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Combining a bulky bis(amide) and a reactive one-coordinate TMP
(2,2,6,6-tetramethylpiperidide) ligand, a new mixed K/Zn hetero-
leptic base has been developed for regioselective zincation of
fluoroarenes. This special ligand set allows for trapping and struc-
tural authentication of the first intermediates of direct Zn—-H
exchange of fluoroarenes obtained via deprotonative metallation,
providing mechanistic insights of the processes involved.

Fluoroarenes represent one of the most ubiquitous fragments
present in many biologically active and pharmaceutical
compounds.’ Thus developing methods that allow the incor-
poration of these units into more complex molecular scaffolds
is of increasing importance.” Despite their synthetic relevance,
metallation of fluoroarenes using conventional organolithium
bases represents a significant challenge due to the high sensi-
tivity of the generated metallo-intermediates and their ten-
dency to undergo decomposition (e.g., benzyne formation,
autometallation), even under cryogenic conditions.? Alternative
approaches using bimetallic bases which combine an alkali-
metal with a less electropositive metal such as Zn, Al, Ga or Fe
have been developed to address some of these limitations.*™®
Within this set, alkali-metal zincates are particularly appealing
as they can grant access to valuable fluoroarylzinc intermedi-
ates which can then be functionalised further via C-C bond
forming processes.” For example, Knochel has capitalised on
the mild metallating ability of (TMP)ZnCl-LiCl (TMP = 2,2,6,6-
tetramethylpiperidide) to perform zincation of sensitive aro-
matic substrates including fluoroarenes at room temperature.*
Similarly, Kondo and Uchiyama have demonstrated the reactiv-
ity of lithium zincates LiZn(TMP)R, with haloarenes can be
finely tuned depending on the nature of R, to produce
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polyfunctional haloarenes via zincation/electrophilic intercep-
tion when R = ‘Bu; whereas if R = Me, benzyne intermediates are
formed which can be trapped by dienes in Diels-Alder
reactions.*® While these studies show the practicality of lithium
zincates for metallation of fluoroarenes, no experimental evi-
dence has been collected on the chemistry taking place between
the limits of the starting materials and the zinc-free quenched
products. An alternative method for zincation of fluoroarenes
has recently been developed by Crimmin combining stoichio-
metric amounts of a zinc hydride complex supported by a
sterically demanding Kkinetically stabilising B-diketiminate
ligand with Pd catalysis.® Insightful mechanistic studies have
revealed that these reactions occur via the formation of Pd/Zn
heterobimetallic species.

Breaking new ground in this field, here we report a new
bimetallic base, which combining the kinetically activated TMP
with a bulky silyl(bis)amide ligand, enables the regioselective
zincation of fluoroarenes and the trapping and characterization
of the relevant zinc-containing intermediates.

Building on our recent studies investigating the synthesis of
reactivity of alkali-metal zincates containing the bulky dianionic
silyl(bis)amide ligand {Ph,Si(NAr*),}>~ (Ar* = 2,6-diisopro-
pylphenyl),” the new potassium zincate [{Ph,Si(NAr*),
Zn(TMP)} {K(THF)c}'] (1) was prepared via stepwise two-fold
deprotonation of Ph,Si(NHAr*), using single metal bases
KCH,SiMe; and Zn(TMP), in a sequential manner (Fig. 1).

While the first metallation to give [Ph,Si(NHAr*)(NAr*)K].,
(I) took place rapidly (0 °C, 2 h),”” the subsequent zincation of
the remaining NHAr* group required forcing conditions (69 °C,
16 h). Attempts to prepare 1 by reacting the silyl(bis)amine
precursor with an equimolar mixture of KCH,SiMe; and
Zn(TMP), led to the isolation of [{Ph,Si(NAr*),Zn(CH,Si-
Me;)} {K(THF),}'] (2) (see ESIY).

We next assessed the reactivity of 1 towards 1,3,5-
trifluorobenzene as a model fluoroarene. "H NMR monitoring
of the reaction in dg-THF solution showed evidence of metalla-
tion at room temperature although the reaction was slow,
taking three days to reach completion. Reaction times could
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Fig. 1 Stepwise synthesis of [{Ph,Si(NAr*),Zn(TMP)}{K(THF)¢}*1 (1). Mole-
cular structure of the anion present in 1. Thermal ellipsoids are rendered at
50% probability. Hydrogen atoms are omitted and Ph and Ar* fragments
are drawn as wire frames for clarity.

be reduced significantly by heating to refluxing conditions
affording [{Ph,Si(NAr*),Zn(CsH,F;)} {K(THF)e}'] (3a) in a 90%
yield in three hours (Fig. 2). In contrast, evidencing the kinetic
activation of 1, 1,3,5-trifluorobenzene is inert towards zincation
using single metal Zn(TMP),. Notwithstanding, the TMP amide
group seems to be key for the success of the reaction since
potassium alkylzincate 2 failed to react with this fluoroarene
after 24 h at 69 °C. It should also be noted that reaction
conditions required to form 3 are significantly milder than
those reported for the zincation of 1,3,5-trifluorobenzene using
Pd-catalysis (up to 6 days at 50/80 °C).?

Trying to ascertain the role of the potassium in the reaction
producing 3a, metallation studies were repeated using the
sodium zincate congener [{Ph,Si(NAr*),Zn(TMP)} {Na(THF)s} ']
and using 1 in the presence of macrocyclic Lewis donor
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Fig. 2 Scope of the C-H zincation of fluoroarenes using potassium
zincate 1. NMR yields determined by *H NMR spectroscopic data using
hexamethylbenzene as an internal standard. ?lIsolated crystalline yields.
b Compound 2e is light sensitive. ©Reaction carried out using 0.5 equiva-

lents of 1,2,4,5-tetrafluorobenzene.
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[2.2.2]-cryptand. The latter has the ability to coordinatively trap
and sequester the K cation (see ESI} for details).'® In each case
no significant differences between the yields, reaction times
and selectivity were observed from those reported for 3a when
using 1. This is somewhat surprising since many studies on
alkali-metal ates have unearthed a marked alkali-metal effect in
the reactivity of such heterobimetallic complexes."" Furthermore,
mechanistic studies on the ferration of fluoroarenes by sodium
trisamidoferrate [NaFe(HMDS);] (HMDS = N(SiMes),) have
revealed that initial coordination of the substrate to the alkali-
metal via Na- - -F interactions is key for the reaction to take place,
which involves a two-step mechanism with initial Na-H exchange
followed by fast intramolecular transmetallation to iron.* Inter-
estingly, here, for the zincation of 1,3,5 trifluorobenzene potas-
sium appears to play a secondary role, stabilizing the zincate
anion intermediates. These findings suggest that the enhanced
basicity of 1 may mainly be due to the kinetic activation of the
zincate anion when compared to more conventional neutral zinc
amide bases.

The scope of this approach was then further investigated
(Fig. 2). 1,3,5-Trichlorobenzene and 1,3-difluorobenzene can
also be zincated by 1 furnishing 3b and 3c in 96 and 90% yields
respectively, although longer reaction times are required.
Reflecting the stabilizing effect of the bulky {Ph,Si(NAr*),}*",
the formation of 3b under these conditions (21 h, 69 °C)
contrasts with previous studies by Mulvey on the zincation of
chlorobenzene by [(TMEDA)NaZn(TMP)tBu,], where the rele-
vant metallated intermediate undergoes rapid NaCl elimina-
tion forming a benzyne species that can be trapped by tBu,Zn-
TMEDA."? Encouraged by these findings we next pondered if
this approach could also tolerate nitro groups. Previous work by
Knochel**** has shown promise on the compatibility of these
bimetallic reagents with this highly sensitive functional group.
Pleasingly it was found 1 reacts at room temperature with 3-
fluoronitrobenzene and 2,4-difluoronitrobenzene forming 3d
and 3e in respective 69% and 90% yields. This approach is also
compatible with pyridine-substituted substrates as shown for
zincation of 2-(2,4-difluorophenyl)pyridine which takes place
regioselectively ortho to both fluorine substituents (3f, 95%).
C2-Zincation is also observed for 3-fluoropyridine (3g, 89%)
contrasting with previous studies using organolithium reagents
or the Lochmann-Schlosser super base reagent were C4-
metallation is preferred.'* Reactions of 1 with the more acti-
vated substrates'® 1,2,4,5-tetrafluorobenzene and pentafluoro-
benzene furnished zincated products 3h and 3i in 91% and
89% yields respectively; whereas for fluorobenzene low conver-
sions were observed after 24 h at 69 °C (3k in Fig. 2). While 3h
and 3i are stable at room temperature, low temperatures
(—40 °C) were employed for their synthesis in order to control
the TMP-reactivity of 1 (vide infra).

Remarkably in the case of 1,2,4,5-tetrafluorobenzene dizin-
cation can be achieved by using 2 equivalents of 1 (3j, 84%,
Fig. 2 and Scheme 1). '"H NMR monitoring of this reaction
established its stepwise nature. Formation of mono-zincated
product 3i occurs almost instantaneously, which in turn, can be
twofold metallated by the second equivalent of 1 (Scheme 1).
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Scheme 1 Stepwise 1,4-di-zincation of 1,2,4,5-tetrafluorobenzene by 1.

While this second step requires forcing conditions to achieve
good conversions (16 h, 69 °C), these findings show the
potential of 1 to promote polyzincation reactions which to the
best of our knowledge is unprecedented for fluoroarenes.

Compounds 3a-e, 3h and 3j were isolated as crystalline
solids and their structures were authenticated by X-ray crystal-
lography (Fig. 3, 4 and ESI}), demonstrating that these com-
pounds are indeed genuine products of Zn-H exchange
reactions. Solvent-separated ion pair motifs were found for
3a-d and 3h, comprising, in each case, a potassium cation
solvated by six molecules of THF. Their anionic moiety com-
prises a trigonal planar zinc centre which binds to the biden-
tate silylbis(amido) ligand and a terminal aryl group.
Contrastingly 3e exhibits a contacted ion pair structure, where
potassium is now solvated by three THF molecules and inter-
acts with the zincate anion by n-engaging with one of its Ar*
rings in a n*-fashion and by forming two further bonds with a F
and one nitro O atom (F1 and O1 in Fig. 3c).
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Fig. 3 Crystal structures of: (a) anion of 3a; (b) anion of 3d; and (c) 3e.
Thermal ellipsoids are rendered at 50% probability. Hydrogen atoms and
minor disorder components are omitted and Ph and Ar* fragments and
THF molecules are drawn as wire frames for clarity.
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Fig. 4 Molecular crystal structures of 3j. Thermal ellipsoids are rendered
at 50% probability. Hydrogen atoms and minor disorder components are
omitted and Ph and Ar* fragments and THF molecules are drawn as wire
frames for clarity.

As far as we can ascertain 3d and 3e constitute the first
examples of direct metallation of nitroarenes to be structurally
characterized. We attribute their unexpected stability to the
chelating bulky bis(amide) ligand which can offer steric protec-
tion for the fragile aryl fragments, allowing their isolation and
characterization. This was further supported by the fact that
attempts to isolate the product of the reaction of 2,4-
difluoronitrobenzene with the related potassium zincate
[(PMDETA)KZn(TMP)Et,]'® (PMDETA = N,N,N’,N',N"-penta-
methylethylenediamine) led to the formation of a complex
mixture of decomposition products.

The centrosymmetric molecular structure of 3j confirmed a
two-fold deprotonated 1,2,4,5-tetrafluoroaryl ring with two Zn
centres occupying the positions previously filled by H atoms
(Fig. 4). Solvated by three molecules of THF, each potassium
interacts with one F atom of the ring as well as n-engaging with
one Ar* group in a n°fashion, lying essentially in the same
plane defined by the fluoroaryl ring. As mentioned before for
3d-e, the chelating silyl(bis)Jamide ligand may also play an
important role by facilitating the formation of this structure
providing a protective steric shelter for these newly formed
Zn-C bonds.

Despite the unexpected stability of zincated products 3a-j,
preliminary reactivity studies have shown that their Zn-C
bonds are still reactive enough to participate in C-C bond
forming reactions, demonstrating their potential for onward
reactivity applications. Thus, 3a undergoes Pd catalysed cross-
coupling with 4-bromo-benzonitrile, affording the anticipated
bis(aryl) product in a 63% yield. 3a also reacts with benzoyl
chloride furnishing PhC(O)Ar" (Arf = C¢H,F3) in a 70% yield
(see ESIY).

In addition, "H/'°F NMR reaction monitoring studies of the
reaction of 1 with pentafluorobenzene revealed that at room
temperature along with the formation of 3h and TMP(H),
variable amounts of Ph,Si(NHAr*), and a new organometallic
species which also contained {C¢Fs}~ groups could be detected

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Reaction of 1 with a three-molar excess of pentafluorobenzene.
Molecular structure of 4 thermal ellipsoids are rendered at 50% probability.
Hydrogen atoms are omitted and Ph and Ar* fragments and THF mole-
cules are drawn as wire frames for clarity.
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in solution. A similar observation was seen for 1,2,4,5-
tetrafluorobenzene. These findings are consistent with potas-
sium zincate 1 exhibiting poly-basicity using its silyl(bis)amide
ligand. This was confirmed by repeating the reaction of 1
with a three molar excess of C¢FsH which led to the formation
and isolation of potassium zincate [Ph,Si(NHAr*)(NAr*)
KZn(CgFs)»]. (4) as a crystalline solid (Fig. 5). Exhibiting a
contacted-ion pair structure, 4 is the result of the metallation of
two equivalents of C¢FsH by 1 using its TMP base and one
amide base unit of its chelating {Ph,Si(NAr*),}*" ligand. These
findings show that while the latter acts as a spectator in most of
these reactions (Fig. 3), it can also be basic enough to promote
the metallation of particularly activated substrates with strong
electron withdrawing substituents such as C¢FsH or CgF,H,.
The newly generated silyl(amide)amine ligand coordinates to
Zn via its amido N in a monodentate fashion {Ph,Si(NHAr*)
(NAr*)} whereas K m-bonds with four aromatic carbons of the
Ar* ring located on the amido N (Fig. 5). Zn displays a distorted
trigonal planar geometry binding to two C¢F; aryls, forming two
strong sigma bonds with the metallated carbons. K completes
its coordination by binding to one THF molecule and forming
five additional K-:--F contacts. One F belongs to a C¢F5 ring
attached to Zn1 (F6 in Fig. 5) whereas the other four belong to
two different C¢F5 fragments from a neighbouring unit (F4” and
F5”; F1' and F2'"" in Fig. 5), giving rise to an intricate 3D
polymeric structure (see ESIt)."” Compound 4 co-crystallizes
with variable amounts of Ph,Si(NHAr*), resulting from the
remaining amido group in 3 acting as a base towards CgFsH.
Consistent with this interpretation the '°F NMR spectra of the
reaction crudes show an additional species that we tentatively
assign as the tris(fluoroaryl) zincate [(THF),KZn(C¢Fs)s] (see
ESIT for details).

To conclude, a new mixed K/Zn base has been developed for
the regioselective zincation of a range of fluoroarenes, includ-
ing challenging substrates containing sensitive NO, groups.
Reactions give good yields with excellent control of regioselec-
tivity. Key for the success of this approach seems to be the
combination of a sterically demanding bis(amide) supporting
ligand, which provides stability to the fragile fluoroaryl
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fragments in the metallated intermediates; and a terminal,
one-coordinate, kinetically activated TMP basic site on 1, which
enables direct zincation of the substrates. Combining X-ray
crystallographic studies with NMR monitoring of the reactions,
the first structural and mechanistic insights into these Zn-H
exchanges processes have been gained. Preliminary reactivity
studies also show that these organometallic compounds can
engage in onward C-C bond forming processes.
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their generous sponsorship of this research.
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