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Abstract: Lithium oligo-a-pyridylamides are useful intermediates in coordination chemistry. Upon trans-
metalation they have afforded a variety of extended metal atom chains (EMACs), which are currently
investigated as molecular wires and single-molecule magnets. However, structural information
on this class of compounds is scarce. Two trilithium salts of a new, sterically encumbered oligo-a-
pyridylamido ligand were isolated in crystalline form and structurally characterized in the solid state
and in solution. Lithiation of N?-(trimethylsilyl)-N°-{6-[(trimethylsilyl)amino]pyridin-2-yl}pyridine-
2,6-diamine (H3L) with #n-BuLi in thf yielded dimeric adduct [LigLy(thf)s] (1), which was crystallized
from n-hexane/thf as 1-C¢Hj4. Crystals of a tetra-thf solvate with formula [LigLy(thf)4] (2) were also
obtained. The compounds feature two twisted L3~ ligands exhibiting a cis-cis conformation and
whose five nitrogen donors are all engaged in metal coordination. The six Li* ions per molecule
display coordination numbers ranging from 3 to 5. Compound 1-C¢H4 was investigated by multin-
uclear 1D and 2D NMR spectroscopy, including 'H DOSY experiments, which indicated retention
of the dimeric structure in benzene-dg solution. To the best of our knowledge, 1 and 2 are the
longest-chain lithium oligo-a-pyridylamides structurally authenticated so far, thereby qualifying as
appealing intermediates to access high-nuclearity EMACs by trans-metalation.

Keywords: lithium amides; X-ray diffraction; NMR spectroscopy; diffusion ordered spectroscopy

1. Introduction

N-anionic ligands such as amidinates, guanidinates, 2-aminopyridinates, and their
combinations are important synthetic building blocks in coordination chemistry [1-3].
A vast series of extended metal atom chain (EMAC) compounds [4] containing up to
11 metal ions [5] were assembled using arrays of lined-up N donors as those provided by
oligo-a-pyridylamido ligands in their all-cis conformation [6]. These wire-like structures
often contain metal-metal bonds, which may give rise to unusual electrical or magnetic
properties. For instance, the doubly-deprotonated form of proligand H,L' in Figure 1
was used to stabilize a linear triiron(II) species featuring a Fe-Fe separation of only 2.44 A
and an S = 6 ground state [7]. More recently, a structurally similar complex containing
2-pyridyl-substituted formamidinato ligands, first reported in 1998 by Cotton et al. [8], was
also shown to have S = 6 and to exhibit single-molecule magnet properties despite the
longer Fe-Fe distance of 2.78 A[9].

These molecular compounds are most often prepared by one of two possible routes [10-12]:
(a) direct metalation, which implies reacting the organic proligand with a transition-metal
halide and an exogenous base (e.g., --BuONa or t-BuOK) in refluxing naphthalene (Hurley-
Robinson-Peng’s method) [13,14]; (b) trans-metalation between a lithium salt of the organic
ligand and a transition-metal halide (Cotton’s method) [15]; the lithium salt is typically
prepared in situ by treating the organic proligand with MeLi [8,9,15] or n-BuLi [7] in thf at
low temperature and is not isolated. Other routes have been proposed, such as: (c) the use
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of an organometallic precursor (e.g., [Feo(Mes)s], HMes = mesitylene) that provides the
required basic equivalents while acting as a metal source [16,17]; (d) reaction of a precursor
metal complex of the proligand with MeLi [12]. More sophisticated methods were devised
to access heterometallic variants [11,18].
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Figure 1. Molecular structures of HL”, HsA, HpL/, and H3L.

In spite of their relevance as intermediates in trans-metalation reactions, lithium oligo-o-
pyridylamides have been structurally characterized only rarely and the available informa-
tion is limited to the shortest members of the series. When prepared from toluene/hexane,
the lithium salt of HL” in Figure 1 is tetrameric in the solid state ([LisL"4]) and contains pairs
of py- and pp-L”~ ligands [2]. Two lithium salts of HoL' (Figure 1) were prepared in crys-
talline form from hexane(s)/thf and structurally authenticated as [Lis(HL'),L’(thf),] [19]
and [LizL/5(thf)4] [7]. The L'>~ and HL'~ anions in these complexes act as - and pi3-
ligands, respectively. A thf-free form was also synthesized from hexane [20]. Lithium
2,2'-dipyridylamide (dpa~) crystallized from 2-MeTHF/hexane is dimeric and has formula
[Lip(dpa)2(2-MeTHF);], with two py-dpa™ ligands [21].

In this work we have prepared the higher homologue of sterically encumbered H,L/,
namely proligand H3L in Figure 1, and its trilithium salt. When crystallized from n-hexane/thf,
the latter compound is dimeric in the solid state and has formula [LigLy(thf)s]-CsHis
(1-C¢Hja). A tetra-thf solvate [LigLy(thf)4] (2) was also structurally authenticated, which
showed a massive effect of thf coordination on the geometry of the hexalithium core. In
both compounds the two oligo-a-pyridylamido ligands are twisted from each other and
adopt a cis-cis conformation, with all their N donors engaged in metal coordination. A
multinuclear NMR spectroscopy investigation on 1-C¢Hj4 indicated retention of its dimeric
structure in benzene-dq solution. To the best of our knowledge, 1 and 2 are the longest-
chain lithium oligo-a-pyridylamides structurally authenticated so far. Thus, they qualify
as appealing intermediates to access high-nuclearity EMACs by trans-metalation.

2. Materials and Methods

General procedures. All synthetic operations involving air- or water-sensitive com-
pounds were conducted under N, using a Schlenk line or inside an MBraun UniLAB
glove-box with < 1 ppm of O, and H,O. The glove-box is equipped with a Julabo FT-
902 cold-finger cryostat and an n-heptane cooling bath for low-temperature reactions.
Solvents and reagents were purified as follows (DPK = sodium diphenylketyl solution;
3FPT = three freeze-pump-thaw cycles; MS = activated 4A molecular sieves) [22]. Tetrahy-
drofuran (thf) was pre-dried over KOH (24 h), distilled, re-distilled from DPK under N5,
degassed by 3FPT, and stored on MS. n-Hexane was degassed by 3FPT and stored on MS.
Triethylamine (Et;N) was dried on CaH; overnight, distilled, and stored on MS. Ethanol
was stored on MS before use. Black, commercial 2,6-diaminopyridine (dap) was purified by
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sublimation to give a perfectly white crystalline solid (Mp 120.5-121.0 °C; lit.: 120-121 °C
from ligroin [23]). Benzene-dg was degassed by 3FPT and stored on MS. Trimethylsilyl
chloride (TMSCI) was treated with CaH; (24 h) and obtained under N, flow. All the other
chemicals were used as received. Commercial n-BuLi solution (1.6 M in hexanes) was
titrated before use [24].

A solution of HCI in Et,O was prepared by adding 37% (w/w) hydrochloric acid
(8.3 mL, 0.10 mol) to Et,O (39 mL), followed by powdered MgSO;, (21.6 g) in small portions.
After stirring for several hours, the liquid phase was decanted away, the solid washed with
Et;O (3 x 5 mL), and the volume of the combined organic phases adjusted to 50 mL. The
solution was titrated with 0.1 M NaOH and bromothymol blue indicator shortly before use
(concentrations usually ranged from 0.65 to 0.85 M) [25].

Elemental analysis was carried out with a Flash 2000 automatic analyzer from Thermo
Fisher Scientific (Waltham, WA, USA).

NMR spectra were collected on AVANCE400 (operating at 400.13 MHz for 'H) and
AVANCE IIT HD (operating at 600.13, 233.23, 150.90, and 60.85 MHz for 'H, ”Li, 13C, and
15N, respectively) FT-NMR spectrometers from Bruker Biospin. The air-sensitive samples
were prepared directly in the glove-box using 5 mm NMR tubes equipped with Young
valves. 'H and 13C spectra were calibrated setting the solvent residual proton signals in
dimethyl sulfoxide-dy and benzene-dg at 2.50 and 7.16 ppm, respectively, and the solvent
13C signal in benzene-dg at 128.06 ppm [26]. Heteronuclear spectra were referenced to a 1 M
solution of LiCl in D,O (“Li) or to liquid ammonia (15N). The following abbreviations are
used in reporting NMR data: s = singlet, d = doublet, t = triplet, m = multiplet, br = broad,
and vbr = very broad. The spectra were analyzed and plotted with Bruker TopSpin
4.0.9 software. 2D NMR experiments were carried out using standard pulse sequences
(Bruker library): cosygpqf (‘H-'H COSY), hsqcedetgpsp.3 (‘H-1*C HSQCed), roesyph
(*H-'H ROESY, 250 ms mixing time), hmbcetgpl3nd (*H-'3C HMBC, 50 ms evolution time),
and hmbcgpndgf (*H-1N HMBC, 200 ms evolution time).

The 'H diffusion-ordered experiment (*H DOSY) was run at 400.13 MHz and 298 K
in benzene-dg, with a ledbpgp2s sequence using bipolar gradient pulses [27], a big delta
of 60 ms and a little delta of 2 ms. The signal decay was fitted with a double expo-
nential function with Bruker Dynamic Center software, to take into account the partial
overlapping of some signals. The diffusion coefficient of the residual proton signal of
benzene-dg was used to calculate the normalized diffusion coefficients Dy norm and to esti-
mate the molecular weight (MW) of 1 based on the external calibration curves (ECCs)
for benzene-dg solutions proposed by Bachmann et al. [28]. Parameters in the equa-
tion logMW = (logDx norm — logK)/a are: logK = —7.58 and a« = —0.572 for merged ECC
(ECCerge); logK = —7.47 and a = —0.622 for molecules diffusing as “dissipated spheres
and ellipsoids” (ECCpgg), a model that proved most successful for organometallics [28,29].

IR spectra were measured in ATR mode on a JASCO 4700 FT-IR spectrometer between
400 and 4000 cm™ with 2 ecm~! resolution. The following abbreviations are used in
reporting IR data: s = strong, m = medium, and w = weak.

X-ray Crystallography. All structures were analyzed with a four-circle Bruker-Nonius
X8APEX diffractometer equipped with Mo-Ka radiation (A = 0.71073 A) and a Kryoflex
liquid N cryostat. A needle-like colorless crystal of 3-HsA was fixed on a glass fiber with
epoxy resin for data collection at room temperature. Colorless crystals of 1-C¢H14 (prisms)
and 2 (blocks) were removed from the mother liquor under N; atmosphere, immediately
soaked in NVH immersion oil (Jena Bioscience) and mounted on top of a glass capillary
and on a 200 pum MiTeGen MicroLoop™, respectively, for data collection at 115(2) K.
Data collection and reduction were carried out using APEX2 v1.0-22 [30] and SAINT
v7.06A [30] software, respectively, while a multi-scan absorption correction was applied
with SADABS v2.10 [30]. The structures were solved by direct methods using the SIR92
program [31]. Full matrix least-squares refinement on Fo2 was performed with the SHELXL-
2018/3 program [32] implemented in the WINGX v2020.2 suite [33]. Unless otherwise
noted, all nonhydrogen atoms were refined anisotropically, while hydrogen atoms were
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set in idealized positions and treated as riding contributors with isotropic displacement
parameters tied to 1.5 or 1.2 times those of the parent atoms for CHj3 and other hydrogens,
respectively. A rotating group refinement (AFIX 137) was adopted for trimethylsilyl CHs
groups. Specific refinement details for each structure are reported hereafter.

The crystals of 3-HsA are monoclinic, with systematic absences clearly pointing
to space groups Cc or C2/c. Structure solution was possible in both space groups, but
refinement could be satisfactorily carried out only in Cc. The asymmetric unit contains
two independent molecules (Z = 8). To increase the data/parameter ratio, coordinates were
refined only for NH- and NHj-type hydrogen atoms, with a single U, parameter for each
type. The experimental data did not support the determination of the absolute structure.

The crystals of 1.-C¢Hj4 are orthorhombic (space group Pbcn) and the asymmetric
unit contains half molecule of 1 which develops around a twofold axis (Z = 4) and conse-
quently has crystallographically imposed C, symmetry. One thf ligand is disordered over
two positions (0.563(8):0.437(8)) and was refined with restraints on geometry (SAME) and
anisotropic displacement parameters (RIGU) [34]. A half-occupancy n-hexane molecule
disordered around a twofold axis is also present in the asymmetric unit. It is further
split over two positions (0.258(4):0.242(4)) and was refined isotropically with restraints on
geometry (DFIX, SAME) and constraints on anisotropic displacement parameters (EADP).

The crystals of 2 are triclinic (space group P1) and the asymmetric unit contains two
distinct molecules (Z = 4): Lil-Li6 (moll) and Li7-Lil12 (mol2). Two thf ligands in mol2
are split over two positions with 0.637(10):0.363(10) and 0.653(11):0.347(11) occupancies,
respectively. They were refined with restraints on geometry (SAME) and constraints or
restraints on anisotropic displacement parameters (EADP, RIGU) [34].

Graphics utilized ORTEP-3 for Windows v2014.1 [33] and POV-Ray for Windows
v3.7 [35].

CCDC 2165612-2165614 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/structures (accessed on 10 April 2022), or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

X-ray Powder Diffraction. X-ray powder diffraction data were acquired on a Panalytical
X'Pert PRO diffractometer (6/6 geometry, Cu-Ka radiation) equipped with an X-celerator
detector. The scans were collected for 26 = 5-120° in steps of 0.017° at a rate of 210 s per
step. Powder patterns were simulated with Mercury 2021.1.0 [36] using a full-width-at-
half-maximum of 0.12° in 26.

Synthesis of 2,6-diaminopyridine monohydrochloride (dap-HCI). 2,6-Diaminopyridine
(1.51 g, 13.8 mmol) was solubilized in hot EtOH (7 mL) to give a clear, light-yellow solution.
After cooling down to room temperature, stoichiometric ethereal HCl (0.65 M) was added
dropwise until slightly acidic pH (ca. 21.3 mL, 14 mmol). The biphasic system so obtained
became homogeneous upon further addition of EtOH (4 mL). The solvent was removed
under vacuum to give a light brown solid (1.94 g, 96%). Mp 82.1-83.3 °C (lit.: 81-83 °C from
ethanol [37,38]). Elemental analysis calcd (%) for CsH;N3-HCI-H,O: C 36.71, H 6.16, N
25.68; found: C 36.68, H 6.10, N 26.19. 'H NMR ((CD3),SO, 400.13 MHz, 298 K): 6 = 5.87 (d,
3In = 8.3 Hz, 2H, H3P), 7.25 (s, br, 4H, NHy), 7.47 (t, 3Jy1.pg = 8.3 Hz, 1H, H*), 12.83 ppm (s,
br, 1H, N*-H). Mibu et al. reported very close 'H NMR data [39]. The spectrum is clearly
indicative of protonation on the pyridine ring, consistent with the solid-state structure of
dap-HCI-H,O determined by Schrage et al. [40].

Synthesis of N?>~(6-aminopyridin-2-yl)pyridine-2,6-diamine (HsA). 2,6-Diaminopyridine
(3.50 g, 32.1 mmol) and 2,6-diaminopyridine monohydrochloride (4.68 g, 32.1 mmol) were
introduced in a Schlenk flask kept under N; flow. The mixture was heated to an internal
temperature of 190 °C in a silicone oil bath, whereupon a lively evolution of NH3; was
observed. The course of the reaction was followed by 'H NMR spectroscopy in dimethyl
sulfoxide-dg and by TLC (silica gel, 10 mL CH,Cl, /EtOH 9:1 v/v + 2 drops 30% aqueous
NHj3; r.f. = 0.59 for dap and 0.65 for H5A). After 57 h the initially liquid reaction mixture
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had turned into a black hard solid. The 'TH NMR spectrum ((CD3),SO, 400.13 MHz, 298 K)
showed a dominant pattern of resonances assigned to HsA-HCl: § = 6.17 (d, 3t = 8.2 Hz,
2H, H3 or H%), 6.22 (d, 3]y = 8.2 Hz, 2H, H3 or H?), 7.55 (t, 3]s = 8.2 Hz, 2H, H*), 7.59 (s,
vbr, 4H, NH,), 11.05 (s, br, 1H, NH), 15.64 ppm (s, br, 1H, N*-H). A weaker set of signals
from dap-HCI (see above) was also detected, indicating an approximately 3:1 molar ratio
between the two species. The reaction was prosecuted for additional 12 h, then the solid
mass was cooled down to room temperature, finely ground and subject to a first extraction
with hot EtOH (200 mL) under stirring to remove the reactants. The solid was collected
by filtration (G3) and subject to further prolonged extraction with EtOH (200 mL) in a
Soxhlet apparatus. Removal of the solvent under vacuum gave crude Hs;A-HCl as a brown
powder (4.13 g). A portion of this crude monohydrochloride (3.12 g) was refluxed with
EtOH (920 mL) for 2 h. A small amount of insoluble material was removed by filtration on
a G3 glass frit, which was washed with hot EtOH (2 x 70 mL). The combined ethanolic
solutions were decolorized by boiling with charcoal (~2 g) for 30 min and filtered on Celite.
Complete evaporation of the solvent under vacuum afforded purified HsA-HCl as an
off-white powder (2.48 g). This monohydrochloride (2.41 g, 10.1 mmol) was dissolved into
the minimum amount of boiling water (40 mL) under N, flux and treated dropwise and
under vigorous stirring with a solution of NaOH (0.422 g, 10.6 mmol) in water (2 mL).
The free amine started to precipitate toward the end of the addition and crystallization
was completed by slow cooling. The product was collected by filtration, washed with
ice water (2 x 2 mL) and thoroughly dried under vacuum until constant weight (1.86 g).
An additional crop of crystals was obtained by decolorization of the first extract with
charcoal, complete removal of the solvent under vacuum, trituration of the solid with
water to dissolve the reactants, and liberation of the amine by addition of stoichiometric
NaOH to a hot water solution (0.45 g). The overall yield of crystalline Hs A was 46%. Mp
174.5-175.0 °C (lit.: 172-173 °C from 50% ethanol [38]; 177-178 °C [41]). Elemental analysis
caled (%) for C1oH1Ns: C 59.69, H 5.51, N 34.80; found: C 59.11, H 5.30, N 34.38. 'H
NMR ((CD3),SO, 400.13 MHz, 298 K): 6 = 5.54 (s, br, 4H, NH,), 5.90 (d, 3Jy.p = 7.8 Hz,
2H, H%), 6.87 (d, *Jug = 7.9 Hz, 2H, H3), 7.19 (t, 3]y = 7.8 Hz, 2H, H*), 8.47 ppm (s, br,
1H, NH). Schrage et al. [40] and Lemport et al. [41] reported very close 'H NMR data. IR
(ATR): Vmax = 3454 (w), 3349 (w), 3283 (w), 3154 (w), 1610 (m), 1592 (m), 1557 (m), 1527 (m),
1440 (s), 1383 (m), 1353 (m), 1286 (m), 1262 (m), 1158 (m), 1112 (m), 1069 (m), 983 (w),
979 (w), 966 (w), 783 (m), 771 (m), 723 (w), 682 (w), 631 (w), 613 cm™! (w).

Synthesis of N°~(trimethylsilyl)-N°-{6-[ (trimethylsilyl)amino]pyridin-2-yl jpyridine-2,6-diamine
(HsL). H5A (1.86 g, 9.24 mmol), thf (37 mL), and triethylamine (2.70 mL, 19.4 mmol) were
introduced in a Schlenk flask kept under N, flow. Finally, TMSCI (2.45 mL, 19.3 mmol) was
added. After 24 h of stirring at room temperature, the solvent was completely removed
under vacuum and the residue extracted with n-hexane (40 mL) for 2 h. The off-white solid
(EtsNHCI) was removed by filtration (G4) and washed with additional n-hexane (10 mL).
The solvent was completely removed under vacuum from the combined organic phases to
give H3L as a yellow-orange resinous solid (2.51 g, 79%). Elemental analysis calcd (%) for
C16Hp7N5Sis: C 55.61, H 7.87, N 20.26; found: C 55.77, H 7.84, N 20.47. 'H NMR (C¢Ds,
600.13 MHz, 298 K): § = 0.27 (s, 18H, (CH3)3Si), 3.65 (s, br, 2H, NHSi), 5.74 (d, *Jy.py = 7.8 Hz,
2H, H%), 6.72 (d, 3.y = 7.9 Hz, 2H, H3), 6.82 (s, br, 1H, NH), 7.12 ppm (t, *Jy.p1 = 7.8 Hz, 2H,
H%). 13C NMR (C¢Dg, 150.90 MHz, 298 K): 6 = 0.25 ((CH3)3Si), 100.60 (C3 or C°), 102.09 (C3
or C°), 138.88 (C*), 153.48 (C? or C°), 159.16 ppm (C? or C®). The product must be stored in
a moisture-free environment (preferably in a glove-box) to avoid partial desilylation, which
is signaled by the appearance of extra doublets in the aromatic region and of additional
peaks in the trimethylsilyl region.

Synthesis of [LigLy(thf)s]-CsHya (1-CsH14). In a glove-box, HzL (2.51 g, 7.26 mmol)
was solubilized in thf (13 mL) to give a clear yellow-orange solution which was cooled
down to —40 °C. n-BuLi (1.54 M, 14.8 mL, 22.8 mmol) was added dropwise under stirring,
whereupon the solution turned to an orange color. After warming up to room temperature
and stirring overnight, the solvent was completely evaporated under vacuum to yield



Chemistry 2022, 4

525

the crude lithium salt as a yellow solid (4.39 g). A 0.141 g portion of this crude product
was dissolved in the minimum volume of n-hexane/thf 10:1 v/v (ca. 0.7 mL). The orange
solution so obtained was introduced in a glass ampoule, which was extracted from the
glove-box, flame sealed, and cooled down to —20 °C for several days. The ampoule was
rapidly re-introduced in the glove-box and cooled down to —30 °C. The mother liquor was
decanted away from colorless crystalline 1-CgHj4, which was washed with the minimum
amount of cold n-hexane and finally dried under mild vacuum (0.0973 g, 67%). Elemental
analysis calcd (%) for CssHggLigIN190OgSis (1): C 58.01, H 8.35, N 12.08; found on crystals
further dried under vacuum: C 57.96, H 8.73, N 11.68. 1H NMR (CgDg, 600.13 MHz, 298 K):
0 =0.50 (s, 36H, (CHj3)35i), 0.89 (t, 6H, CH3 y-hexane), 1.23 (m, 4H, CH,CHyCH3p-hexane),
1.27 (m, 4H, CH;CH3 y-hexane), 1.27 (m, 24H, CH;CH,O ), 3.36 (m, 24H, CHO yy),
6.08 (d, 3Jryg = 7.8 Hz, 4H, HP), 6.42 (d, 3.t = 7.7 Hz, 4H, H3), 7.21 ppm (t, 3]y = 7.9 Hz,
4H, H%). 13C NMR (Cg¢Dg, 150.90 MHz, 298 K): 6 = 1.89 ((CH3)3Si), 14.35 (CH3 1i-hexane),
23.06 (CH2CH3 j1-hexane)» 25.54 (CHoCH2O ), 31.97 (CHCH2CH30-hexane), 68.10 (CH2O ),
95.29 (C?), 101.95 (C°), 139.70 (C*), 167.12 (C?), 169.67 ppm (C°).

3. Results and Discussion
3.1. H5A and H3L

The synthesis of Hs A (Figure 1) [38,40-42] was first described in 1947 by Bernstein et al. [38].
These authors isolated the crude monohydrochloride (HsA-HCI) in 60% yield by the
high-temperature solvent-less condensation of dap and dap-HCl in equimolar amounts
(Scheme 1a), and converted it into the free base by aqueous alkali (Scheme 1b). Unfortu-
nately, the overall yield was not quoted in the original paper. The procedure was replicated
in ref. [41] and recently modified in the challenging purification step [40] with declared
yields of 41% and 15%, respectively. We now provide a detailed reaction and work-up
procedure that affords crystalline HsA in ca. 46% overall yield (see Materials and Methods).
Heating of the mixed reactants to 190 °C under Nj results in a lively evolution of NH3 and
the initially liquid reaction mixture turns into a black hard solid over 2.5-3 days (HsA-HCI
is described as an infusible solid in ref. [38]). A fraction of such solid, presumably polymeric
in nature, was found insoluble in water as well as in organic solvents such as DMSO, i-
PrOH, EtOH, and benzene. According to 'H NMR spectroscopy, the DMSO soluble fraction
contains Hs A-HCl and dap-HCl in an approximately 3:1 molar ratio. The work-up involves
prolonged extraction of HsA-HCI in hot EtOH and liberation of the free base by treatment
with aqueous alkali, which affords analytically and spectroscopically pure HsA.

According to an X-ray powder diffraction study (Figure S1), the sample is mainly
constituted by the crystal phase (x-HsA) reported by Schrage et al. (unit cell parameters at
100 K: a = 9.7478(3), b = 7.6884(2), c = 13.4222(4) A, B = 108.3800(10)°, V = 954.61(5) A3, Z = 4,
P21 /n) [40]. We also obtained X-ray quality crystals of «-HsA following their procedure,
namely evaporation of a chloroform solution. However, a set of extra peaks in the powder
diffractogram, unaccounted for by «-HsA, indicates the occurrence of a second polymorph.
We were able to isolate this second crystal phase (3-HsA) and to determine its structure by
single-crystal methods (Table S1). 3-HsA belongs to monoclinic space group Cc and the
asymmetric unit consists of two distinct molecules (moll: N1-N5; mol2: N6-N10), both
exhibiting a cis-cis conformation (Figure 2) [10]. Two complementary N-H- - - N hydrogen
bonds are formed between the primary amino nitrogens N1 and N10, and the pyridine
nitrogens N7 and N4. The remaining nitrogen atoms N2, N5, N6, and N9 are engaged in
a similar pattern of hydrogen bonds with asymmetric units translated by +1 along the y
axis, thereby linking Hs A molecules into zig-zag chains parallel to y. Neighboring chains
interact along z via longer H-contacts between primary amino nitrogen’s (H- - - N 22 2.5 A),
while crystal cohesion along x is ensured by Van der Waals forces. It should be noted that
secondary amino nitrogens (N3 and N8) are not involved in hydrogen bonds. To reduce
repulsive interactions between (3-hydrogens, the two pyridine rings are not coplanar, but
form dihedral angles of 28.4° (moll) and 30.1° (mol2).
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Scheme 1. Synthetic route to H5 A-HCI, H5A, H3L, and 1 (RT = room temperature). (a) Condensation
reaction between dap and dap-HCI; (b) neutralization to liberate the free amine H5A; (c) double
trimethylsilylation of H5A; (d) lithiation of H3L. “Overall yield of steps a and b obtained in this work.

In the polymorph described by Schrage et al. (x-HsA) [40], the H5A molecule also
exhibits a cis-cis conformation. However, the dihedral angle between the two pyridine
rings is significantly larger (47.3°) and no complementary hydrogen bonds are formed
within molecular pairs; by consequence, the crystal packing is totally different and is
dominated by a single hydrogen bond between a primary amino group and a pyridine
nitrogen (H- - -N = 2.15 A); secondary amino nitrogens are also not engaged in hydro-
gen bonding. It has to be noted that the monohydrochloride salt of HsA, isolated by
Schrage et al. as H5 A-HC1-0.5EtOH-0.5H,0O [40], exhibits a trans-trans conformation [10]
with an intramolecular H-bond between the two pyridine nitrogen atoms, one of which
is protonated.

Double trimethylsilylation of H5A to give symmetric H3L was accomplished by reac-
tion with a slightly over-stoichiometric amount of TMSCl in thf/Et;N at room temperature
(Scheme 1c) [7,43]. In these conditions, silylation occurs exclusively on the primary amino
groups, as clearly shown by NMR spectroscopy (Figures S7-59), and over-silylation was
never observed for up to 3 equivs. of TMSCI. The product, although not crystalline, is
sufficiently pure for the subsequent lithiation step.

3.2. [LigLy(thf)g]-CsH14 (1-CgHi4)

Lithiation of H3L was carried out using a slightly over-stoichiometric amount of n-
BulLi in thf (Scheme 1d). The crude product so obtained is fairly soluble in hydrocarbons. Its
'H NMR spectrum in benzene-dq contains a single (CH3)35i resonance and three aromatic
signals of equal integrated intensity (one triplet and two doublets), as expected for a
twofold symmetric L3~ moiety (Figures $10-512). No evidence for residual N-H groups
emerged from the spectrum. Signals from thf molecules were instead clearly observed at
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3.27 and 1.22 ppm, that is, at significantly different chemical shifts from uncoordinated thf
in benzene-dy (3.57 and 1.40 ppm) [26]. Their integrated intensities are indicative of three
thf molecules per L?~ ligand.

(a) (b)

Figure 2. Crystal structure of 3-HsA, viewed approximately perpendicular (a) and parallel (b) to

the average plane through the asymmetric unit. Color code: C (dark gray), N (blue), and H (white).
Thermal ellipsoids in (a) are at 60% probability level, while H atoms in (a) and all atoms in (b) are
drawn as spheres of arbitrary radius. Yellow dotted lines indicate hydrogen bonds. Selected inter-
atomic distances and angles: H1B- - - N7 = 2.24(4) A, N1-H1B- - - N7 = 168(2)°; H10B- - - N4 = 2.25(4) A,
N10-H10B- - - N4 = 170(3)°; H5B- - - N9! = 2.20(4) A, N5-H5B- - - N9! = 166(3)°; H6B!- - - N2 = 2.29(4) A,
N6!-H6B!- - - N2 = 168(3)°. Symmetry code: I=x,y + 1, z.

Recrystallization from n-hexane/thf 10:1 (v/v) at —20 °C gave crystals belonging
to orthorhombic space group Pbcn (Table S1). Their unit cell contains four hexalithium
complexes (1) and four interstitial n-hexane molecules. Complex 1 (Figure 3 and Table 1)
develops around a twofold axis which passes through N3 and N6 and is parallel to the
y crystal axis. Consequently, it has crystallographic C; symmetry. The two L3~ ligands
are twisted from each other by approximately 60° (vide infra) and convey to the molecule
a helical structure. They adopt a cis-cis conformation and feature three different types of
nitrogen donors, all of which are metal-coordinated: amido-type nitrogens bound to two
pyridine rings (Nam = N3, N6), amido-type nitrogens connected to a pyridine ring and
to the (CH3)35i group (Nmwms = N1, N4), and pyridine-type nitrogens (Npy = N2, N5). All
nitrogen atoms, except for Ntys-type donor N4, act as bridges between two metal ions.
Each Li* ion is coordinated by the O atom of a thf molecule and by two (Lil), three (Li2), or
four (Li3) nitrogen donors from the L3~ ligands. Lil resides in a trigonal planar O(NTwvs)2
environment, Li2 has a very distorted tetrahedral O(N1ums)(Npy)2 environment, and Li3 has
a very distorted rectangular pyramidal O(Nam)2(Npy)2 coordination, with a long Li-Nypy
bond (Li3-N2 = 2.407(3) A). Li-Li distances range from 2.578(4) A (Li1-Li2) to 3.359(4) A
(Li1-Li3). The central core, as defined by Li3 and Li3!, bears direct resemblance to the
structure of [Liy(dpa),(2-MeTHF),] [21]; evidently, functionalization of Hdpa with two
additional (trimethylsilyl)amino groups allows the structure to expand incorporating four
more Li* ions.
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Figure 3. Molecular structure of 1, viewed approximately along the twofold axis passing through N3
and N6. Color code: Li (purple), C (dark gray), N (blue), O (red), and Si (yellow). Thermal ellipsoids
are at 60% probability level. Hydrogen atoms and the minority component of the disordered thf

molecule bound to Li2 are omitted for clarity. Atoms with symmetry code “I” are obtained by rotation

around the twofold axis.

Table 1. Most significant interatomic distances (A) in 1-CgHy4 and 2.

1.CgHyg ! 2 (mol1) 2 2 (mol2) 3
Li2 2.578(4) Li2  2.361(6) Li8  2.353(6)
Li3  3.359(4) Li3  3.216(6) Li9 3.103(6)
Lil 01 1.951(3) Lil 01 1913(4) Li7 05 1.901(4)
N1 2.032(3) N1  2.041(5) N11  2.055(4)
N4  1.983(3) N6  2.020(4) N16 2.037(4)
Li3  2.729(4) . Li9  3.002(6)
02A  1.896(10) I(“)‘g f'gig((g 06A  1.908(13)
. O02B  1.981(12) . : . 06B  1.95(3)
Li2 N1 2.112(3) Li2 ﬁé g'ggigi; Li8 NI1  2.022(4)
N2 2.150(3) N7 233505) N16 2.104(4)
N5 2.065(3) : N17  2.453(5)
-2l
Lolg f;:;(g) Lid  2.441(5) Lil0  2.424(5)
N2 2407(3) N2 1.965(4) N12  1.985(4)
Li3 N3 201503 Li3 N3 2.107(4) Li9 N13  2.110(4)
N5 20843) N7  1.992(4) N17 1.985(4)
No 217903 N8 2.101(4) N18  2.106(4)
Li5  2.970(6) Lill  3.077(6)
Li6  3.099(6) Lil2  2.975(6)
. N3 2.086(4) . N13  2.092(4)
Lid N4 1.976(4) Li10 N14  1.977(4)
N8  2.107(4) N18  2.094(4)
N9  1.970(4) N19  1.975(4)
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Table 1. Cont.

1-C¢Hyy ! 2 (mol1) 2 2 (mol2) ®
Li6  2.371(6) Lil2  2.370(6)
03 1.906(4) 07 1.917(4)
Li5 N5 2.033(4) Lill N5 2.033(4)
N9  2.365(5) '

N10  2.077(4) N20  2.074(5)

O8A  1.924(12)

04 1913(4) 08B 1.93(2)
Li6 N5 2.066(5) Lil2 N14  2.375(5)
N10  2.029(5) N15 2.093(4)

N20 2.024(4)
1 Next-longest Li-N distance: Li1-N2, 2.624(3) A; atoms Li3 and Li3! are related by rotation around the twofold axis
passing through N3 and N6. ? Next-longest Li-N distances: Li1-N2, 2.682(5) A; Li6-N4, 2.545(5) A. 3 Next-longest
Li-N distances: Li7-N12 2.558(5) A; Li11-N19 2.484(5) A.

A 'H, 13C, >N, and “Li NMR characterization was carried out on solutions prepared
by dissolving crystalline 1-C¢Hj4 in benzene-dg. Apart from the additional n-hexane peaks,
the room-temperature 'H spectrum (Figures S13-S15) is virtually identical to that recorded
on the crude product (Figures 510-512). In agreement with the number of distinct proton
resonances, six L3~ signals are observed in the >C spectrum (Figure S16), confirming that all
pyridyl and trimethylsilyl groups are equivalent on NMR time scale. This result is consistent
with the solid-state structure provided that the effective molecular symmetry increases from
C, to D,. Additional spectra pointed to only marginal temperature dependence between
283 and 310 K (Figures S17-520, 5S26-528).

Complete assignment of all 'H and '*C resonances was accomplished using a com-
bination of 'H-'H COSY, 'H-13C HSQC, 'H-13C HMBC, and 'H-'H ROESY experiments
carried out at 283 K (Figures 521-524 and Table S2). In particular, the cross-peak between
(CH3)3Si and H® signals at 0.52 and 6.08 ppm, respectively, in the ROESY spectrum permits
an unambiguous assignment of the two 3-hydrogens of the pyridine rings (Figure 524).
Moreover, the same spectrum shows an evident cross-peak between the (CH3)35i signal and
the CH,O protons of thf at 3.36 ppm, as well as a lower one with the CH,CH,O protons at
1.25 ppm. This indicates that L3~ and thf are close in space and part of the same molecule.
Additionally, in the 'H-">N HMBC spectrum recorded at the same temperature (Figure S25)
the (CH3)3Si hydrogens give a clear cross-peak with an N atom resonating at 118.3 ppm,
and thus attributed to Nys. Both 3-hydrogens afford the expected cross-peak with Ny at
225.4 ppm, while the signal from Nap, escaped detection.

A careful analysis of the 'H NMR spectrum revealed a set of very weak signals with
identical integrated intensity (1H), namely three triplets in the y-H region, six doublets in
the 3-H region, and one singlet at 3.84 ppm (at 283 K). In addition, three weak singlets (~9H)
are detected in the (CHj3)3Si region (Table S3). We assign this signal set, which exhibited
a strongly batch-dependent intensity, to an impurity containing one HNtys group and
displaying no internal symmetry, e.g., [Lis(HL)L(thf),] (3). This structure would in fact give
rise to four y-H triplets, eight 3-H doublets, one NH singlet, and four (CH3)3Si signals,
some of which may well be hidden under the dominant peaks.

The “Li NMR spectrum, recorded at 283 K, is dominated by a singlet at 2.03 ppm
(Figure S29) and features a much weaker signal at 1.29 ppm. This result is surprising
considering the presence of inequivalent lithium environments in the solid state, but is not
unprecedented [44,45]. Examination of different synthetic batches showed that the relative
contributions of minority signals to the “Li and 'H spectra are correlated and consistent
with the presence of up to a few mol% of 3. Both the dominant and the minority ”Li peaks
become narrower when heating the sample to 310 K (Figure 529). This behavior agrees
with the occurrence of fast chemical exchange among the unique Li* ions in the structure,
and a slowing down of the process with decreasing temperature.
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A MW estimation was obtained from diffusion ordered spectroscopy (\H DOSY)
(Figure S30) [46]. The normalized diffusion coefficient Dy norm = 5.21 X 10710 m2 g1
determined for 1 in benzene-dg at 298 K yields MW = 950 and 822 using the ECCerge
and ECCpgg parameters, respectively, proposed by Bachmann et al. [28]. These values
lie outside the MW range explored by those authors and must be taken with care [47].
However, comparison with MWs calculated for 1 (1159), 2 (1015), and thf-free [LigL;]
(727) clearly indicates that the solution structure of 1 still contains pairs of L3~ ligands.
Interestingly, the normalized diffusion coefficient of thf determined from its CH,O signal
(1.04 x 1072 m? s71) is higher than that of 1 but lower than for free thf in benzene-dg
(2.31 x 107? m? s~ 1) [28]. This proves that bound thf is fast exchanging with some free thf.
The percentages of bound and free thf can be estimated considering that the measured
diffusion coefficient is a weighted average of free and bound thf forms [48]. If we assign
to bound thf the same diffusion coefficient as 1, we can estimate that the fraction of free
thf is about 30%. Hence, our combined NMR investigations converge in indicating that
the solid-state structure of 1 is retained in benzene-dg solution, although with a higher (D)
symmetry on NMR time scale and a significant fraction of dissociated thf ligands.

3.3. [LigLy(thf)4] (2)

In an early attempt to recrystallize crude 1 by evaporation of an n-hexane solution,
we occasionally isolated crystals of the same hexalithium salt, but containing only four
coordinated thf molecules, [LigL,(thf)4] (2). The different extent of solvation leads to im-
portant structural differences. Crystals belong to triclinic space group P1 (Table S1) and
the asymmetric unit contains two inequivalent molecules (mol1: Lil-Li6; mol2: Li7-Li12),
which are oriented almost parallel inside the unit cell (Figures 4 and 5, and Table 1). All
nitrogen atoms, except for Npy-type donors N2 and N4 in mol1, and N12 and N19 in mol2
act as bridges between two metal ions. As compared with 1, the thf ligands on the inner
Li* ions (Li3, Li4, Li9, and Lil0) are missing in both molecules; these ions approach a
rectangular planar (Nam)2(Npy)2 coordination (sum of N-Li-N angles = 364.7-365.6°) and
are significantly closer to each other than in 1 (2.42-2.44 vs. 2.60 A). The remaining four
outer Li* ions per molecule are arranged in two pairs. The metal ions within each pair
lie on opposite sides of the average molecular plane, which can be taken to coincide with
the central Li;N, moiety. They are much closer to each other (2.35-2.37 A) than to the
neighboring inner ions (2.92-3.22 A) and have distinctly different coordination geometries.
Lil, Li6, Li7, and Lill have the same trigonal planar O(Ntps)2 environment as Lil in
1. By contrast, Li2, Li5, Li8, and Lil12 are four-coordinated, but with an O(Ntms)2(Npy)
environment rather than the O(NTwms)(Npy)2 donor set of Li2 in 1. In each molecule, these
outer metal pairs and the bridging Ntys donors define two terminal Liy(Ntpms)2 quad-
rangles, which are rotated away from each other by approximately 90° as a consequence
of the helical arrangement of the ligands. A subtle structural difference between the two
crystallographically-independent molecules in 2 is the position of the two three-coordinated
Li* jons. Lil and Li6 in moll lie on opposite sides of the average molecular plane (as in
1), whereas Li7 and Lill in mol2 lie on the same side. The absence of thf coordination
on the inner metal sites leads to a different extent of twisting between the two cis-cis L3~
ligands. This is shown by the dihedral angle between C-N,,m-C planes, which is 61.2° in 1,
52.6° in mol1 of 2, and 52.2° in mol2 of 2. Along with a reduced ligand twisting, 2 entails a
smaller dihedral angle between neighboring pyridine rings within the same ligand (50.1°
in 1, 38.2—40.1° in 2). Thus, 2 features a more planar core structure and a smaller helical
pitch than 1.
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Figure 4. Molecular structure of moll in 2, viewed approximately along the line joining N3 and N8.
Same color code as in Figure 3. Thermal ellipsoids are at 60% probability level and hydrogen atoms
are omitted for clarity.

Figure 5. Molecular structure of mol2 in 2, viewed approximately along the line joining N13 and N18.
Same color code as in Figure 3. Thermal ellipsoids are at 60% probability level. Hydrogen atoms
and the minority components of the disordered thf molecules bound to Li8 and Lil2 are omitted
for clarity.

4. Conclusions

The synthetic path to compound HsA, featuring alternating «-pyridyl and amino
groups, was consolidated and shown to afford a mixture of two polymorphs. HsA under-
goes trimethylsilylation on its primary amino groups to yield H3L, which contains three
secondary NH functions. Its reaction with n-BuLi in thf affords compound [LigLy(thf)g]
(1), which crystallizes from n-hexane/thf as 1-C¢Hj4. A related compound (2) with only
four thf ligands per molecule was also isolated. These crystalline salts comprise a pair of
fully deprotonated, twisted L3~ ligands adopting a cis-cis conformation and using all their
five N donors for coordination to the six Li* ions. According to NMR studies, this dimeric
structure is largely maintained in benzene-dq solution.
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To the best of our knowledge, the herein reported hexalithium compounds are the
longest-chain lithium oligo-o-pyridylamides structurally authenticated so far. They are
currently under testing in our laboratory as intermediates for the synthesis of new high-
nuclearity EMACs following Cotton’s trans-metalation method [15]. In particular, the L3~
ligands in 1 and 2 contain five N donors and three negative charges, as opposed—for
instance—to the five N donors and two negative charges of N2,N®-di(pyridin-2-yl)pyridine-
2,6-diamido (tpda?~) ligands [11,16-18]. This might expand the variety of accessible metal
ion combinations and oxidation states in EMAC structures.
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