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ABSTRACT: The 1,4-dihydropyridinate complex [(4-Bn-HBIP)Zn(Bn)], readily available through the highly selective reaction of a 2,6-
bis(imino)pyridine ligand with dibenzylzinc, contains two distinct reactive centers. One of them is the —organometallic benzylzinc moiety,
which reacts with weak protic acids (e. g., water or methanol) to release the dihydropyridine ligand free. In contrast, the reaction with p-tolu-
aldehyde, a mild electrophile, does not involve the benzylzinc but the 1,4-dihydropyridinate fragment. Even a strong electrophile as B(CeFs)3
selectively removes the hydrogen atom from the C4 position of the heterocyclic ring but leaves intact the organometallic fragment, to afford
the ionic complex [(4-Bn-BIP)Zn(Bn)]*[HB(CsFs)s]. The hydride donor capacity of the dihydropyridinate ligand is strongly reminiscent of
the widespread pyridine-based cofactors (e. g. NADH/NAD"), one of the most common redox exchange molecules in biologic chemistry. In
order to investigate the reversibility of the hydride exchange, we developed an efficient methodology to prepare a family of alkylzinc cations
[(4-R"-BIP)Zn(R)]* (R'=H or Bn; R = Bn, CH.SiMe; or neophyl) as salts of the inert tetraarylborate anion [BAr":] (Ar" = 3,5-CsH3(CF:)2),
based on the reaction of zinc dialkyls ZnR, with protonated ligands [H(4-R'-BIP)]*[BAr"] (R' = H or Bn). However, the reaction of cationic
BIP-organozinc complexes with the hydridic reductant Na[HBEt;] does not revert to the corresponding electroneutral dihydropyridinate de-
rivatives, but causes irreversible release of the tridentate BIP ligands, recovered as stable sodium complexes. The crystal structures of two rep-
resentative members of the [ (4-R'-BIP)Zn(R)]* family show the Zn center in a flattened coordination environment, midway between tetrahe-
dral and square planar, that leaves room for the coordination of additional ligands along the direction normal to the mean coordination plane.
This relatively open geometry may be enhancing the Lewis acidity at the metal center, driving the selectivity of the reaction with hydride donors

to the metal unit in detriment of ligand-centered reactivity.

Introduction

In the last two decades, the chemistry of 2,6-bisiminopyridines
(BIP) and their metal complexes has never ceased to attract much
interest. When Brookhart and Gibson reported that iron and cobalt
complexes containing BIP ligands gave rise to highly active ethylene
polymerization catalysts,” few would have anticipated the potential
of the seemingly conventional BIP ligands. Far from behaving as pas-
sive spectator ligands, BIPs have a rich chemistry of their own, giving
rise to characteristic reactivity patterns.® A salient property of BIP
ligands is their non-innocentredox character, i.e., their ability to un-
dergo reversible redox processes, more or less independent of the
metal center.* Owing to this property, BIP complexes often exhibit
anomalous redox properties, at times incongruent with the usual
chemistry of the metal ion involved. For instance, Chirik has shown
that Fe(II) complexes with BIP ligands can be reduced to “Fe(0)”
dinitrogen derivatives like [(BIP)M(N.)s] (n =1 or 2). These un-
dergo oxidative addition reactions of organic electrophiles,’ atypical
in organoiron chemistry. However, rather than low-valent com-
pounds, the electronic structure the reduced species is more appro-
priately described as M(II) complexes containing a doubly reduced
BIP* ligand, and therefore it is the latter which supports the redox
change.’ In the words of the same author, the ability of BIP ligands
to undergo reversible redox processes bestows “nobility’ on the BIP-

Fe ensemble, enabling such complexes to catalyze reactions such as
hydrogenation, hydrosilylation or C-C coupling, that usually require
precious metal-based catalysts.”®

The non-innocent behavior of BIP ligands is even more remark-
able in their complexes with redox inactive metal ions, Z. e,, those that
have a single oxidation state. A considerable number of reduced
complexes of zinc, aluminum, etc. with BIP ligands have been re-
ported in recent years.” Because these metals are abundant and non-
toxic, the capacity of their BIP complexes to undergo reversible re-
dox processes is generating great expectations regarding potential
uses in catalysis.'® These gained support with recent reports by Ber-
ben on formally monovalent hydrides, [ (BIP)AI(H)] that catalyze
hydrogen transfer reactions, like the dehydrogenative coupling of
amines'' and the decomposition of formic acid into CO and Ha."?
Mechanistic studies that suggest that, in these reactions, H transfer
steps are facilitated by metal-ligand cooperative relationships devel-
oping at different levels.” Thus, the role of the ligand is not limited
to act as a non-innocent redox buffer, but it also participates actively
in the splitting of X-H bonds, and the subsequent elimination of the
H atoms as dihydrogen." Furthermore, in the formic acid dehydro-
genation reaction, one of the imino groups of the BIP ligands is
transformed into an amino donor group, which enables f—hydrogen
elimination through an outer-sphere mechanism."



Berben’s proposal illustrates how the characteristic reactivity of
BIP ligands can give rise to new types of cooperative behavior, that
may involve structural modification of the BIP framework. As a mat-
ter of fact, a number of fundamental alterations of the structure of
BIP ligands have been observed when these ligands interact with or-
ganometallic compounds.> Among such processes, alkyl transfer to
the remote position C4 of the BIP pyridine unit is relatively frequent,
as shown in Scheme 1. This leads to a modified BIP ligand contain-
ing a 4-alkyl-1,4-dihydropyridinate moiety (henceforth 4-R-HBIP,
see species A). Complexes of this type are in general very reactive, as
the alkylation of C4 deprives the heterocyclic fragment of its aro-
matic stabilization. Thus, intermediates of type A experience further
transformations leading to chemical structures such as B, C or D.
The preference for one or other specific pathway depends on a sub-
tle balance between steric effects in the ligands, the type of group be-
ing transferred and the nature of the metal center.

The earliest example of alkyl migration to C4 was provided by Gam-
barotta, who reported the isolation of a chromium derivative of a di-
meric complex of type B from the reaction of [("BIP)CrCl] (the
superscript is a conventional abbreviation for Ar = 2,6-diiso-
propylphenyl) with
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Scheme 1. Reaction pathways triggered by alkyl (R) migration to pyri-
dine C4 of BIP ligands coordinated to different organometallic frag-
ments. [M]: i) Dimerization ([M] = Cr, Al-R); ii) Spontaneous hydro-
gen loss ([M] = Mn); i) Imine methyl deprotonation ([M] = Ca, Sr,
Ba).

Mg(CH,Ph)CL" The formation of this product was attributed to
the dimerization of an undetected intermediate of type A (path 1).
Years ago, we discovered that organomanganous 4-alkyl-1,4-dihy-
dropyridinate complexes of type A, cleanly generated in situreacting
BIP ligands with pre-formed manganese dialkyls [MnR.], or
[MnRz(THF)]z (R = CHzCMezPh, CHzPh, allyl or CI‘IzS'lMes),16
slowly undergo spontaneous dehydrogenation to formally “Mn(1)”
4-alkyl-BIP complexes, C (route ii). More recently, we have shown
that trace amounts of oxygen suffice to trigger the dimerization path-
way also in this system, leading to the corresponding Mn(II) dimers
of type B.”7 Alkyl migration to the pyridine ring has also been ob-
served when BIP ligands react with organometallic derivatives of
“non-redox” main group metals. For example, Budzelaar showed

that the reaction of alkylaluminum derivatives with BIP produces
complicated mixtures arising from non-selective alkyl migration,
amongst which the corresponding C4-alkylated products of type A
were detected.'® Even though these were unambiguously identified
by their NMR spectra, their isolation was prevented by the low se-
lectivity of such reactions. Yet, it was demonstrated that Al(III) com-
pounds of type A slowly undergo path 7and, in two favorable cases,
this led to the isolation of crystals and structural authentication of
sparingly soluble dimers of type B. Nucleophilic alkylation of BIPs
has also been observed in their reactions with polar organometallic
derivatives of electropositive metals."” The modified BIP ligands
may involve proton abstraction, as outlined in the route (i) of
Scheme 1. Hill has shown that a series of alkali-earth dialkyls
[MR:(THF).] (R = CH(SiMes),, M = Mg, Ca, St, Ba) react with
PBIP affording a mixture of regioisomeric intermediates arising
from competitive alkylation of the pyridine ring at positions C4
(type A) and C3.”° For the sake of simplicity, the latter is not shown
in the scheme but, on heating, both intermediates evolve in parallel
undergoing double alkane loss, to afford bis-enamidates of type D.
Similarly, our group found that an irresoluble mixture of C-4 and C-
3 alkylated regiosiomers is formed in the reaction of
Mg(CH.Ph),(THF), with BIP ligands, although these proved ther-
mally quite robust and do not experience proton abstraction pro-
cesses.” Likewise, the reaction of dibenzylzinc or diallylzinc with
BIPs, also proceeds with quantitative alkyl transfer to the pyridine
ring except that in this case the migration step takes place exclusively
at C4.” This allowed for the first time the isolation of diamagnetic
and thermally stable organozinc derivatives with a 2,6-diimino-1,4-
dihydropyridinate ligand, well suited for reactivity studies.”

Several indirect evidences, for example the spontaneous dehydro-
genation observed in the Mn(II) systems,'® suggest that dihydro-
pyridinate complexes arising from alkyl transfer to BIP complexes
might act as hydrogen donors or even hydridic reductants. In living
organisms, the reversible pyridine/dihydropyridine system is inte-
grated in the ubiquitous NAD-based cofactors (e. g,
NAD*/NADH).** These co-factors are key pieces in many im-
portant metabolic routes, as they provide proton-coupled redox
functionality to enzymes, like Zn-containing alcohol dehydrogenase
(LADH).” Dihydropyridine derivatives have been implemented in
biomimetic catalysts, either as ligands® or as environmentally be-
nign substrates in artificial systems.” However, the capacity of
dearomatized BIP ligands to act as hydridic reductants remains yet
to be demonstrated.”® In this context, the availability of a selective
route to stable, diamagnetic Zn(II) dihydropyridinate complexes of
type A” provides a unique opportunity to explore the reactivity of
this class of compounds. In this contribution, we show that zinc bis-
imino-1,4-dihydropyridinate complexes behave as mild hydride do-
nors and, at least in certain cases, that the hydride transfer reaction
restores the aromaticity of the pyridine ring, affording cationic or-
ganozinc-BIP complexes. In the course of this investigation, we de-
veloped a general route to such organozinc derivatives that provides
a general entry to G—organozinc-BIP complexes. This method fur-
nished us with the tools required to continue our investigation, ex-
ploring the possible use of the multi-faceted chemistry of BIP ligands
in processes involving hydrogen transfer reactions.

RESULTS AND DISCUSSION

As mentioned, we have previously shown that dibenzylzinc reacts
with PBIP, selectively affording complex 1, a 1,4-dihydropyridinate
product of type A.** This compound was isolated in good yield as a



deep blue crystalline solid. In contrast with its highly reactive Mn(1I)
analogue,'® compound 1 is fairly stable in solution at the room tem-
perature. NMR monitoring in CéDs or CD>Cl, solution over ex-
tended periods of time did not reveal any spontaneous transfor-
mations like those shown in Scheme 1. However, compound 1 reacts
readily with weak acids and electrophiles, as summarized in Scheme
2. We have shown before that methanol attacks at the Zn center,"”
cleanly releasing the known 1,4-dihydropyridine base 4-Bn-
H,"™BIP. In situ NMR investigation of a similar reaction of 1 with
BnOH in CsDsin nearly 1:1 ratio revealed that the Zn-bound benzyl
group ends up as toluene but did not allow to ascertain the fate of the
Zn atom. This is probably lost as an insoluble zinc alkoxide. Next, we
tested the ability of 1 to react with mild hydride acceptor electro-
philes in C¢Ds solution. No changes were observed in the 'H NMR
spectrum of 1 when it was treated with equimolar amounts of alde-
hydes (p-tolualdehyde) or esters (ethyl benzoate or phenyl acetate)
at the room temperature. However, when the sample containing p-
tolualdehyde was heated at 60 °C for Sh, the signals of 1 were re-
placed by those of the free, aromatized ligand 4-Bn-"BIP. Signal in-
tegration indicated that this transformation is essentially quantita-
tive. Very likely, the dihydropyridinate complex acts as a hydridic re-
ductant with the aldehyde, but the resulting product decomposes,
probably releasing the metal fragment as an alkoxo-metal species
and leaving the oxidized, pyridine-containing ligand in solution. The
ester substrate PhOAc proved harder to reduce by 1. After heating
for two days at the same temperature, the '"H NMR spectrum
showed that most of the starting complex 1 remained in the solution,
although some decomposition was already noticeable at this time.

Seeking more informative transformations, we investigated the reac-
tion of 1 with a stronger hydride acceptor. When a solution of 1 in
CD:ClL was treated with an equivalent amount of B(C4Fs)s at the
room temperature, an instantaneous color change took place, from
dark violet to red. The '"H NMR spectrum of the solution showed
that the starting material was cleanly converted into a single product,
2 (see Scheme 2 and Figure 1). Although this compound was not
isolated, a complete set of high quality multinuclear NMR spectra,
including homo- and heteronuclear 2D correlations were recorded.
Full assignment of the 'H and *C NMR spectra of 2 led to its unam-
biguous identification as a cationic c-alkylzinc species. This is sub-
stantiated by the observation of the resonances corresponding to the
Zn-bound benzyl fragment, in positions that are essentially un-
changed with regard to those of 1. The 'H and "C signals of the
methylene are observed at 8 1.68 and 18.9 ppm, respectively, while
their counterpartsin 1 are at 1.52 and 19.2 ppm. Similar conclusions
can be drawn from the signals of the CH.Ph phenyl group, a multi-
plet and a doublet (relative intensities 3:2) within the otherwise
clean S.5 - 6.5 ppm region. As can be readily seen in Figure 1, the
position and appearance of these signals changes very little on going
from 1 to 2. The aromatic protons show characteristic upfield shifts
that originate in the magnetic screening influence of the N-aryl rings
that are flanking the Zn-bound alkyl.”* The almost identical appear-
ance of the alkyl signals in the '"H NMR spectra of 1 and 2 not only
confirms that the G-alkyl group is retained in the latter, but it clearly
demonstrates that the coordination environment of Zn remains ap-
proximately square-planar, keeping the CH,Ph unit “sandwiched”
between the NV-aryls. Conversely, several 'H resonances correspond-
ing to protons connected to the heterocyclic unit experience most
evident changes. Thus, the 'H signals of 1 corresponding to C3-H,
and to the CH. of the benzyl substituent at C4, two doublets at &

5.31 and 2.85 ppm, respectively, move more than 3 ppm downfield
on going to 2, and each of them collapses into a singlet. The loss of
multiplicity is connected with the disappearance of the resonance of
C4-H, a characteristic multiplet at 8 3.76 ppm in the spectrum of 1
that finds no counterpart for 2. Such spectral features indicate that
B(C¢Fs)s removes the hydrogen atom bound to the dihydropyridine
sp® C4 giving rise to [HB(CeFs)s], as confirmed by the characteristic
signals of the hydroborate anion in the "'B{'"H} and “F{'"H} NMR
spectra.”” Tobalance the electric charge of the hydroborate, the zinc-
containing fragment must be a cation that presently exists in solution
as the corresponding salt, 2-HB(CcFs)s The identity of cation 2 was
confirmed by its independent syntheses as a tetraarylborate salt, as
described below (spectrum C in Figure 1).
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Scheme 2. Some reactions of compound 1 with acids and electrophiles.
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Figure 1. '"H NMR spectra (region 8.5 - 2.0 ppm) of the of complex 1
(A), and of 2.HB(C4Fs)s (B), highlighting the relationships between
analogous signals (CD2Cl, 25 °C, 400 MHz). (C): the spectrum of the
cation 2 as a tetraarylborate salt (2-BAr's, see below). The signal marked
* corresponds to a trace of adventitious CH2CL.

The reactivity pattern outlined in Scheme 2 demonstrates that two
potentially reactive centers with markedly different chemical charac-
ter coexist in the molecule 1. The organometallic Zn-CH,Ph moiety
behaves as a base when confronted with mild protic acids, whilst the
1,4-dihydropyridinate ligand acts as a hydride donor towards



electrophiles (p-TolCHO or B(CcFs)s). The clear-cut contrast be-
tween the basic organometallic site and the nucleophilic reactivity of
the dihydropyridine is remarkable, as B(CsFs)s so readily abstracts
alkyl groups by from most G—organometallic species,that this reac-
tion is regularly employed as a catalyst activation method in
polymerization chemistry.” Pertinent examples are the activation of
iron complex [("BIP)Fe(CH.SiMes).], reported by Chirik,* or di-
alkylzinc complexes bearing o—diimine ligands, investigated by
Bochmann,* with B(CeFs)s. In either case, the products are highly
reactive ion pairs [LaM-R]*[R-B(CsFs)s]". It is worth mentioning
that Gibson showed" that azinc complex similar to 2 is formed upon
treatment of the N-ethylated zinc complex [( AV-Et-Y*BIP)Zn(Et)]
(here the Ar groups are 2,6-dimethylphenyl, and the BIP is ethylated
at the heterocyclic nitrogen) with one equivalent of B(CsFs)s in
CD:CL. The product was not characterized in detail, but it was sug-
gested to be the ion pair [(**BIP)ZnEt]*[Et-B(CsFs)s] on the basis
of a few diagnostic features of its "H NMR spectrum. This proposal,
now supported by the consistency of the published data with those
of 2, apparently points to direct electrophilic cleavage of the N-Et
bond, presumably favored by the restoration of aromaticity at the
heterocycle. However, further work reported in the same article®
conclusively demonstrated that the borane actually removes the al-
kyl group (R) from the metal center; and then the resulting three-
coordinated intermediate [(N-Et-“*BIP)Zn]*[R-B(C¢Fs)s] rear-
ranges into the stable G—organometallic product v7a ethyl transfer
from N to Zn. The conclusion of this excursion into the literature
data is that the selective hydride-donor behavior of the 1,4-dihydro-
pyridine ring of 1 in the presence of a potentially competitor like a
6—Zn-C bond can be regarded as an exceptional feature. The coex-
istence of a pyridine-based reductant and a coordination fragment
containing the biologically relevant Zn(II) cation* is an interesting
coincidence, reminiscent of some widespread redox biocatalysts (e.
g, liver alcohol dehydrogenase® and other NADH/NAD*-
dependant enzymes™). The possible enhancement of the reducing
power of the dihydropyridine unit by a classic organometallic frag-
ment as Zn-R is an intriguing possibility.** These considerations en-
couraged us to pursue our investigation, completing the characteri-
zation of the cationic organometallic product 2 with a crystal struc-
ture determination.

As mentioned before, the high solubility of complex 2.HB(CsFs)s
prevented the isolation of crystalline samples of this compound suit-
able for X-ray diffraction. Furthermore, although hydride abstrac-
tion by B(C¢Fs)3 is very clean and selective, the scope of this method
is limited to the few stable precursors of type A (£ Scheme 1) avail-
able via nucleophilic BIP alkylation reactions. Therefore, we sought
an alternative approach to the syntheses of G—organozinc cations,
like 2, counterbalanced by suitable anions of low coordination ca-
pacity, designed to facilitate isolation. In a former contribution, we
reported that the reaction of Mn(1I) dialkyl complexes [MnR.Py.]
(n =1 or 2) with the well-defined acidic salt [H(**BIP)]*[BAr":]"
(Ar" = 3,5-C¢H3(CF:),) provides an efficient route to cationic
Mn(1I) monoalkyls containing the ™BIP ligand.'" Taking ad-
vantage of the selective alkylation of BIP ligands that we had devel-
oped before,'™ we synthesized the protonated salt [H(4-Bn-
PBIP)]*[BAr":]. Likewise, we prepared the less hindered mesityl
derivative [H(*BIP)]*[BAr"]" Both protonated ligands were iso-
lated as orange microcrystalline solids. As expected, their 'HNMR
spectra in CD,Clrare similar to those of their neutral precursors, ex-
cept for the signals of the [BAr";] and the acidic proton (the latter at
ca. 11 ppm as a characteristic broad resonance). The invariance of

the ""F{'"H} and ""B{'H} resonances of the anion over extensive pe-
riods of time demonstrates that these reagents can be handled solu-
tion without decomposition.

In order to establish the scope and selectivity of the Zn-C
cleavage reactions with the protonated BIP ligands, we investigated
all nine possible combinations of each protonated ligand with each
one out of a set of three zinc dialkyls (R = CH,Ph, CH.CMe-Ph or
CH:SiMe;) in 1:1 stoichiometric ratio, as shown in Scheme 3. Inde-
pendently of the nature of the R group or the substitution pattern at
the BIP ligand, NMR analyses of the crude reaction mixtures showed
that these reactions proceed with complete selectivity to afford a sin-
gle product. Double Zn-C cleavage did not take place at any signifi-
cant extent, although dications [Zn(BIP),]** are known to be sta-
ble.* In some cases, we found convenient to use of a slight excess of
the zinc dialkyl precursor for practical reasons, as this is readily sep-
arated from the solid products. The targeted complexes (2 - 10)
were obtained as analytically pure orange or yellow-orange solids af-
ter a simple workup. They were fully characterized with spectro-
scopic and analytical techniques (elemental analysis, IR, 'H and
“C{'H} NMR and ESI-MS). In each case, the 'H NMR spectrum
would suffice to demonstrate that the expected cationic monoalkyl-
zinc derivative has been formed. For example, the '"H NMR spec-
trum of 2.BArF4, shown in Figure 1 (C), is essentially the same as
that of 2.HB(CFs)s (B, in the same figure), except for the tetraaryl-

borate resonances.

The predictable selectivity and straightforward outcome of these re-
actions provides for the first time a robust and reliable route to or-
ganozinc complexes supported by electroneutral BIP ligands. Our
efforts to isolate crystalline samples were finally rewarded for com-
plexes 6 and 10, which crystallized from cold (-20 °C) Et2O/hexane
or Et;O/pentane mixtures. The structures of the cationic fragments
can be seen in Figures 2 and 3, and selected bond lengths and angles
are listed in the corresponding captions. Both complexes exhibit very
similar features. The average lengths of the imino C=N and the C-C
bonds within the BIP units are unexceptional and fully consistent
with electroneutral, or "innocent” ligands.”” In consequence, the
oxidation state of Zn can be unambiguously assigned as +2. The pla-
nar BIP ligand enforces a flat geometry of the Zn center that looks,
at first glance, as distorted square-planar. This is quite unusual for
Zn(II) that, with a complete 3d"° shell, lacks geometrical prefer-
ences. Most often, this ion favors even distribution of the ligands in
the surrounding space, usually approaching tetrahedral geometry for
coordination number 4. The 14 parameter, an improved quantita-
tive descriptor of tetra-coordinated geometry, is 0.50 for 6 and 0.48
for 10. These confirm that the coordination environment is slightly
closer to square planar (t4' = 0) than tetrahedral (t4' = 1), but less
than in the previously reported structure of 1% (t4' = 0.24). Still, in
both 6 and 10 the Zn-C bond deviates severely from the ideal square
coordination, pointing “upwards” from the mean coordination
plane. The angle formed by the Zn-N1 (pyridine) and Zn-C bonds
can be used to gain an intuitive measure of this distortion. This ought
to be flat (180°) in ideal planar geometry but reduces its span down
to ca. 155° in both complexes. The configuration of the alkyl groups
is the same observed in isostructural transition metal monoalkyls of
composition [(BIP)M(CH.EMe;)]™ (M = Mn,"** Fe,***' or
Co*; E = Si or C), regardless of their charge (n=1, 0 or -1). Alt-
hough this kind of arrangement is sometimes reported as distorted
square planar,” it would be more accurately described as a flattened
tetrahedron to account for the noticeable deviation of M out of the
plane defined by the BIP ligand (ca. 0.5 A for 6 and 10). In contrast,
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Figure 2. ORTEP plot (40 % probability) of the cationic part of 6. V-
Aryl groups have been simplified for clarity. Selected bond distances (A)
and angles (deg): Zn1-C34 1.952(5); Znl-N1, 2.057(3); Zn1-N2,
2.277(3); Zn1-N3,2.299(3); C1-N1, 1.336(4); C5-N1, 1.338(4); C1-
C6, 1.494(4); C5-C8, 1.487(4); C6-N2, 1.285(4); C8-N3, 1.283(4);
C34-Znl1-N1, 152.43(11); N2-Znl-N3, 141.39(9); NI-Znl-N2,
74.19(11); N1-Zn1-N3, 73.32(11); Distance from Zn1 to the [N1-N2-
N3] plane: 0.56 A.

Figure 3. ORTEP plot (40 % probability) of the cationic part of 10. V-
Aryl groups have been simplified for clarity. Selected bond distances (A)
and angles (deg): Zn1-C28 1.970(5); Znl-N1, 2.069(4); Zn1-N2,
2.367(4); Zn1-N3,2.243(5); C1-C6, 1.472(8); C5-C17, 1.483(8); C1-
N1, 1.346(7); C5-N1, 1.337(7); C8-N2, 1.449(7); C17-N3, 1.434(7);
C28-Znl-N1, 158.0(2); N3-Znl-N2, 141.88(15); NI-Znl-N2,
72.15(17); N1-Znl-N3, 74.76(17). Distance from Znl to the to
the[N1-N2-N3] plane: 0.52 A.

anumber of crystal structures of similar complexes containing small-
sized X ligands [("BIP)M-X]™* (e. g, X = halogen or methyl; M =
Mn,* Fe,*** Co,”** Ni* or Cu*; nvarying from -1 to +1) all exhibit
strictly flat geometries. In other words, in the extensive of series
structures available of four-coordinated derivatives of the first tran-
sition row with BIP ligands, the geometry of the coordination envi-
ronment is dictated by the steric interactions of the metal-bound
group, rather than the oxidation state of the [(BIP)M] fragment or
the d-electron count of the central ion.”* It seems that this conclu-
sion holds also for Zn. Accordingly, Nikonov reported very recently
two examples of reduced “Zn(I)” complexes, [(*BIP)Zn(X)] (X =
Cl, Me) with a rigorously flat geometry.” It would be also tempting
to invoke steric effects to explain why the solid-state structure of 10
exhibits a notorious disparity in the bonds linking the Zn center to
the terminal imino groups (Zn-N2, 2.367(4); Zn-N3, 2.243(5) A).
However, the difference is smaller for 6 (2.277(3) and 2.299(3) A),
which, having bulkier substituents on the BIP ligand, would be ex-
pected to be even more distorted. Therefore, disparate bond dis-
tances are most likely produced by the influence of crystal packing
forces on the relatively weak Zn-N(imine) bonds.*

The flat coordination environment that BIP ligands impose to the
Zn(II) center leaves large unshielded spaces along the axial direc-
tions normal to the mean molecular plane. This feature favors the
addition of extra ligands to the coordination sphere of Zn(II), en-
hancing its Lewis acidic character. Nikonov showed that the above-
mentioned  electroneutral Zn(II) square-planar  complex
[(*BIP)ZnCl] captures 4-dimethylaminopyridine (DMAP) as a
fifth ligand, forming an isolable adduct with a square-pyramidal Zn
center. We observed that the '"H NMR spectra of cationic Zn com-
plexes 2 - 10 experience noticeable changes in the presence of poten-
tially binding solvents, such as THF, that can be attributed to similar
but reversible interactions of this weak base with the Zn(II) center.
Since Lewis acidity is a crucial property in catalysis, we briefly exam-
ined the effect of controlled addition of THF or pyridine on the 'H
spectrum of one of the cationic complexes, the (trimethylsilyl)me-
thyl derivative 3, in CD,CL solution. Successive additions of THF
(up to 4 equiv) causes both the resonances of the Zn-C F:SiMes
group to drift from their original positions, whilst the rest of the spec-
trum remains essentially unchanged. The methylene signal moved
upfield (A8=-0.12 ppm), whilst that of the SiMe; experienced a
modest shift in the opposite direction (A8= +0.03 ppm at most).
Both signals returned to their original positions when the solution
was evaporated and the residue dissolved in fresh CD,ClL. Addition



of 1 equivalent of pyridine had more visible effects on the width and
positions of nearly every signal in the spectrum of 3 (see Figure 4).
The shifts of the methylene and SiMe; signals had the same signs but
more pronounced values (A8= -0.27 ppm and +0.22 ppm, respec-
tively) than those induced by THF. In addition, the strong binding
of pyridine to 3 is evidenced by the persistence of these spectral
changes when the volatile components of the mixture were removed.
A mechanistically significant effect is the selective broadening of one
of the signals corresponding to a pair of diastereotopic methyls of the
isopropyl groups, whilst the other remains as awell-resolved doublet
(this is accompanied by the significant broadening of the signal due
to the isopropyl methynes, not shown in the figure). This effect can
be attributed to the fast exchange of a single pyridine ligand between
two chemically equivalent coordination sites available, located
above and below to the molecular plane, as suggested in Scheme 4.
Note that the rigid disposition of the aryl groups brings one of the
methylin each /Pr closer to the stereogenic center, whilst the other
is located at a farther position where the chemical environment is
less perturbed by the exchange process. Such square-pyramidal con-
figuration would be the same found in the crystal structure of the
analogous Mn(II) complex [(**BIP)Mn(CH.CMe,Ph)(Py)]*
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Scheme 4. Inversion of the square-pyramidal adduct of 3 with a mono-
dentate ligand (L), causing the exchange of the iPr-methyl groups
placed above and below the pyramid basis (marked with black and hol-
low circles). Black and hollow circles emphasize the different chemical
environments of the methyl groups directed towards the stereogenic
center, and less sensitive methyl groups pointing outwards are marked
with grey squares.
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Figure 4. Effect of the addition of one equivalent of pyridine on the 'H
NMR spectrum of compound 3 in CD:Cl. (only two selected regions
are shown). Signals of diastereotopic methyl couples are marked with a
square and a circle; signals marked with asterisk denote the presence of
small amounts of hexane. Black and hollow circles with an equilibrium
arrow indicate the fluxional exchange process depicted in Scheme 4. A)
Compound 3. B) After adding 1 equiv. of pyridine at the room temper-
ature. C) The same sample after removal of volatiles in vacuo and dis-
solved in fresh CD:ClL. Note the disappearance of the signals of hexane,
but otherwise the spectrum remains essentially unaltered; the broad
hump under the CHMe; resonances evidences some decomposition of
the sensitive sample during the experiment.

[BAr",].""In consequence, it can be reasonably concluded that 3 is
a moderately strong Lewis acid that interacts reversibly with weak
bases such as THF and forms stable 1:1 adducts with stronger ones,
like pyridine.

With an efficient route to cationic alkylzinc complexes in hand, our
next step was to explore the reversibility of the hydride abstraction
reaction that led us to the discovery of cation 2, by examining the
reactions of cationic alkylzinc complexes with a suitable hydride do-
nor. We felt that the hydroborate anion [HBEts], akin to

[HB(CeFs)s] but a powerful hydride source, would be a good choice
to reduce cationic complexes like 2 to the corresponding 1,4-dihy-
dropyridinate analogues of 1. This proposal was supported by the
studies by Kundu et a/* on group 10 complexes with the PNP pincer
ligand 2,6-bis(di-#butylphosphinito)pyridine (*"PONOP) which,
like BIPs, has a pyridine ring as the central structural element. These
authors reported in 2011 that the reaction of chloro derivatives [ ("™
PONOP)M(CI)]* (M = Ni, Pd or Pt) with Li[HBEts] affords the
corresponding 1,4-dihydropyridinate derivatives arising from hy-
dride transfer to the pyridine, rather than undergoing the usual chlo-
ride/hydride exchange. However, the reaction of cations 2 or §
(both as BAr'ssalts) with Na[HBEt;] takes a different course, as de-
picted in Scheme S.
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Scheme 5. Reactions of cationic compounds 2 and 5 with the hydride
transfer reagentNa*[HBEt3]".

When one equivalent of the commercial solution of this reagent in
toluene was added to a stirred solution of 2.BAr*s in THF at -60 °C,
a distinct color change from orange to bluish-green took place, re-
markably different from the intense purple color of 1. Different
shades of green were observed as the mixture was allowed to warm
up to the room temperature, but the color disappeared during the
workup, which afforded the pale-yellow product 11 in moderate
yield. A similar product was obtained when Na[HBEt;] was slowly
added to a toluene suspension of complex § which, lacking the ben-
zyl substituent at the pyridine C4, bears less steric hindrance at this
position. No transient colors were observed in this case, but the or-
ange color of the starting material faded gradually to leave a light yel-
low-colored suspension. Product 12, also a pale-yellow solid, was
readily purified by consecutive washings with hexane. Both 11 and
12 are soluble in dichloromethane and THF, and insoluble in hydro-
carbon solvents. However, we were unable to grow quality crystals
for X-ray diffraction of any of these two products. Their solubility



properties suggested that both are ionic complexes. Their 'H and
BC{'H} NMR spectra are different from those of the starting mate-
rials 2.BAr"s and § but still show one equivalent of [BAr"4], hence 11
and 12 are 1:1 electrolyte complexes. Both compounds have been
identified as cationic sodium complexes of the corresponding BIP
ligands, as BAr"ssalts. The 'H spectrum of 11 is confronted to that of
its parent compound 2-BAr'4in Figure S. As can be seen, both spec-
tra share in common the typical signals of the aromatic 4-Bn-BIP lig-
and and BAr"; but the characteristic high-field resonances of the
metal-bound benzyl fragment are lacking in the spectrum of the for-
mer. Instead, the spectrum of 11 exhibits two characteristic multi-
plets at & 3.25 and 1.68 ppm assigned to a molecule of THF coordi-
nated to Na', as these are somewhat shifted upfield (THF in CD>Cl,:
8 3.69 and 1.82 ppm, respectively*). Years ago, Gambarotta and
Budzelaar reported the crystal structure of two unusual bimetallic
complexes containing a 4-yl-"BIPNa(THF), moiety 6—bound at
C4 to a paramagnetic Fe center* but, otherwise, stable coordination
complexes of typical BIP ligands with alkali metals heavier than Li
are rare. Thus, in order to confirm the identity of both products, we
reacted the corresponding ligands 4-R-""BIP (R = Bn or H) with one
equivalent of the salt Na*[BAr"4] in CH.CL, in the presence of a
small amount of THF. The corresponding products were isolated as
rather stable materials, with indistinguishable solubility properties
and the same pale-yellow color as 11 and 12, respectively. For the
sake of comparison, Figure 3 displays the 'H NMR spectrum of the
product obtained for R = Bn derivative which, as can be seen, is vir-
tually identical to that of 11 except for the fact that this material con-
tains two equivalents of THF. On the other hand, the material pre-
pared from ™BIP was precipitated as a microcrystalline solid from a
cold hexane/
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Figure 5. "H NMR spectra (400 MHz, CD2Cl,, 25 °C) of compound 11
(black, in the center), as compared to those of its precursor 2-BAr"; (top,
red color) and an authentic sample of [(4-Bn-
PPBIP)Na(THF),][BArs] (blue, in the bottom), synthesized from 4-
Bn-*"BIP, NaBAr‘;and THF.

CH,Cl, mixture and furnished a correct elemental analysis for the
formula [(*"BIP)Na(THF)]*[BAr's]".

Although the recovery 11 or 12 from the reactions of 2 and § with
Na[HBEt;] was not quantitative, NMR analyses of the crude reac-
tion mixtures would not have failed to detect Zn complexes of type
1 or the corresponding 4-R-1,4-H,BIP dihydropyridine bases (R =
Bn or H, respectively) even if these would be formed as minor prod-
ucts. Cations 2 and § react in the same way under various experi-
mental conditions, therefore the presence of a benzyl substituent at
the pyridine C4 has no consequences on the regioselectivity of the
nucleophilic attack. Rather, the initial attack [HBEt;] anion takes
place at the metal center, and the irreversible decomposition of the

resulting hydridozinc intermediate is fast enough to completely sup-
press the formation of dihydropyridine.

Very likely, it is the enhanced Lewis acidity of the nearly square-
planar Zn(II) center which dictates the initial the site of the nucleo-
philic attack, but the final outcome is decided by the irreversible loss
of the "Zn(H)CH,Ph" moiety. Although the chemistry of well-de-
fined molecular zinc hydrides has experienced a rapid develop-
ment,”’ compounds that contain simultaneously 6—Zn-H and
6—Zn-C bonds are usually unstable and just a few examples have
been characterized.®> Thus, ejection of an unstable "Zn(H)CH.Ph"
fragment provides a reasonable explanation to our results. However,
we cannot rule out an alternative process, namely, unimolecular re-
ductive elimination of toluene. In the first term, this would lead to an
unstable "Zn(0)" species [(4-R-"BIP)ZnLa] (L could be solvent or
N:), analogous to Nikonov's [ (*BIP)Zn(DMAP),] adduct,” which
would release the BIP ligand upon decomposition. This alternative
decomposition route involving a formal reductive elimination step
would open new avenues for the development of applications of zinc
(and maybe other non-redox elements) in catalysis, but additional
research efforts will be required to ascertain the mechanism of this
interesting reaction.

Conclusions and Outlook

In this work, we investigated the ability of 2,6-bis(arylimino )pyr-
idine ligands (BIPs) to act as hydride donor/acceptor while they are
coordinated to a Zn(II) organometallic moiety. Our studies demon-
strate that complex 1, a 1,4-dihydropyridinate Zn(II) complex that
is cleanly formed when the ™BIP ligand reacts with dibenzylzinc
contains two reactive centers, a classic G-benzylzinc organometallic
fragment and the modified dihydropyridine heterocycle. Thus,
whilst the 6—Zn-C bond is selectively cleaved by weak protic acids
(e. g. methanol), the dearomatized dihydropyridinate ligand acts as
ahydride donor, strong enough to reduce aldehydes. In contrast, the
powerful Lewis-acidic electrophile B(C¢Fs)s cleanly abstracts hy-
dride from the dihydropyridine fragment, cleanly affording the cati-
onic organometallic Zn(II) species, 2, as the only detected product.
This is the first time that the re-aromatization of one such alkylated
species, of the type [(R-HBIP)M™-R], to afford the corresponding
o—alkylmetal cation [(R-BIP)M™-R
strated.

]* is unambiguously demon-

In order to substantiate the identity the cation 2, we developed a
general syntheses of [ (BIP)Zn-R]*asisolable [BAr",] salts, based on
the selective reaction of protonated BIP ligands with dialkylzinc de-
rivatives. In contrast with previously known methods for the synthe-
ses of BIP-supported organometallic complexes of Zn, our method-
ology is straightforward and fully predictable. Next, we investigated
the reaction of ionic complexes 2:BArs and § (identical to the for-
mer but lacking the benzyl substituent at position C4 in the central
pyridine ring) with sodium triethylhydroborate, a well-known hy-
dride transfer reagent. Contrary to our expectations, the attack of the
nucleophile takes place at the metal, causing the ejection of the 4-R-
PBIP ligands that were recovered as the corresponding Na* com-
plexes. This outcome is doubtless favored by the flat coordination
environment enforced by the planar BIP ligand at the Zn(II) center,
despite the considerable steric hindrance of the aryl substituents on
the "BIP ligands. At this point of our research we are still unable to
tell which the fate of the benzylzinc fragment was after the attack of
the hydroborate, but there are good reasons to believe that this could
be controlled with a suitable choice of substituents attached at the



metal or the BIP ligand. Our observations suggest that more exciting
discoveries are still awaiting in the exploration of the unusual and al-
ways surprising chemistry of organometallic complexes supported
by BIP ligands.

EXPERIMENTAL SECTION

All manipulations were carried out under inert atmosphere using
conventional Schlenk techniques (N2 or Ar) or an inert N»-filled glove box.
The solvents employed (toluene, diethylether, hexane, dichlorometane,
pentane and tetrahydrofurane) were rigorously dried, distilled and degassed
prior use. Methanol was refluxed over sodium methoxide, distilled and
stored in a glass ampoule over activated molecular sieves under inert atmos-
phere. NMR spectra were recorded on Bruker Avance I1I-400 and DRX-500
spectrometers (FT 400 and 500 MHz, 'H; 100 and 125 MHz, *C). The 'H
and BC{'H} resonances of the solvent were used as the internal standard but
the chemical shifts are reported with respect to TMS. The assignations were
routinely helped with 2D 'H-"H COSY, 'H-"*C HSQC and HMBC hetero-
correlation spectra. Dichloromethane-d, was dried over activated CaH, and
then, vacuum-distilled. Mass spectroscopy, elemental analysis and x-ray dif-
fraction measurements were carried out in the Instituto de Investigaciones
Quimicas. 1 M solution of Na*[HBEt:] in toluene, and B(C¢Fs)s, were pur-
chased from Sigma-Aldrich. The latter was purified by sublimation prior to
use. The ligands 2,6-[2,6-Pr,CsHsN=C(Me)].CsHsN (*"BIP) and 2,6-
[2,4,6-Mes-CsH.N=C(Me)].CsHsN (M“BIP) were prepared condensing
2,6-diacetylpyridine with the corresponding anilines under azeotropic wa-
ter-removal conditions, according to standard procedures. The tetraaryl-
borate reagents [H(Et:0).]*[BAr"s]" and Na'[BAr"]" (Arf = 3,5-
(CF3)2CeHs),” were prepared as described in the literature. The zinc alkyl
precursors ZnR, (R = CHaSiMes, CH,Ph, CH,CMe,Ph),” the alkylated BIP
derivative 4-Bn-""BIP'®, the dihydropyridinate complex 1*and the proto-
nated tetraaryborate salt [H""BIP]*[BArs] '®® were prepared according to
our own methods, as previously described. Detailed procedures for the syn-
theses and full characterization data for other protonated ligands, are given
in the Supporting Information.

Reaction of complex 1 with B(CsFs)s. In situ characterization of
2.HB(CeFs)s. In a nitrogen filled glovebox, two solutions were pre-
pared in equal amounts of CD.CL (0.4 mL), one containing
B(C¢Fs)s (3.6 mg; 7umol) and the second [(4-Bn-""HBIP)
Zn(Bn)] (1) (5.0 mg; 7 pmol), using S mL scintillation vials. These
were cooled at 10 °C and then the colorless solution of the borane
was carefully added to the clear, deep blue solution of 1. The result-
ing mixture turned red-purple instantaneously. The content of the
vial was transferred into a screw-cap J. Young NMR tube at 23 °C
and analyzed by multinuclear NMR ('H; '*C; °F; ''B). The reaction
was found to be complete by the total disappearance of the signals of
1 and the clean appearance of those of 2. 'H NMR: (CD:Cl, 25 °C,
400 MHz): 8 1.02 (d, 12H, * i = 6.8 Hz, CHMeMe), 1.08 (d, 12H,
3V = 6.8 Hz, CHMeMe), 1.79 (s, 2H, CH; Zn-Bn), 2.45 (s, 6H
Me-CN), 2.45 (sept, 4H, * i = 6.8 Hz, CHMe»), 4.33 (s, 2H, CH:
Py-Bn), 5.53 (d, 2H, *jim = 6.6 Hz, 0-C Ha: Py-Bn), 6.55 (m, 3H, m-
CHi p-CHa: Py-Bn), 7.29-7.44 (m, SH, C Hy Zn-Bn), 7.33 (d, 4H,
3 Jan = 7.8 Hz, m-C Huar), 742 (t, 2H, i = 7.9 Hz, p-C Hhar), 8.18
(s, 2H, 3-CHhy).*C{'H} NMR (CD:CL, 25 °C, 100 MHz): 5 18.4
(CH»Zn-Bn), 18.6 (Me-CN), 22.9 (CHMeMe), 24.0 (CHMeMe),
29.0 (CHMe), 41.8 (CH, Py-Bn), 121.0 (p-CHa Zn-Bn), 124.6
(m-CHxar), 126.5 (0-CHar Zn-Bn), 127.6 (3-CHyy), 127.7 (m-
CHa: Py-Bn), 128.0 (p-CHa: Py-Bn), 128.2 (m-CHa: Zn-Bn), 129.2
(0-CHar Py-Bn), 129.5 (p-CHx.ar), 136.1 (i-Ca: Py-Bn), 137.8 (o-
Guar), 141.5 (i-Guar), 146.0 (i-Car Zn-Bn), 148.9 (2-Gyy), 161.8 (4-
CHyy), 166.9 (Me-CN). "B{'H} NMR (128 MHz, 25 °C, CD:CL):
8 —27.3 ppm. “F{'H} NMR (376 MHz, 25 °C, CD,CL): 5 —133.8
(d,% ke = 19.4 Hz), -164.6 (t, Jir = 19.4 Hz), -167.5 (t, *re = 20 Hz).

Synthesis of inoic complexes [ (4-R-BIP)ZnR’] [BAr"s] These were
prepared from the corresponding protonated BIP ligands and zinc
dialkyls. As an example, the detailed procedure for syntheses 2-BArs
is described below, and full procedures and characterization data are
given in the Supporting information. A solution of [4-Bn-
H"BIP]*[BAr",] (408.0 mg, 0.29 mmol) in 10 mL of CH.CL solu-
tion was added dropwise to a gas-tight centrifuge cone cooled to -60
°C containing a second solution of Zn(CH.Ph). (90.0 mg, 0.36
mmol) in 10 mL of the same solvent and stirred with a small mag-
netic bar. The cooling bath was removed, and the stirring was con-
tinued for 2 h at the room temperature. After evaporation of vola-
tiles, the residue was washed with hexane (3 x 5 mL). After each
washing, the mixture was centrifuged and the hexane decanted out
with a cannula. The product was obtained as an orange microcrys-
talline powder that was dried under vacuum. Yield, 398 mg (0.27
mmol, 92%). 'H NMR (CD:CL, 25 °C, 400 MHz): & 1.05 (d, 12H,
3 Jan = 7.2 Hz, CHMeMe), 1.07 (d, 12H, *Jim = 7.7 Hz, CHMeMe),
1.69 (s, 2H, CH: Zn-Bn), 2.44 (s, 6H, Me-CN), 2.46 (sept, 4H, * i
= 6.9 Hz, CHMe>), 4.36 (s, 2H, CH: Py-Bn), 5.60 (d, 2H, > = 6.4
Hz, 0-CHa: Zn-Bn), 6.59 (m, 3H, my p-C Ha Zn-Bn), 7.23-7.46 (m,
SH, CHa, Py-Bn),7.33 (d, 4H, * fun = 7.5 Hz, m-CHx ), 7.42 (t, 2H,
*Jun = 7.5 Hz, p-CHuar), 7.55 (s, 4H, p-C HaBAr's), 7.72 (s, 8H, o-
CHaBAr"), 8.18 (s, 2H, 3-CHr,). “C{'"H}-NMR (CD:Cl, 25 °C,
100 MHz): 6 18.1 (CH»Zn-Bn), 18.5 (Me-CN), 22.9 (CHMe Me),
24.1 (CHMeMe), 29.1 (CHMe»), 42.0 (CH. Py-Bn), 117.5 (s, p-
CHa: BAr'y), 121.1 (p-CHaZn-Bn), 124.7 (m-CHx.ar), 124.7 (q,
'Jer = 272 Hz, CF5 BArYs), 126.1 (0-CHaZn-Bn), 127.7 (m-CHa
Py-Bn), 127.7 (3-CHbyy), 128.1 (p-CHa: Py-Bn), 128.2 (m-CHa Zn-
Bn), 1289 (q, %Jer = 31 Hz, C-CF; BAr's), 129.0 (0-CHa: Py-Bn),
129.6 (p-CHx.ar), 134.8 (s, 0-CHar BAr's), 136.0 (i-Ci: Py-Bn),
137.7 (0-Guar), 141.1 (i-Guar), 148.9 (2-Gy), 161.8 (g, Yen = SO Hz,
i-Ca BAF)), 1623 (4-Giy), 1667 (Me-CN). "B{'H} NMR (128
MHyz, 25 °C, CD:CL): 8 -6.60.°F{'H} NMR (376 MHz, 25 °C,
CD,CL): & -62.8 IR (Nujol, cm): 1608, v(C=N, BIP); 1277, 1126
and 886, V(B-C) fOI' [BAI‘F4] Anal Calcd fOI' C79H53BF24N3Zn: C,
59.62; H, 4.31; N, 2.64. Found: C, 59.63; H, 4.13; N, 2.40 %.

Reaction of compound 2-BAr", with Na*[HBEt,]". Isolation of [(4-
Bn-"BIP)Na(THF)]*[BAr%:] (11.THF). 0.15 mL of a 1 M toluene
solution Na*[HBEt,] (0.15 mmol) were added to a solution of 230
mg of compound 2.BAr" (0.14 mmol) in 10 mL of THEF, stirred at
— 60 °C. The color of the mixture turned instantaneously from or-
ange to a dark bluish-green hue. The stirring was continued for 20
min and then the cooling bath was removed and the solution allowed
to stir for 20 min at the room temperature. The color of the mixture
did not fade during this time but changed slightly to olive green. It
was then taken to dryness and the oily residue was stirred in hexane
giving abrown solid suspended in a pale green solution. Aliquot sam-
ples of the liquid phase were taken to dryness and dissolved in
CD:Cl or CsDs for 'H NMR analyses did not reveal the presence of
any well-defined product. The solid residue was taken up in 1 mL
CH:Cl: and after adding 10 mL of pentane, the solution was allowed
to rest at -30 °C. After 48 h, well-shaped crystals were collected,
whose X ray diffraction structure allowed their identification as
Na*[BAr's]. The mother liquor was filtered and taken to dryness,
leaving 62 mg (0.05 mmol) of an off-yellow microcrystalline residue
which  was identified as the compound [Na(4-Bn-
"BIP)(THF)]*[BAr%] (11-THF). Yield: 35%. 'H NMR (CD:Cl,



25°C, 400 MHz): 8 1.05 (d, 12H, /i1 = 6.8 Hz, CHMeMe), 1.15
(d, 12H, * Jin = 6.8 Hz, CHMeMe), 1.66 (m, 4H, THF),2.29 (s, 6H,
Me-CN), 2.59 (sept, 4H, *Jun = 6.8 Hz, CHMe:), 3.23 (m, 4H,
THF), 4.27 (s, 2H, CH, Py-Bn), 7.15 - 7.25 (m, 6H, m,p-C Hxa:),
7.32 (d, 2H *Jin = 7.7 Hz, 0-CHa: Py-Bn), 7.33 (t, 1H * i = 7.4 Hz,
p-CHa Py-Bn), 7.39 (t, 2H *uu = 7.3 Hz, m-CHa: Py-Bn), 7.65 (s,
4H, p-CH\BAr"4),7.74 (s, 8H, 0-C HaBAr's),7.96 (s, 2H, 3-C Hry).
BC{'H} NMR (CD:Cl, 25 °C, 100 MHz): 5 18.8 (Me-CN), 23.3
(CHMeMe), 23.6 (CHMeMe), 25.6 (THF), 28.8 (CHMe), 42.0
(CH2 Py-Bn), 68.4 (THF), 117.8 (s, p-CHa: BAr"4), 124.4 (m-CHx.
), 125.0 (q, Yer = 272 Hz, CFs BAr'4), 126.2 (3-CHyy), 127.7 (p-
CHuar), 128.5 (p-CHar Py-Bn), 129.2 (q, YJcr = 31 Hz, C-CF;
BAr',), 129.3 (0-CHa: Py-Bn), 129.5 (m-CHa: Py-Bn), 135.2 (s, o-
CHa: BArYy), 1364 (0-Guar), 138.0 (i-Ca: Py-Bn), 144.3 (i-Guar),
1532 (2-Gy), 156.9 (4-Gy), 162.1 (q, s = 50 Hz, i-Ca: BAr's),
169.1 (Me-CN). "B{'"H} NMR (128 MHz, 25 °C, CD,CL): & -
6.60. YF{'H} NMR (376 MHz, 25 °C, CD:CL):  -62.8. ESI-MS
(CH2CL): 594.5 (4-Bn-"BIPNa").

Reaction of compound § with Na'[HBEt;]. Isolation of
[(*BIP)Na]*[BAr4]" (12). A 0.064 M toluene solution of
Na*[HBEt;] was prepared diluting the 1 M commerecial solution in
the required volume of the same solvent. 1 mL of this solution (0.064
mmol) was added to a suspension of compound § (91.6 mg, 0.064
mmol) in § mL of toluene, vigorously stirred at the room tempera-
ture. The orange suspension turned pale yellow. The stirring was
continued for 3 h followed by evaporation under reduced pressure.
The residue was washed with hexane (3 x 10 mL) and after filtration,
and it was dried under vacuum. The hexane extracts were analyzed
by '"H NMR evidencing that these did not contain any substantial
amount of well-defined products species, whereas the 'H spectrum
of the solid in CD,Cl revealed that it consisted of spectroscopically
pure [("BIP)Na]*[BArs] (12). 'H NMR (CD:Cl, 25 °C, 400
MHz): § 1.10 (d, 12H, *jius = 6.6 Hz, CHMe Me), 1.15 (d, 12H, *Jim
= 6.6 Hz, CHMeMe), 2.33 (s, 6H, Me-CN), 2.59 (sept, 4H, *Jim =
6.7 Hz, CHMe:), 7.24 (m, 6H, my p-CHxa:), 7.55 (s, 4H, p-CHa:
BAr%), 7.73 (s, 8H, 0-CHyBAr%), 8.11 (d, 2H, *fim = 7.8 Hz, 3-
CHry), 8.25 (t, 1H, *ius = 7.8 Hz, 4-CHy). ESLMS (THE): 504.5
("BIPNa*).

Independent synthesis of [Na(4-Bn-"BIP)(THE).]'[BAr"s]
(11.(THF).). 0.334 g of Na[BAr"s] (0.38 mmol) were dissolved in
amixture of solvents containing 8 mL of CH.Cl. and 0.5 mL of THF.
Then, while stirring, an equimolar amount of 4-Bn-"BIP (0.216 g,
0.38 mmol) in 8 mL of CH»Cl were added. The mixture was stirred
for 60 min. Then, volatiles and solvents were removed under re-
duced pressure and the resultant yellow solid was washed with pen-
tane (10mL) and dried under vacuum during 2 hours. Yield: 222 mg,
0.23 mmol (61 %). Attempts to crystallize this compound were un-
successful due to its high solubility. On prolonged storage at -20 °C,
partial precipitation of Na[BAr"s] took place. 'H NMR (CH.CL, 25
°C, 400 MHz): SK1.04 (d, 12H, * /i = 6.8 Hz, CHMeMe), 1.14 (d,
12H, *Jims = 6.8 Hz, CHMeMe), 1.71 (m, 8H, THF), 2.29 (s, 6H,
Me-CN), 2.57 (sept, 4H, *Jun = 6.9 Hz, CHMe:), 3.39 (m, 8H,
THF), 4.25 (s, 2H, CH, Py-Bn), 7.17 - 7.23 (m, 6H, m,p-C Hxa:),
7.31 (d,2H i = 7.7 Hz, 0-CHi, Py-Bn), 7.33 (t, 1H i = 7.7 Hz,
p-CHa Py-Bn), 7.39 (t, 2H *uu = 7.3 Hz, m-CHa: Py-Bn), 7.55 (s,
4H, p-CHa BArY), 7.72 (s, 8H, 0-CHa- BAr's), 7.94 (s, 2H, 3-
C Hpy).”C{'H} NMR (CD:Cl, 25 °C, 100 MHz): 6 18.8 (Me-CN),
23.3 (CHMeMe), 23.7 (CHMeMe), 25.8 (THF), 28.8( CHMe),

42.1(CH. Py-Bn), 68.3 (THF), 117.8 (s, p-CHar BAr"4), 124.4 (m-
CHxar), 125.2 (q, Yer = 272 Hz, CFs BArY), 126.2 (3-CHpy), 126.4
(p-CHN.A;), 127.8 (p-CHA; Py—Bn), 129.2 (q, z’fcp =31 HZ, C-CFs
BAr',), 129.3 (0-CHa: Py-Bn), 129.6 (m-CHa: Py-Bn), 135.2 (s, o-
CHa: BArYy), 136.5 (0-Guar), 138.1 (i-Ca: Py-Bn), 144.4 (i-Guar),
153.3 (2-Gy), 156.8 (4-Giy), 162.1 (q, s = SO Hz, i-Ca BAr'y),
169.1 (Me-CN).ESI-MS (CH:CL): 594.5 (4-Bn-""BIPNa*). Anal.
Calcd for CsoHsBF24N3NaO,-2CH>CL: C, 55.58; H, 4.61; N, 2.37.
Found: C, 55.28; H, 4.49; N, 2.33 %.

Independent synthesis of [("BIP)Na(THF)]‘[BAr,]- (12-THE).
241 mg (0.5 mmol) of "BIP, dissolved in 8 mL of CH,CL, were
added to a stirred solution containing 443 mg (0.5 mmol) of
Na[BAr"] in 11 mL of a mixture of CH,Cl, and THF 10:1 (v/v).
The reaction mixture was stirred for 1 h, taken to dryness and the
solid residue was recrystallized in a 1:4 mixture of CH>Cl, and hex-
ane at -20 °C. A pale yellow microcrystalline solid formed after 48 h,
which was filtered out, and dried under reduced pressure (552 mg;
0.383 mmol, 77 % yield). 'H NMR (CD-CL, 25 °C, 400 MHz):
8 1.11 (d, 12H, i = 6.8 Hz, CHMeMe), 1.19 (d, 12H, * i = 6.9
Hz, CHMeMe), 1.69 (m, 4H, THF), 2.37 (s, 6H, Me-CN), 2.65
(sept, 4H * Jun = 6.8 Hz, CHMe>), 3.28 (m, 4H, THF), 7.29-7.24 (m,
6H, mp-CHy.a:), 7.60 (s, 4H, p-CH., BAr"s), 7.77 (s, 8H, 0-C Ha,
BAr":), 8.14 (d, 2H, *Jiu = 7.8 Hz, 3-CHhy), 8.25 (t, 1H, * i = 7.9
Hz, 4-CHp,). BC{'H} NMR (CD,Cl, 25 °C, 100 MHz): & 18.8
(Me-CN), 23.4 (CHMeMe), 23.7 (CHMeMe), 25.7 (THF), 28.8
(CHMe,), 68.3 (THF), 117.9 (s, p-CHar BAr's), 124.7 (m-CHxas),
125.1 (q, YJer =272 Hz, CF3 BAr's), 126.0 (3-CHyy), 126.3 (p-CHx.
A;), 129.3 (q, z’fcp =31 HZ, C-CFs BAIF4), 135.2 (S, 0-CHa: BAIF4),
136.5 (0-Guar), 141.3 (4-CHpy), 144.5 (i-Guar), 153.3 (2-Gy),
162.1 (q, YJes = 50 Hz, i-Ca BAr'), 169.0 (Me-CN). ESI-MS
(CH:CL): 504.4 (*"BIPNa"). Anal. Calcd for CssHs:BF24N3NaO: C,
57.55; H, 4.41; N, 2.92. Found: C, 57.23; H, 4.67; N, 2.77 %.

X-ray Structural Analysis for 6 and 10: Crystals suitable for X-ray dif-
fraction analysis were coated with dry perfluoropolyether, mounted
on glass fibers, and fixed in a cold nitrogen stream to the goniometer
head. Data collections were performed on a Bruker-Nonius X8
Apex-II CCD diffractometer, using graphite monochromatized Mo
radiation (A(Mo Ka) = 0.71073 A) and fine-sliced w and ¢ scans
(scan widths 0.30° to 0.50°).%* The data were reduced (SAINT) and
corrected for absorption effects by the multiscan method
(SADABS)>* The structures were solved by direct methods
(8IR2002, SHELXS) and refined against all 7 data by full-matrix
least-squares techniques (SHELXL-2016/6) minimizing w{F’-
F2]23¢ All non-hydrogen atoms were refined with anisotropic dis-
placement parameters. Hydrogen atoms were included in calculated
positions and allowed to ride on their carrier atoms with the iso-
tropic temperature factors Uk fixed at 1.2 times (1.5 times for me-
thyl groups) of the Uz, values of the respective carrier atoms. Three-
CFs groups appear strongly disordered in the [BAr";] anions inboth
complex salts and these groups were all modeled over two sets of
sites. The occupancies ratios were fixed at (50:50, 60:40 and 50:50)
and (66:34, 68:32 and 56:44) respectively for 6 and 10. Moreover,
two ‘Pr-aryl groups appear disordered for 6, which were modeled
over two sets of sites with occupancies ratios fixed at 60:40 for both.
This required some geometric restraints (DFIX instruction), the
ADP restraint SIMU and the rigid bond restraint DELU were used
in order to obtain more reasonable geometric and ADP values of the
solvent molecule atoms. It was also useful to restraint the anisotropic



U-values of these atoms to behave more isotropically (ISOR instruc-
tion). A search for solvent accessible voids in 10 using PLATON,”
showed a potential solvent volume of 432 A® and 139 count elec-
trons (equating to 4 molecules of n-hexane per unit cell), impossible
to model even with the most severe restraints. The corresponding
CIF data represent SQUEEZE®® treated structures with the n-hex-
ane molecules handling as a diffuse contribution to the overall scat-
tering, without specific atom position and excluded from the struc-
tural model. The SQUEEZETesults were appended to the CIF.

Crystal data for 6: CeoHesBF24N3SiZn [C32H12BF24, C37H54N3SiZn],
M; = 1497.51, triclinic, space group P 1, a = 12.448(15) A, b =
16.396(18) A, c=17.828(17) A, a=94.25(4)°, f=99.75(4)°, =
96.70(4)°, V=3545(7) A, T=173(2) K, Z=2, y= 0.469 mm’’,
70431 reflections measured ( fhna = 25.25°), 12740 independent re-
flections (R = 0.0403). The final R1 value was 0.0532 (7> 20(1)).
The final wR2(#) value was 0.1621 (all data). The goodness of fit
on # was 1.006. CCDC 1566705.

Crystal data for 10: CesHseBF24N3Zn [ Cs2H12:BFay, CsyHuN:Zn], M
= 1459.34, triclinic, space group P 1, 2 = 12.3635(16) A, b =
14.7704(19) A, c=20.859(2) A, a=78.781(4)°, f=84.371 (4)°, y
= 89.994(4)°, V=3717.7(8) A%, T'=193(2) K, Z=2, u= 0.430 mm'
!, 67960 reflections measured (fna = 25.25°), 13409 independent
reflections (R = 0.0822). The final R1 value was 0.0951 (7> 20(1)).
The final wR2(#) value was 0.3223 (all data). The goodness of fit
on F was 1.126. CCDC 1566704.
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Stable G-organozinc(II)-1,4-dihydropyridinates behave as ligand-based hydride transfer complexes, rather than as typical organometal-
lic nucleophiles, but the reverse process has not been observed.




