AS,(ArH)]
J
ArLi

an ortholithiation—deaggregation, complexation, and proton
transfer. We took the liberty in the Results to introduce a
shorthand: A an LDA subunit; S = THF, ArH
fluoropyridine 1, and ArLi = aryllithium 3.

Monitoring the lithiation of pyridine 1 at early conversion,
before the onset of autocatalysis, reveals evidence of parallel
pathways involving disolvated dimers and tetrasolvated
tetramers (Scheme 4, pathways i and ii.) Although both display
seemingly generic first-order substrate dependencies, isotopic
labeling studies show that the proton transfers occur subsequent
to rate-limiting deaggregation(s). We offer transition structures
43—47 as possible transition structures. Dimer-based structures
43 and 44 are well founded in detailed computational studies of
LDA deaggregation.'” Preliminary studies show that 45—47 are
credible as well. Such tetramer-based deaggregations appear
only sporadically (vide infra).

As the metalation proceeds to full conversion, reaction of
aryllithium 3 with LDA dimer § elicits autocatalysis (Scheme 4,
pathway iii) traced to ArLi-catalyzed deaggregation of LDA
dimer 5 to monomer 26 (Scheme §). Computational studies
added support and structural detail to 39. Rate studies implicate
fleeting 2:2 mixed tetramers, [A,(ArLi),] (vide infra).
Autocatalysis is accompanied by a shift of the rate limiting
step to monomer-based metalation via transition structure 39.
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Autocatalysis foreshadowed accelerations by LiCl (Scheme 4,
pathway iv). Catalysis by as little as 0.001 mol % of LiCl
wreaked havoc on the rate studies until rigorously LiCl-free
LDA was prepared.”® Rate studies show once again that
catalysis of dimer—monomer exchange is accompanied by a
shift in the rate-limiting step from deaggregation to proton
transfer (transition structure 39; Scheme §). Lithium chloride,
however, is a far more efficient catalyst than is aryllithium 3a.
The shift in the rate-limiting step allowed us to investigate the
monomer-based proton transfer occurring beyond the formerly
rate-limiting deaggregation.

Aside from the obvious omission of a few details, this
summary paints a complex but seemingly coherent picture of
LDA-mediated lithiation of fluoropyridine 1. There are
nuances, however, that are quite perplexing as discussed below.

Role of Rate-Limiting Steps: A Mechanistic Paradigm.
In this section, we describe a mechanistic paradigm that has
been developing over a series of studies,>""'* a paradigm that
includes provisions for a seemingly disparate collection of
observations all revolving around rate-limiting deaggregation or
substrate complexation. The approach may seem overly
methodical, but it is imperative that the reader understand
the determinants of rate limitation. With the nonspecialist in
mind, we begin from first principles using the simplest possible
model (eq 22).

Assume that intermediate, I, is relatively unstable (k_, > k).
The rate-limiting step of the overall conversion of starting
material, SM, to product, P, is determined by the fate of L. If k,
< k_j, then I will return to SM with high fidelity, only
occasionally giving P; conversion of I to P is rate limiting. By
contrast, if k, > k_;, then I always affords P; conversion of SM
to L is rate limiting. Thus, it is the k,/k_, ratio, the penchant of I
to give product or return to starting material, that dictates rate
limitation. This is an important concept that we will rely on
heavily in the forthcoming discussion.

To understand the role of catalysis and autocatalysis, let us
assume that k,/k_; > 1 (formation of I is rate limiting) and
introduce a catalyst to facilitate the conversion of SM to L
Using a minor short cut, catalysis can be thought of as simply
increasing k;,*” which will afford higher reaction rates. Less
obvious, perhaps, is that the reverse reaction of I to SM is
necessarily accelerated proportionately—think of a propor-
tionate increase in k_;—as mandated by the principle of
microscopic reversibility.** At some elevated level of catalysis,
the catalyzed back reaction becomes so efficient that I returns
to SM faster than it reacts to give P (k,/k_, < 1); conversion
of I to P becomes rate limiting. Thus, catalyzing the conversion
of SM to I (the forward reaction) causes the acceleration,
whereas catalyzing I to SM (the back reaction) causes the shift
in the rate-limiting step.

Now we can bring elements of organolithium chemistry to
the model. Scheme 6 depicts a monomer-based metalation that
is simple but not overly simplified. Monomer 48 is arbitrarily
drawn with only two solvents, although the resting state is more
likely trisolvate 26, which is unimportant. What is important is
that by considering three limiting behaviors of this simple
mechanism we can begin to understand the consequences and
nuances of rate limitation. A summary of the predicted
behaviors is included in Table 2.

Case 1: Rate-Limiting Proton Transfer. Under most
circumstances, circumstances that have dominated our rate
studies of LDA-mediated metalations for 25 years,” the proton
transfer described by k; is rate limiting. Fleeting intermediates
48 and 49 are formed reversibly. Complex 49 has a much
greater probability of returning to dimer S than forming
aryllithium 50. In short, k;[49] < k_,[49] and k_,[48].” The
equilibrium approximation®” affords a rate law showing first-
order dependencies on both substrate and THF concentrations
(eq 23). The half-order dependence on LDA concentration is a
consequence of the dimer—monomer preequilibrium.” Com-
paring ArH and ArD would reveal a large standard isotope
effect (typically ky/kp > 7, but it can exceed 30).*
Competition of ArH and ArD in the same vessel would afford
what we loosely refer to as a competitive isotope effect*" that is
comparable to the standard isotope effect, confirming that the
isotopically sensitive proton transfer is also rate limiting,

ky k,
SM=][I] > P (22) ) , 12
k., d[ArLi]/dt = k'[ArH][LDA]"*[THF] (23)
Scheme 6
THE k[THF] THF  k[ArH] THF k
i Pr. L 1 iPr, ; RlAH] o ; 3
12 N EN D —— preNi PECN-Li-THE ArLi(THF),
Li ) ) -i-Pr,NH
i ky THF ks ArH  -i-Pry
THF
5 48 49 50
deaggregation complexation proton transfer
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Table 2. Summary of Plausible Mechanisms for LDA-Mediated Reactions

relative rates
k;[49] < k_,[49] and k_,[48]*
ko, < kg
ko, < ky

case rate-limiting step
1 proton transfer
complexation

complexation (facile ArH—
ArD exchange)

k_,[48]* < k,[ArH][48] and ks[49]
k_;[48]* ~ k;[49]

3 deaggregation

partial rate-limiting proton
transfer

competitive isotope

standard isotope
})j effect (ky/kp)

rate law d[ArLi]/dt effect (ky/kp

k'[ArH][LDA]"*[THF] large large
k' [ArH][LDA]Y*[THF] 1 1
K'[ArH][LDA]"?[THF] 1 large
k'[LDA]'[THF]" 1 large
K'[ArH]°'[LDA]Y?>"! [THF]* >1 >1

Case 2: Rate-Limiting Complexation. In case 2, we assume
the proton transfer is fast. This is likely to occur with
particularly acidic substrates. By coincidence, these substrates
are those that undergo LDA/THF-mediated reactions within a
tew degrees of —78 °C. Under these synthetically prominent
conditions, aggregation events occur on minute rather than
microsecond time scales.'” In this limiting case, 5 deaggregates
to give 48 reversibly, and complexation to form 49 is rate
limiting (k_, << k;). There are two possible outcomes,
depending on whether a post-rate-limiting exchange of ArH
and ArD occurs before proton transfer (Scheme 7). In the first

Scheme 7
ipe  JTHF
i-pr=N-Li~THF
ArH
i-Pr JHE ArLi(THF)
NI T 3 rLia
i-pr~N-Li ArH | |AD }
THF \ / 50
a8 ADX ., THF kp
i-pr=N-Li-THF
ArD
49-d,

scenario, 49 metalates to give 50 as quickly as it is formed—
ArH does not dissociate from 49 nor do 49 and 49-d, exchange
by any mechanism. The rate law is still described by eq 23, and
the metalation rates would depend on both the structure and
concentration of ArH. The standard and competitive isotope
effects, however, would both be unity (kyy/kp, = 1). In a second
scenario, a scenario that reflects the experimental observations,
formation of 49 is rate limiting but exchange of 49 and 49-d,
with free arene occurs before proton transfer. Whereas the
standard isotope effect would be unity because the proton
transfer is post rate limiting, the facile ArH—ArD exchange
gives the LDA monomer a choice of which substrate to
metalate: the preference for ArH over ArD would be
pronounced, making the competitive isotope effect large. If
the reaction is followed to full conversion, one would observe
biphasic kinetics as observed in Figure 6. This particular
scenario has the added constraint that rapid ArH—ArD
exchange has to be an associative substitution of the arenes
rather than a dissociation to uncomplexed monomer 48. To
assume that 48 and 49 are at equilibrium is tantamount to
assuming proton transfer (k;) is rate limiting, which conflicts
with the central tenet of case 2 that complexation is rate
limiting.

Case 3: Rate-Limiting Deaggregation. Assuming that
deaggregation of dimer $ to form monomer 48 is rate limiting,
the reassociation of two monomers would be slow compared to
complexation and all subsequent steps (k_,[48]* < k,[ArH]-
[48] and k;[49]). The rate law would show a first-order

4224

dependence on LDA concentration, an order in THF reflecting
the number of additional ligands required to deaggregate dimer
S, and a rate that is independent of the ArH concentration
(zeroth order). Whereas the standard isotope effect would be
unity, the competitive isotope effect would be large provided
that ArH—ArD exchange on monomer 49 is fast relative to proton
transfer. Unlike the more restrictive case 2, a facile 48—49
equilibrium suffices. Case 3 corresponds to an uncatalyzed/
unmediated rate-limiting LDA deaggregation, a deaggregation
that should occur in LDA/THF solution in the absence of any
other species.

Case 4: Partial Rate-Limiting Proton Transfer. This simple
example offers an excellent opportunity to illustrate the concept
of partial rate limitation. Allusions are made throughout the text
to the appearance of upward curvature arising from either
catalysis or deuteration (see Figures S and 6 for examples).
Curvature will appear if a rate-limiting deaggregation (zeroth-
order decays; case 3) shifts to a rate-limiting proton transfer
(first-order decays; case 1). This shift can occur either by
facilitating the reaggregation (k_,[48]*) or by retarding the
proton transfer (k;[49]). Acceleration of the reaggregation was
discussed generically in the context of catalysis and eq 22 and
becomes germane to the mixed aggregation effects discussed
below. The metalation can be retarded through deuteration via
the affiliated large kinetic isotope effect.

We have described very complex behavior—changes in
curvatures, reaction orders, and isotope effects—that could
stem from a relatively simple mechanism by assuming that
deaggregation, complexation, or proton transfer could be rate
limiting. Reality may be even more complex. For the time
being, readers should ignore the possible intermediacy of the
tetramers illustrated in Scheme 1 (we will return to these
shortly) and focus on the cascade leading from LDA dimer § to
monomer 26 (Scheme 2). Recall that the computed activation
barriers rise across the sequence with the final deaggregation to
form monomer the highest barrier."?

What would happen if one of the dimeric intermediates in
Scheme 2 could react with ArH? Take, for example, a reaction
involving open dimer 29 (Scheme 8). If 29 and corresponding
substrate-LDA complex 51 are both formed reversibly, proton

Scheme 8
THF ArH
iPr, Li .iPr _ K ipr,  Lii-pr RAHD ol e
i-PreNp N~ipr i-Pr~ N~i-Pr i-Pr~ N~i-Pr
i 1 Li, -2 L
THF THF  THF THF THF
5 29 51
k3
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dx.doi.org/10.1021/jo302408r | J. Org. Chem. 2013, 78, 4214—4230



The Journal of Organic Chemistry

Featured Article

transfer will be rate limiting. Such open-dimer-based reactions
are well-precedented.’” By analogy to the monomer-based
metalation in Scheme S, however, we posit that the rate-limiting
step could be complexation or deaggregation. On repeating the
very same analysis described by cases 1—4 (above), the reaction
orders and kinetic isotope effects (standard and competitive)
are predicted to change markedly depending on the relative
magnitudes of the rate constants. We need not repeat this
analysis here.

Now imagine that any of the intermediates in Scheme 2
could be intercepted, depending on the choice of substrate.
Because of the rise in the barriers along the cascade,
intercepting an early intermediate would, all other parameters
being equal, afford observed reaction rates that are higher than
if an intermediate later in the cascade is intercepted. Moreover,
the observed rates, reaction orders, and kinetic isotope effects
would depend on which intermediate is intercepted by
substrate and which step—deaggregation, complexation, or
proton transfer—is rate limiting. The huge variations in rate
behaviors and substrate dependencies could create chaos.

Role of Rate-Limiting Steps: Substrate-Dependent
Mechanisms. The evidence collected to date supports this
general paradigm. Metalation of carbamate 6 shows a distinct
ArH concentration dependence via rate-limiting transition
structure, [A,S,(ArH)]¥, which could correspond to rate-
limiting complexation (43) or ArH-dependent deaggregation
(44). Prompted by the studies described in this manuscript,
follow-up studies showed that the proton transfer step during
the metalation of 6 is post rate limiting, and the analogous
deuterium transfer is partially rate limiting.”® Metalation of
arene 10 (eq 4) displays a contrasting zeroth-order dependence
on substrate traced to a rate-limiting partial deaggregation via a
disolvated-dimer-based transition structure (13); complexation
and metalation of substrate are post-rate-limiting steps. The
large competitive isotope effect indicates that the post-rate-
limiting proton transfer is necessarily preceded by a facile
ArH—ArD exchange. By slowing the metalation with isotopic
labeling, the post-rate-limiting metalation of 10 was shown to
involve tetra- and pentasolvated dimers (triple ions 14 and 15).
With the aid of efficient LiCl-catalyzed dimer—monomer
exchange that causes a further shift in the rate-limiting step,
the critical deprotonation occurs via monomer-based transition
structures 16 and 17.

The notion of several possible rate-limiting deaggregations
depending on choice of substrate or conditions is reinforced by
comparing previous studies of 1,4-additions of LDA (eq $).
Whereas metalation of arene 10 proceeds via rate-limiting
transition structure 13, 1,4-additions occur via transition
structure 20. The different solvation numbers of 13 and 20
distinguish them as distinctly different rate-limiting deaggrega-
tion events. We showed that both react via monomers under
LiCl catalysis.

We can now place the metalation of pyridine 1 in context.
Standard isotope effects approaching unity for metalations of 1
and 1-d}, in conjunction with large competitive isotope eftects
and biphasic kinetics (Figure 6), offer compelling evidence of a
post-rate-limiting proton transfer. The first-order substrate
dependence corresponds to either rate-limiting complexation
(43) or deaggregation (44). A large competitive isotope effect
and biphasic kinetics (Figure 6) show that facile ArH—ArD
exchange (akin to that illustrated in Scheme 7) must occur after
the rate-limiting step but before the proton transfer. Although
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we cannot rigorously exclude substrate complexation to form
49 as rate limiting, we favor rate-limiting deaggregation via 48.

On the Role of Tetramers. LDA orders in the range of
1.2—1.7 suggest contributions from higher aggregates. What
makes these orders so odd is that other reactions involving rate-
limiting deaggregations (eqs 3—S) seem to proceed only via
dimer-based pathways. We must confess that we still worry that
unseen variables in the metalations of 1 are causing mischief,
but no amount of experimentation eliminated this inconvenient
truth. They are also appearing in ongoing studies of other
ortholithiations.

A trimer-based mechanism to explain the high, fractional
orders (eqs 8—10) was dismissed for the simple reason that
trimer formation seems to require LDA monomer as an
intermediate, and monomers were shown to be efficacious
intermediates in their own right. Consequently, we turned to a
composite mechanism invoking parallel pathways via LDA
dimers (eqs 6 and 7) and tetramers (eqs 11 and 12).*’
Spectroscopic and computational studies of tetramer-based
aggregate exchanges summarized in Scheme 1 are telling."”
Moreover, rate studies of LiCl- and ArLi-catalyzed deaggrega-
tions implicate mixed tetrameric intermediates (below) as do
analogous studies of LDA-lithium enolate condensations.*
Thus, the evidence supporting tetrameric intermediates is
considerable.

We have two fundamental questions about tetramers for
which we can only offer some rather speculative answers:

Could tetramers serve as intermediates en route to
monomers? The high energetic cost of deaggregating LDA
dimer $ via transition structure 20 stems, at least in part, from
the concurrent formation of two high energy species. To use an
analogy, this might be akin to a solvolysis that forms a
carbocation and an alkoxide. Circumventing the dilemma posed
by solvolyses requires stabilizing one of the two fragments,
making it a good leaving group. For the dissociation of a
tetramer to a trimer and monomer, trimeric ladder 25 assumes
the role of leaving group, demanding liberation of only one
highly destabilized monomer. Further deaggregation of 2§
reaps the benefits of a dimer-based leaving group. If tetramers
are indeed the intermediates en route to monomers (eq 24),
the principle of microscopic reversibility demands that the
reaction in reverse, the conversion of monomers to dimers, also
proceed via tetramer intermediates.*® That is an odd concept.

M, = A, = A +A= A, +2A (24)

Why are LDA tetramers affiliated with the metalation of
some but not all substrates? The short answer is that we do not
know. A slightly more constructive answer is that the properties
that enable fluoropyridines to intercept a particular dimeric
intermediate in Scheme 2 might correlate with the properties
allowing them to intercept ladders (see 45 or 46). Further
speculation should probably await additional exam-
leg, 1339b—e,51

LiCl-Catalyzed LDA Deaggregation. The role of LiCl
catalysis, both the mechanistic details and the role of catalysis in
probing the mechanism of the metalation, demand further
consideration. Effects of lithium salts on organolithium
structure and reactivity, so-called mixed aggregation effects,
are now legion.>> Mechanistically well-defined examples,
however, are quite rare by comparison.”” These salt effects
are presumed to derive from the direct reaction of mixed
aggregates with substrates. The critical assumption is that the
LiX salt, whether observably affiliated with the reactant or not,

dx.doi.org/10.1021/jo302408r | J. Org. Chem. 2013, 78, 4214—4230



The Journal of Organic Chemistry

Featured Article

is intimately involved in the rate- or product-determining
transition structure(s). The role of LiCl in LDA/THE-
mediated metalations at —78 °C are altogether different. To
the best of our knowledge, LiCl-catalyzed deaggregation to
monomer is undocumented. It will only be observed for
reactions in which deaggregation is either rate limiting or is
precluded altogether by a high barrier (forcing reaction out of
the aggregated form). No catalysis by LiCl will be observed if
all aggregation states fully equilibrate on the time scales of
reaction without added catalyst.

Previous studies of ortholithiation'' foreshadowed catalysis
by LiCl. Rate studies described herein confirmed a LiCl-
catalyzed deaggregation of LDA dimer to monomer. We found
a second-order saturation behavior in LiCl (Figure 8) that does
not derive from Michaelis—Menten kinetics but rather from a
shift in the rate-limiting step from LDA deaggregation to
proton transfer. The rate studies implicate the fleeting
intermediacy of heterotetramers, A,(LiCl),. We hasten to add
that the resting state of LiCl is a mixture of mixed trimer 32 and
dimer 33; we have minimal insights into the fate of the mixed
aggregates during the metalation. In light of the discussion of
homotetramer-based intermediates in Scheme 1 and mixed
tetramer intermediates from aryllithium catalysis, however, the
high order in LiCl seems more than coincidental, suggesting the
intermediacy of LDA—LiCl mixed tetramers such as in Scheme
9 (X = Ar)."*">>® Alternatively, serial condensation of LDA

Scheme 9
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i-Pr

dimer § with two LiCl monomers would afford isomeric ladder
53 that could split into mixed dimers and eventually yield
monomeric LDA.

As noted previously, chloride ion could also function as a
strongly binding THF equivalent to facilitate deaggregation
(Scheme 10).>° The intermediacy of complex ion 5§ is
consistent with both the high LiCl order and positive order
in THF. The cationic triple ion fragment (Li—ClI-Li),>* the
chloride adduct of a lithium amide open dimer,*® and transition
structure 56 bearing a bridging THEF ligand have computational
and experimental support.>®

Although the mechanistic details of the catalysis are both
complex and interesting in their own right, the role that such
catalysis played in probing the mechanism is especially
important. Recall from the tutorial on rate limitation that
catalyzing the reaggregation elicits a shift in the rate-limiting step
(Scheme S). Rate studies show that catalyzing the dimer—
monomer preequilibrium shifts the rate-limiting step from
deaggregation of dimer 5 to monomer-based proton transfer,
which allowed us to examine some details beyond the
deaggregation. We hasten to add, however, that monomer-
based metalations with catalysis do not necessarily implicate
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monomer-based metalations in a post-rate-limiting metalation
without catalysis.

Autocatalysis. Catalysis by aryllithium 3, so-called
autocatalysis, shows strong parallels with the catalysis by LiCL
The role of mixed tetramers (Schemes 9 or 10) is gleaned from
both second-order saturation behavior (Fi§ure 12) as well as
from the method of continuous variations™* (the Job plot in
Figure 11). The maximum at equal parts LDA and ArLi and
curvatures in Figures 11 and 12 strongly support a 2:2
stoichiometry. Autocatalysis previously observed for metal-
ations of fluorocarbamates (eq 3) differ in two respects: (1)
autocatalysis of the carbamate metalation appears to occur via a
mixed-dimer-based transition structure, [A(ArLi) ¥, rather than
via mixed tetramers, and (2) LDA—ArLi mixed dimers are
observable for carbamate-derived aryllithiums whereas no
mixed aggregates of any kind are observed for pyridyllithium 3.

Lingering Issues. We sought evidence that the miniscule
nonzero intercept in Figure 2 corresponds to a rate-limiting
deaggregation in which substrate plays no role whatsoever. In
principle, all LDA-mediated reactions that share a common
rate-limiting deaggregation would necessarily share common
transition structures and reaction rates. This notion is
supported by similar rates observed at ultra low concentrations
of 1, 1-d,, 2, and 2-d,>” as well as similar rates for several arene
ortholithiations® and LDA-mediated 1,4—additions.Sb The
intervention of a putative tetramer-based pathway, however,
even at ultra low substrate concentration, precludes a simple
analysis.

The implication of tetramers—homotetrameric LDA as well
as LDA-LiCl and LDA—ArLi mixed tetramers—displays a
substrate specificity suggesting that only some substrates can
trap fleeting tetrameric intermediates. Failed attempts to mimic
the catalysis by adding 34—37, however, underscore an inability
to identify some special structural feature of fluoropyridines.
Limited evidence that difluoropyridine 2 is more efficient than
1 at mediating the rate-limiting deaggregation simply adds to
the mystery of how substrates assist deaggregations.

Despite evidence that different substrates can intercept
different intermediates along the dimer—monomer and dimer—
tetramer cascades, we suspect that the chemistry may funnel
through LDA monomers in many instances with only substrate-
dependent rate-limiting steps varying. The evidence that LiCl
and ArLi accelerate the reaction by catalyzing the LDA dimer—
monomer equilibration is compelling. Whereas the case for
uncatalyzed monomer-based 1,4-additions (eq S) is also
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compelling, the evidence of monomer-based intermediates in
the uncatalyzed metalation of 1 is strong but still circumstantial.

It is clear that different lithium salts display markedly varying
capacities to elicit accelerations of LDA-mediated reactions by
catalyzing the deaggregation. We have made progress toward
understanding the dynamics of LDA aggregate exchanges in
THE. However, the mechanisms of deaggregation and
aggregate—aggregate exchange for LDA dimer $ and LDA—
LiX mixed aggregates remain poorly defined and likely to be
revealed only reluctantly.

B CONCLUSIONS

For years, we studied LDA-mediated reactions between —5$
and 0 °C. At these temperatures, all aggregation and solvation
events are rapid relative to reactions with substrates. It is now
clear that LDA dimer $ deaggregates and exchanges with LiX
aggregates with half-lives of many minutes in THF at —78 °C.
Consequently, any reaction of LDA that proceeds at
measurable rates in THF at —78 °C is likely to be influenced
by the rates at which aggregates exchange. Such rate-limiting
aggregation events prove highly susceptible to autocatalysis as
well as to catalysis by added lithium salts.

Lithiations of 2-fluoropyridines described herein are probably
the most vexing reported to date, but a coherent mechanistic
paradigm is emerging. Progress is incremental largely because
of our profoundly limited understanding of how organolithium
aggregates exchange. The notion that two substrates can react
via rate-limiting deaggregations in which the critical deag-
gregation steps are different is odd. Evidence is also mounting
that different transient aggregates of LDA can be intercepted
depending on the precise structure of the substrate. Moreover,
evidence is mounting that LDA monomers can form not only
via both direct deaggregation of dimers but also via homo- and
mixed-aggregated fetramers, a conclusion we draw with some
trepidation. We will be watching for additional support as
studies continue.

In closing, we ask a simple question: Are the efforts to
untangle this mess justifiable? We believe the answer is yes. Of
practical importance, commercial LDA is free of LiCl, whereas
LDA generated in situ from n-BuLi contains sufficient LiCl to
catalyze deaggregation. The relative reactivities of the two
forms of LDA can vary by as much as 10°. At a more academic
level, the rate-limiting aggregation events observed for LDA/
THEF are offering what may be a unique window into the details
of aggregate exchanges. And, of course, LDA is one of the most
commonly used reagents, suggested by one extensive survey to
be the most commonly used reagent,**in organic synthesis. It
seems self-evident that understanding its chemistry is worthy of
considerable effort.

B EXPERIMENTAL SECTION

Reagents and Solvents. THF and hexanes were distilled from
blue or purple solutions containing sodium benzophenone ketyl. The
hexane contained 1% tetraglyme to dissolve the ketyl. LiCl-free LDA
was prepared and multiply recrystallized as described previously.™
Solutions of LDA were titrated using a literature method.*® Arenes 1
and 2 are commercially available. Deuterated analogues were prepared
as described below. Et;N-HCl was recrystallized from THF/2—
propanol. Compound 37 is known.*

3-Deutero-2-fluoropyridine. A 1.6 M solution of n-butyllithium
(222 mL, 35.6 mmol) in hexanes was added via syringe to a solution
of dry diisopropylamine (5.0 mL, 3.61 g, 35.6 mmol) in dry THF at
—78 °C under argon. After the solution was stirred for 20 min, 1.0
equiv of 2-fluoropyridine (3.0 mL) was added to the LDA solution.
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The solution was stirred at —78 °C for 1.0 h, after which 1.0 equiv of
n-butyllithium was added to the solution via syringe and the reaction
was quenched with a THF/D,0 (10:1, 10 mL) after 15—20 min of
stirring. The organic layer was washed with aqueous NaCl (3 X 10
mL), dried over Na,SO, and filtered. Distillation and flash
chromatography (pentane/ether) afforded 3—deutero—2—fluoropyr-
idine (2.4 g, 27.6 mmol) as a colorless liquid in 80% yield and 98%
deuteration as shown by "H NMR spectroscopy.

2-Fluoro-4-(trimethylsilyl)pyridine (36). A 1.3 M solution of i-
PngCl-LiC161 (31.5 mL, 40.9 mmol) in THF was added via syringe
to a solution of commercially available 4-bromo-2-fluoropyridine (6.0
g 34.1 mmol) in dry THF (25 mL) at 0 °C under Ar. After the
completion of Br/Mg exchange (checked by GC analysis of quenched
reaction aliquots), the supernatant obtained from centrifuging ~3
equiv of 3:1 Me;SiCl/Et;N was added to the solution, and the solution
was stirred at rt for ~15 h. The reaction was quenched with water and
the organic layer was washed with aqueous NaCl (3 X 10 mL), dried
over Na,SO,, filtered, and evaporated to dryness under reduced
pressure. Distillation under reduced pressure followed by flash
chromatography (pentane/ether) afforded 2-fluoro-4-(trimethylsilyl)-
pyridine (5.2 g 30.7 mmol) as a colorless liquid in 90% yield: 'H
NMR (CDCl,) § 8.14 (dt, ] = 4.8, 0.9 Hz, 1H), 7.22 (m, 1H), 6.99 (m,
1H), 0.27 (s, 9H). Inset shows the peaks in the aromatic region; 13C
NMR (CDCly) 6 163.5 (d, ] = 242.3 Hz), 157.7 (d, ] = 4.9 Hz), 146.8
(d, ] = 129 Hz), 125.5 (d, J = 4.0 Hz), 1139 (d, J = 33.6 Hz), —1.6
(s). HRMS (CgH,NFSi, double-focusing sector mass analyzer with 70
eV electron impact ionization) requires m/z 169.0723, found
169.0727.

IR Spectroscopic Analyses. IR spectra were recorded using an in
situ IR spectrometer fitted with a 30-bounce, silicon-tipped probe. The
spectra were acquired in 16 scans at a gain of 1 and a resolution of 4
cm™'. A representative reaction was carried out as follows: The IR
probe was inserted through a nylon adapter and an O-ring seal into an
oven-dried, cylindrical flask fitted with a magnetic stir bar and a T-
joint. The T-joint was capped with a septum for injections and a
nitrogen line. After evacuation under full vacuum, heating, and flushing
with nitrogen, the flask was charged with LDA (107 mg, 1.00 mmol) in
THF (9.9 mL) and cooled in a dry ice—acetone bath prepared from
fresh acetone. After recording a background spectrum, arene 1 (100
uL) was added with stirring. IR spectra were recorded at 30-s intervals
over the course of the reaction. Absorbances corresponding to the
arene moieties were monitored.

NMR Spectroscopic Analyses. All NMR tubes were prepared
using stock solutions and sealed under partial vacuum. Standard °Li,
1C, and '°F NMR spectra were recorded on a 500 MHz spectrometer
at 73.57, 125.79, 50.66, and 470.35 MHz (respectively). The °Li, '*C,
15N, and '°F resonances are referenced to 0.30 M [°Li]LiCl/MeOH at
—90 °C (0.0 ppm), the CH,O resonance of THF at —90 °C (67.57
ppm), neat Me,NEt at —90 °C (25.76 ppm), and C¢H,F in neat THF
at —78 °C (—113.15 ppm), respectively.

Rate Studies Using '°F NMR Spectroscopy. The rates of
metalation were monitored using '"F NMR spectroscopy on a 500
MHz spectrometer at 470.35 MHz. Isotopic perturbation is sufficient
to resolve the resonances of 1, 2, 3 and 4 by '°F NMR spectroscopy.
Spectroscopic samples were prepared by injecting 100 uL of
fluoropyridine via 25 pm id. flexible capillary tubing by gastight
syringe directly into the solution of LDA (500 uL) at —78 °C in the
NMR probe. The LDA solution is allowed to cool at =78 °C for
couple of minutes prior to injecting the substrate solution. Previous
studies have shown that the temperature equilibration occurs in <30 s
after the addition of substrate.”* T1 relaxation times were determined
for all species, and the delay between scans was set to >5 X T1 to
ensure accurate integrations.

Computations. DFT computations were optimized at the B3LYP/
6-31G(d) level®® with single-point calculations at the MP2 level of
theory. Saddle points were verified by a single negative frequency.
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