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Enhancing Metalating Efficiency of the Sodium Amide NaTMP in

Arene Borylation Applications

Leonie J. Bole*, Andreu Tortajada’, and Eva Hevia*

/Abstract: Though LiTMP (TMP=2,2,6,6'-tetrameth-
ylpiperidide) is a commonly used amide, surprisingly the
heavier NaTMP has hardly been utilised. Here, by
mixing NaTMP with tridentate donor PMDETA
(N,N,N',N",N"-pentamethyldiethylenetriamine), we pro-
vide structural, and mechanistic insights into the sodia-
tion of non-activated arenes (e.g. anisole and benzene).
While these reactions are low yielding, adding B(OiPr),
has a profound effect, not only by intercepting the C,,-
Na bond, but also by driving the metalation reaction
towards quantitative formation of more stabilized
sodium aryl boronates. Demonstrating its metalating
power, regioselective C2-metalation/borylation of
naphthalene has been accomplished contrasting with
single-metal based protocols which are unselective and
low yielding. Extension to other arenes allows for in situ
generation of aryl boronates which can then directly
engage in Suzuki-Miyaura couplings, furnishing a range

of biaryls in a selective and efficient manner. )

High Brgnsted basicity coupled with low nucleophilicity
are the properties of alkali-metal amides that have propelled
these reagents to the forefront of organometallic synthesis.!"
The lithium amides LIHMDS, LiDA and LiTMP (HMDS =
1,1,1,3,3,3-hexamethyldisilazide, DA =diisopropylamide,
TMP =2,2",6,6'-tetramethylpiperidide) find the most utility,
in part due to their substantial stability and solubility in
hydrocarbon solvents.! Often lacking these desirable traits,
organosodium reagents, including sodium amides, have by
comparison received much less study (Figure la). With
increasing focus on sustainability, that picture is beginning
to change with chemists turning attention to earth abundant
sodium and organosodium compounds which are more
reactive than lithium congeners.”) Elemental sodium has
been prominent in this work. Wagner and Mioskowski used
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Figure 1. a) Alkali-metal non-nucleophilic basic amides, b) selected X-
ray characterised structures of NaTMP, and c) reactivity of NaTMP
towards anisole.

sodium dispersions for in situ generation of an alkyl sodium
for directed ortho metalation (DoM) of a small selection of
activated arenes.! More recently, using sodium in the form
of dispersion or packed-bed reactors, Takail” and Knochel®
have separately reported efficient protocols for halogen/
sodium exchange, for efficient preparation of organosodium
compounds and their application in deprotonative metal-
ation or transition-metal catalysed cross-coupling reactions.
Despite these advances, knowledge on the organosodium
intermediates involved in these reactions, which could help
control their high reactivity and overcome poor solubility
has been scarce.

A well-known strategy used to increase the solubility of
poorly lipophilic organometallic reagents has been to
introduce Lewis donor solvents and additives, facilitating
deaggregation to permit access to more kinetically activated
entities.”” Collum has assessed the reactivity of Et,0 and
THF solutions of both NaHMDS and NaDA in metalation
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and dehydrohalogenation reactions.®! Combining insightful
theoretical and Kkinetic studies, this work probes the
solvation states of both NaHMDS! and NaDA” in various
aromatic and Lewis donor solvent media, finding the
trimeric forms of both amides breakdown to smaller, more
reactive dimers and monomers. In contrast, except for a few
recent reports,'! the Brgnsted basic properties of NaTMP
are less understood and less utilised. This is surprising given
the eminence that LiTMP holds as a strong base spanning
applications within directed ortho metalation,”? turbo-
Hauser chemistry,m] and, in more recent years, Trans-Metal
Trapping (TMT).!" Filling this gap in the knowledge, here
we use NaTMP for arene metalation focusing especially on
identifying the organometallic intermediates in these trans-
formations. We also assess the role that additives play in
boosting the reactivity of NaTMP, uncovering the regiose-
lective metalation of non-substituted arenes such as benzene
and naphthalene and add a new sodium-mediated method
for arene borylation.

Lappert and Mulvey uncovered the classic trimeric ring
structure of unsolvated NaTMP in the solid state (Fig-
ure 1b),! which breaks down to more soluble and poten-
tially more reactive dimers on adding TMEDA (N,N,N',N'-
tetramethylethylenediamine) or THF.['

Using anisole as a model substrate for directed ortho
metalation, we started assessing its reactivity towards
NaTMP in hexane in the absence of any donor.'” This
reaction delivered metalation in a modest 16 % yield after
iodolysis (Figure 1c). Repeating the reaction adding TME-
DA increased the yield of 2-iodoanisole to 35 %, in evidence
of an increased reactivity of NaTMP upon its deaggregation

Communications

Angewandte

intemationaldition’y) Chemie

induced by the Lewis donor. Addition of tridentate
PMDETA, which has been cited as a superior donor for
NaDA due to its hemilability,""! led to almost identical
conversions to those for TMEDA (36 %, Figure 1c).

Next, the reactions of NaTMP, PMDETA and anisole
were monitored by '"H NMR spectroscopy (C¢Dy,, 298 K).
Formation of mixed-aggregate [(PMDETA),Na,(TMP)-
(C¢H,-OMe)] (1-:PMDETA) was observed almost instanta-
neously (Figure2, see Supporting Information for full
details) in a 43% yield, based on anisole metalation.
1. PMDETA contains an unreacted TMP anion which, even
in the presence of excess anisole, does not react further,
providing a rationale to explain the <50% yields of 2-
iodoanisole (Figure 1c, x=1). 'H DOSY NMR experiments
of the reaction mixture confirm the mixed aryl/amide
constitution of 1.PMDETA whose signals diffuse together
with those of PMDETA. The same solution behaviour
occurred using TMEDA, giving [(TMEDA),Na,(TMP)-
(CsH,-OMe)] (1'TMEDA) (see Supporting Information for
details, including '"H DOSY NMR studies).

Complexes . PMDETA and 1 TMEDA were isolated as
crystalline solids. Determined by X-ray crystallography, the
structure of 1'-TMEDA (Figure 2b) is dinuclear, with each
Na chelated by TMEDA and bridged by a TMP and ortho-
sodiated anisyl fragment in a mixed “dimer”. While the
TMP group interacts almost equally with Nal and Na2
[Nal-N3, 2.4195(9); Na2-N3 2.4322(9) A], the aryl fragment
binds strongly to Na2 [Na2-C13, 2.5323(10) A]; while Nal
interacts with the OMe O atom and forms a long distance
interaction with the metalated C [Nal-C13, 2.7330(14) A].
As far as we know, this compound represents a rare example
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Figure 2. Metalation of anisole with NaTMP with TMEDA or PMDETA, followed by quenching with B(OiPr);. a) '"H DOSY NMR studies of the
reaction with PMDETA, b) Molecular structure of 1.-TMEDA and c) Molecular structure of 2:(THF); with 30% probability displacement ellipsoids. All
H atoms have been omitted, for 1. TMEDA cell unit contains two identical structures, but just one is shown and for 2:(THF);, C atoms in THF are

shown as wires for clarity.
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of a structurally-defined mixed sodium-aryl/sodium-amido
complex, particularly given it formed from attempted syn-
thesis of the Na—Ar. Co-complexes of this nature have been
proposed before by Collum and labelled as “fleeting
intermediates” en route to the Na—Ar,* with 1TMEDA
allowing for structural proof of this proposal.

Monitoring these in situ reaction mixtures of equimolar
amounts of NaTMP, anisole and PMDETA (or TMEDA)
revealed that over extended periods of time, the TMP group
present in 1 is not able to metalate the remaining anisole in
solution (see Supporting Information), and that after 4 h at
room temperature decomposition of 1 is observed.

Our previous work in TMT has used a Lewis acidic
trapping agent such as iBu;Al or Ga(CH,SiMe;); to shift the
equilibrium of deprotonation using LiTMP, leading to more
stabilised ate intermediates in near quantitative yields, but
with limited applications in onward functionalisation.!™!
Furthermore, attempts to extend this approach to NaTMP
revealed its preference to undergo co-complexation with
Ga(CH,SiMe;);, forming an unreactive gallate complex.!"?
We pondered if switching the Lewis acid component to a
boron-based species could overcome these limitations and
offer further synthetic opportunities post-transmetalation
stage. From the literature trialkylborates seemed good
candidates to quench organometallic intermediates."” How-
ever, the nature of this trialkylborate seems to be influential
in the speciation of the borates obtained with organometallic
reagents”®! and more importantly, it should not react with
NaTMP prior to arene deprotonation. Pleasingly, when one
equivalent of B(OiPr); was added to a mixture of NaTMP,
anisole and PMDETA in hexane, complete consumption of
anisole occurred with almost quantitative formation of 2-
anisylboronate 2 (Figure2). Crystals suitable for X-ray
crystallography could be grown from the reaction mixture,
confirming the selective formation of the C—B bond; where-
as Na is hexacoordinated, bonded to six O atoms, two from
OiPr groups on B, one from the anisole OMe and three
from THF, which was added to aid crystallisation (2-(THF)s,
Figure 2c). Addition of 1.0 M HCl,,, produced boronic acid
3 in an 83 % yield, confirming the synergistic TMT effect of
NaTMP, PMDETA and B(OiPr); to promote the efficient
ortho-functionalisation of anisole. These findings have
uncovered the compatibility of NaTMP and B(OiPr); in the
reaction conditions, and the fact that upon addition of the
Lewis acidic boron, the residual TMP fragment of 1.:PMDE-
TA can be activated to react with the remaining substrate in
solution, driving the deprotonation to a near quantitative
yield. Thus, unlike previous studies where trialkylborates
have been used for electrophilic interception,'” here the
role of B(OiPr); goes beyond a simple quenching agent for
the aryl sodium intermediate, pushing the Na—H exchange
process to completion.

To shed light on how the different components of this
synergistic mixture operate we carried out a systematic study
changing the alkali-metal amide, Lewis donor, and boron
reagent (Table 1).

Showcasing a strong alkali-metal effect, using LiTMP
instead of NaTMP gave 3 in a poor 13 % yield (Table 1,
entry 2). This is surprising as LITMP has shown promise in
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Table 1: Deprotonation/borylation of anisole with alkali-metal amides.

o~ NaTMP (1 eq.) o~

. B(OiPr); PMDETA(1 eq) B(OH),
(1eq)

Hexane, rt, 2h
then HCI (1 M)

3

Entry Deviation from the standard conditions Yield 3 [%]
1 None 83

2 LiTMP instead of NaTMP 13

3 NaHMDS instead of NaTMP 0

4 NaCH,SiMe, instead of NaTMP 1

5 TMEDA instead of PMDETA 82

6 Reaction in the absence of PMDETA 31

7 THF instead of Hexane 1

8 B(OMe); instead of B(OiPr); 10

9 BCl; instead of B(OiPr), 4

Yields calculated by "H NMR spectroscopy using CsMeg (10 mol %) as
an internal standard.

metalation of arenes (including anisole) using TMT
approaches.'" The choice of sodium amide also seems to be
crucial as NaHMDS fails to form 3, which can be attributed
to the lower basicity of HMDS (entry 3). Using an alkyl
sodium reagent, NaCH,SiMe;, instead of NaTMP did not
increase the product yield (entry 4). In this case, monitoring
the reaction prior to the hydrolysis step suggests that that
the alkyl sodium reacts preferentially with the boron,
forming a sodium borate which is inert towards anisole
metalation. Benefitting this case, the bulky amide NaTMP
and B(OiPr); do not form a co-complex in solution, as
judged by "B NMR spectroscopy in C¢D;, evidenced by a
resonance at d~17.5 ppm, indicative of free B(OiPr);.*!
Replacing PMDETA by TMEDA, did not have any
significant affect (entry 5). This is consistent with our 'H
DOSY NMR studies which indicate that in C¢D;, solutions
and in the presence of one molar equivalent of these Lewis
donors, NaTMP exists as a dimer. However, with no donor
the yield of borylation decreases to 31 % (entry 6), probably
due to the higher aggregation (and lower kinetic basicity) of
unsolvated NaTMP, which does not dissolve in hexane (or
C¢Dy,) even in a large excess of anisole, suggesting that its
trimeric structure in the solid state is retained. Contrastingly,
using THF as a solvent inhibits the formation of 3, possibly
due to the fast degradation of NaTMP at room temperature
in this ethereal solvent (entry 7). The choice of the electro-
philic boron-containing partner also seems to be important.
Thus, using B(OMe); which has been previously used as a
quenching agent in organolithium chemistry gives 3 in a
poor 10% yield; whereas BCl; affords only 4% of 3
(entries 8 and 9). NMR studies indicate that NaTMP reacts
with the B reagents prior to metalation, though not forming
basic TMP-species. These findings suggest that the high
yielding borylation of anisole is the result of the close
interplay between the sodium amide with the donor
PMDETA (or TMEDA) and B(OiPr); (Scheme 1). Thus,
kinetic activation of the sodium amide by the formation of
smaller [Na(TMP)(N-donor)],' aggregates seems to be key
as well as the fact that B(OiPr); reacts preferentially with
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Scheme 1. Proposed reaction pathway for sodium-mediated borylation
of anisole.

the Na(anisyl) fragment rather than Na(TMP), regenerating
more base that can then react with the anisole present,
pushing the metalation to completion by forming a more
stabilized sodium boronate II-OiPr (Scheme 1). The steric
incompatibility of NaTMP and B(OiPr) is also key, as shown
when monitoring the reaction using B(OMe);, which showed
almost instantaneous decomposition of the sodium amide,
furnishing II-OMe in low yield (see Supporting Information
for details).

To examine the scope of the optimised conditions, we
shifted our attention into more unreactive and challenging
non-substituted arenes. Under the same conditions, we
observed that benzene and naphthalene could be deproto-
nated at room temperature and rapidly trapped with B-
(OiPr); to form the tetracoordinated boronates [PhB-
(OiPr);Na(PMDETA)] 4) and
[(C,;H;)B(OiPr);Na(PMDETA)] (5) in isolated crystalline
yields of 26% and 44 %, respectively. The solid state
structures of 4 and § were elucidated by X-ray crystallog-
raphy, confirming the selective formation of a C—B bond
with the Na atoms in a pentacoordinated environment,
comprising chelating PMDETA and two O atoms from OiPr
substituents (Figure 3). Interestingly, with naphthalene the
deprotonation occurred exclusively in the 2-position, in
contrast to the unselective mono- and double- deprotonation
that is seen when nPentNa or the Lochmann-Schlosser
superbase (nBuLi/KO¢Bu) are used;”? whereas nBuLi/
TMEDA fails to deprotonate this arene. Remarkably, by
monitoring these reactions by 'H NMR we also found that
borylation of benzene could also be carried out in the
absence of PMDETA, provided that benzene was used as
the reaction medium with the tridentate Lewis donor being
added only at the end stage to aid in the crystallization of 4.
In this regard, previous theoretical® and structural studies®®”
have outlined the deaggregation capabilities of simple
aromatic solvents like benzene and toluene towards alkali-
metal amides, where smaller, more reactive entities are
consistently achieved and energetically favourable. In our
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Figure 3. Deprotonative borylation of benzene. Molecular structures of
[PhB(OiPr);Na(PMDETA)] (4) and [(CyoH,)B(OiPr);Na(PMDETA)] (5)
with 30% probability displacement ellipsoids. All H atoms have been
omitted for clarity.

case 'H DOSY NMR studies® on solutions of NaTMP in
C¢D¢ suggest the transformation of [NaTMP]; into a
solvated dimer of the form [(C¢Dg),Na,TMP,] with a
calculated molecular weight of 489 gmol™" (+£10%) refer-
enced against SiMe, (Figure 3). An analogously-solvated
dimer of NaHMDS has been cited computationally by
Collum and proposed to be more stable than the parent
trimer.”) Taking a more atom economical approach, the
synthesis of 4 was optimised using just 5 equivalents of C¢Hg
in the presence of PMDETA. The low equivalence em-
ployed here underlines the power of this sodiation/boryla-
tion protocol, given that deprotonative metalation of
benzene frequently requires the arene to be used in bulk
excess as the reaction medium.””! Moreover, these reaction
conditions also outperform typical conditions for C-H
borylation of benzene, which often needs an Ir catalyst, long
reaction times and high temperatures.

Since tetracoordinated aryl boronates have been pro-
posed as transmetalating agents in Suzuki-Miyaura cross-
couplings,”” we explored the possibility of carrying out a
tandem deprotonation-borylation/Suzuki-Miyaura cross
coupling, using one equivalent of NaTMP as the only base
used for both steps. Similar transmetalation of reactive aryl
sodium species to zinc and boron have been reported by
Takai to work in Negishi/Suzuki-Miyaura cross-coupling
reactions using sodium dispersions and arylbromides."™ The
crude mixtures (Int 1, Figure 4) after the deprotonative-
borylation were reacted with an aryl bromide in the
presence of catalytic amounts of PdCl,(dppf) in THF/H,O
solvent to synthesize the biaryls. Good to excellent yields of
cross-coupled products were obtained, proving the applic-
ability of our protocol to prepare biaryl motifs (Figure 4).
Simple, unactivated arenes such as benzene (6a),
naphthalene (6b) and anthracene (6¢) could be successfully
employed, albeit a lower yield was obtained with anthracene
due to its low hexane solubility. Arenes containing methoxy
groups could be used in directed ortho metalation, giving
biaryls after cross-coupling in good yields (6d-6i). Note that
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Figure 4. Tandem deprotonation/borylation and cross-coupling of are-
nes. Conditions: Arene (1 mmol), NaTMP (1 mmol), PMDETA

(1 mmol), B(OiPr); (1 mmol), hexane (10 mL), rt. After 2 h, ArBr

(1 mmol), PdCl,(dppf) (0.05 mmol), THF (5 mL) and H,0 (0.3 mL)
were added, 70°C, 16 h. a) 5 mmol of PhH were used, b) PhBr was
used as ArBr, c) Metalation done at —78°C and warmed to rt.

selective functionalization was obtained for 2-meth-
oxynaphthalene in the C3-position (6e), 1,3-dimeth-
oxybenzene in the C2-position (6g) and 4-methylanisole in
the C2-position (6h) leaving its methyl group intact.
Different fluoroarenes were also amenable to this
method, though the deprotonation step had to be done at
—78° C to avoid decomposition of the highly reactive
sodiated intermediates (6j, 6k and 61). When a OMe group
and a F atom were present in the same molecule, function-
alization was seen exclusively ortho to the fluorine (6k),
mimicking the regioselectivity previously reported for the
Lochman-Schlosser base, consistent with the metalation
driven by the enhanced acidity of the H ortho to the F rather
than by complex-induced proximity effects (CIPE). a,u,0-
Trifluorotoluene was functionalised in good yields, but in
this case a mixture of isomers was obtained, with the meta
isomer the major product. This result contrasts with

Angew. Chem. Int. Ed. 2022, 61, €202204262 (5 of 6)

Communications

Angewandte

intemationaldition’y) Chemie

previously reported metalation with nBuNa, where it occurs
mainly in the ortho site.” Finally, thiazole (6n), N-meth-
ylindole (60) and benzoxazole (6 p) were deprotonated and
cross-coupled successfully in good yields. Limitations to this
method were found when trying the metalation of diazines
or substituted pyridines, where significant decomposition
occurred as the reaction mixtures reached room temper-
ature.

Expanding the synthetic utility of NaTMP, a method for
regioselective arene borylation is reported. Borylation of
non-activated arenes can be accomplished at room temper-
ature, without need of a large excess of the aromatic
substrate. In some cases, there are complementary selectiv-
ities to those typically seen in transition metal catalysed
borylations. Moreover, the aryl boronates obtained could be
used in Suzuki-Miyaura cross couplings without further
manipulation, allowing the synthesis of biaryls in a selective
and efficient way.
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