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Abstract

Lead analogues of N-heterocyclic carbenes (NHPbs) are the least understood members of
this increasingly important class of compounds. Here we report the design, preparation, isola-
tion, structure, volatility and decomposition pathways of a novel aliphatic NHPb: rac-N,2N -
di-tert-butylbutane-2,3-diamido lead(II) (1Pb). High steric hindrance of the fert-butylamido
moeities and rac-butane backbone successfully block redox decomposition pathways observed
for diamidoethylene and -ethane backbone analogues, pushing the onset of thermal decom-
position above 150 °C. With a high vapour pressure of 1 Torr at 94+2 °C and exceptional
thermal stability among Pb(II) complexes, 1Pb is a promising precursor for the chemical vapour

deposition (CVD) and atomic layer deposition (ALD) of functional lead-containing materials.



Introduction

Lead-containing materials like ferroelectric Pb(Zr,Ti)O3 (PZT) and organolead halide perovskites
(e.g. CH3NH3Pbl3) are high-performance and increasingly important functional materials for next-
generation memory ' and solar cells,? and lead (II) chalcogenide (e.g. PbS) nanocrystals have been
shown to possess promising quantum mechanical properties such as band-gap tuning by quantum
confinement®* and quantum efficiencies over unity by multiexciton generation (MEG).>® Future
device architectures will require subnanometer thickness control, emphasizing the need for acces-
sible lead-containing precursors for fabrication techniques like chemical vapour deposition (CVD)
and atomic layer deposition (ALD). However, known precursors are scarce, and available chemical
precursors are either too hazardous (e.g. Et4Pb) or non-volatile (e.g Pb(1l) B-diketonates)’ to be
practical in either an industry or research setting. For example, the most common lead-containing
vapour phase precursor, lead (II) bis(2,2,6,6-tetramethyl-3,5-heptanedionate) [Pb(tmhd);], has a
very low vapour pressure of 0.05 Torr at a realtively high temperature of 180 °C,® rendering it
impractical for use in commercial reactors that typically operate at 1 Torr. This issue is exacerbated
by a small available library of volatile Pb complexes to choose as potential chemical precursors,

and manifests in relatively rare examples of ALD of lead-containing materials.°

>

N -
o e S e 3
1E 2E 3E

Scheme 1: General scheme and nomenclature for divalent N-heterocyclic metallylenes (NHES).
Backbone functionalization is denoted as follows: dimethylated (1E), hydrogenated (2E), and
unsaturated (3E) where E = Si-Pb.

N-heterocyclic metallylenes (NHESs, where E = Si-Pb, Scheme 1) are an emerging class of

1012 a5 well as

compounds that are competent and versatile ligands for homogeneous catalysis,
volatile, thermally stable and chemically reactive precursors for CVD!3 and ALD.!# Although
2Ge,'? 1Ge and 1Sn'# have seen significant employment as vapour-phase precursor compounds,

the corresponding lead analogues (NHPbs) have not received the same attention. The number of
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examples of these compounds decreases when descending the group, and to date there is only one
failed preparation of the 3Pb analogue. !> Previously reported saturated NHPbs are often dimeric,
and stabilized by sterically hindering the Pb(II) center at the nitrogen chelate positions with bulky,
electron-rich aryl'® or SiMes !7 groups. Even monomeric benzannulated and aryl-amino function-
alized NHPbs display significant intermolecular interaction via 7- stacking.'®!® Dimerization
can impart significant disadvantages on the volatility of discrete molecular compounds due to the
Knudsen relationship between vapour pressure and molecular weight, and is best avoided in the
design of precursors for heavy metals like Pb.!° Additionally, even monomeric aryl-functionalized
NHPbs are likely too heavy to be practically volatile, and neither they nor their congeners have
been reported to have been purified by sublimation or distillation.

We thus considered previously reported NHPb species unsuitable as potential precursors, and a
different path was explored to prepare a monomeric, volatile and thermally robust NHPb for ALD.
We were motivated to explore the thermal chemistry of a relatively unknown family of aliphatic

0 as well as the

NHPb analogues due to their low molecular weight, resistance to dimerization,?
overall lack of practical precursors for ALD of lead-containing materials. Here, we report the
attempted syntheses and decomposition pathways of two NHPb derivatives 2Pb and 3Pb, and the

successful preparation, structural analysis, thermal characterization and decomposition pathway of

rac-N2N 3-di-tert-butylbutane-2,3-diamido lead(IT) (1Pb).

Results and Discussion

N 2N 3-di-tert-butylethylene-2,3-diamido lead(IT) (3Pb)

We first sought to reproduce literature reports and attempt to synthesize the 6-aromatic 3Pb by
salt-metathesis with N, N’-di-tert-butyl-N, N’-dilithiodiazadienide, and transamination with N, N’-
di-tert-butyl-1-aldimino-2-amine (aldimine). '> Both pathways resulted in the precipitation of black
Pb(0) particles and the parent N, N’-di-tert-butylethylene-1,2-diimine at —78 °C (Scheme 2), which

could be recovered in high yield (>90%) by sublimation from the residue after removal of solvent.
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Scheme 2: [4+1] cycloreversion upon attempted syntheses of 3Pb by salt metathesis with dilithiated

diazadienide or transamination with N, N’-di-tert-butyl-1-aldimino-2-amine. The resulting diimine
can be recovered in high yield by sublimation directly from the residue.

Isolation of the target 3Pb was not attempted as decomposition occured far below room temper-
ature, and the intermediate from the transamination is reported to decompose before forming the

heterocycle. 1
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Scheme 3: Unsaturated NHESs are 6r-aromatic rings. Historically, and for the lighter congeners,

the ylene character (right) is emphasized over the ylone (left). The zero-valent description becomes
increasingly important when descending the group.

This marked instability is in stark contrast to the exceptional stability of 3Si and 3Ge, which
thermolyze at 220 and 626 °C, respectively. !*! However, 3Sn is reported to decompose at a mild
60 °C, !> supporting an increasingly non-innocent character of the diimine ligand when descending
the group. Historically, the formally zero-valent (i.e. ylone, chelated atom) description of 3E was
considered an exaggeration of the aromatic resonance, 2> and the compounds are typically depicted
as divalent ylenes. Recently, attempts to form 3E— AeCp; coordination complexes of the alkaline
earth metals (Ae = Ca-Ba) with 3Si and 3Ge produced the N, N’-di-tert-butylethylene-1,2-diimine
adducts AeCp3(DAD) and crystalline Si(0) and Ge(0), respectively, even during recrystallization at
—40 °C.% This unusual formal reduction of Si and Ge was rationalized as being due to a significant
zero-valent character being expressed by 3E compounds, which allows for transfer of the diimine

from a naked E(0) to AeCp;. Similar naked atom transfers were reported for 3Sn with other



diimines, ' and for 3Pb the solely ylone character prevents its isolation.

N 2N 3-di-tert-butylethane-2,3-diamido lead(II) (2Pb)

We then attempted to prepare the saturated 2Pb by transamination of Pb[N(SiMe3);], with free
N, N’-di-tert-butylethylene-1,2-diamine in toluene. Turbidity developed immediately upon addition
of diamine and within minutes a dark precipitate had formed. After the mixture was stirred for
two days in the dark, 'H and '3C NMR revealed no starting Pb[N(SiMe3); ], remained and signals
for N, N’-di-tert-butylethylene-1,2-diimine were observed. We suspect the bimolecular formal

13.24 occurs readily with lead, so we performed in-situ '"H NMR

dehydrogenation reported for 2Ge
to gain insight to the decomposition pathway, as shown in Scheme 4 and Figure 1.

Starting reactants were consumed rapidly and were undetectable the next day, while signals
very similar to the fert-butyl groups [6 = 1.35 ppm (br, 9H) and 6 = 1.03 ppm (br, 9H)] of the
3-coordinate intermediate 5Pb !> appeared within a few minutes and increased over the duration of
the experiment. It is likely the chemical shifts of the analogous groups on 4Pb are indistinguishable
from the oxidized SPb considering the peak-broadening from poor shimming due to precipitation
of Pb(0) as the reaction proceeded. We believe 4Pb to be the main reaction intermediate, as its
redox decomposition releases diamine to react with further Pb[N(SiMes), ], and replenish its con-
centration, and the —N(SiMe3), signal for 4Pb/5Pb remained constant. The signals corresponding
to N=CH (6 = 8.08 ppm) imino and fert-butyl protons (6 = 1.17 ppm) N, N’-di-tert-butylethylene-
1,2-diimine increased monotonically, and after 5 days free HN(SiMes);, diamine and diimine were
the only detectable species by 'H, '3C, HSQC and COSY NMR spectroscopy, confirmed with
respect to authentic samples.

Decomposition begins when the diamine exchanges with one —N(SiMe3 ), group on Pb[N(SiMe3)> ],
to form 4Pb, which then eliminates Pb(0), free diamine, HN(SiMe3), and SPb by oxidation of
the Pb-amido group to an imine and deprotonation of the unchelated amine to form a chelated

amido group. SPb then undergoes a second bimolecular deprotonation to form HN(SiMes), and

3Pb followed by [4+1] cycloreversion to diimine and Pb(0). Similar backbone deprotonation by
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Scheme 4: Attempted preparation of 2Pb by transamination at room temperature results in bi-
molecular decomposition by formal dehydrogenation of N, N’-di-tert-butylethylene-1,2-diamine to
N, N’-di-tert-butylethylene-1,2-diimine. In-situ "H NMR suggests the formation of the intermedi-
ate 4Pb which undergoes bimolecular redox to release free diamine, HN(SiMe3), and Pb(0), and
generate the amido-a-aldimine intermediate SPb. This subsequently undergoes another bimolecu-
lar deprotonation to form 3Pb which then decomposes to diimine and Pb(0) by [4+1] cycloreversion
via the formally zero-valent diimino plumbylone. The colour of bolded moeities correspond to the
protons tracked during in-situ "H NMR spectroscopy of this reaction, shown in Figure 1.



HN(SiMe3); of an NHC was observed previously in our group with Cu(T) NHC complexes.?’ Di-
amine and diimine are found in a 2:3 ratio upon completion of the reaction, implying the exchange
of —N(SiMes), moeities on 4Pb or SPb during reaction with diamine, which convert more diamine

to diimine upon decomposition.
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Figure 1: In-situ '"H NMR of the first two hours of the attempted synthesis of 2Pb reveals
decomposition via the intermediate 4Pb, which subsequently undergoes formal dehydrogenation
to 5Pb, the previously observed in the attempted synthesis of 3Pb via aldimine transamination. >
Relative intensity is the integration of a respective peak calibrated with respect to residual C¢Hg,
divided by the number of those protons per species (e.g. by a factor of 18 for HN(SiMes);). Lines
and curves are aids to the eye. Pb[N(SiMes),], (orange @) and rac-N, N’-di-tert-butylbutane-
1,2-diamine (yellow ) are consumed rapidly, while HN(SiMes3), (gray ®) is produced steadily.
Signals for tert-butyl (blue @) and —N(SiMes), (green @) protons on 4Pb suggest it quickly forms
an equilibrium as the main reaction intermediate. Clear signals for tert-butyl groups on N, N’-di-
tert-butylethylene-1,2-diimine (teal @) grow steadily, finally resulting in a diamine:diimine ratio of
2:3 after 5 days.

Rac-N 2N 3-di-tert-butylbutane-2,3-diamido lead(I1)(1Pb)

Failure to isolate 2Pb or 3Pb prompted us to design a plumbylene in which oxidation of the amido
group of the 3-coordinate intermediate is blocked by increased steric bulk at the backbone carbon

bridge, and so the title-compound rac-N2N 3—di—)fert—butylbutane—Z,3—diamid0 lead(II) (1Pb) was



prepared. Salt-metathesis of PbCl, with dilithiated butanediamido salt in diethyl ether produced a
black crystalline precipitate upon warming from —78 °C to room temperature, which we determined
by workup to contain very small amounts 1Pb (NMR), Pb(0) (insoluble in water, 6N HCI; soluble in
6N HNO3), LiCl (dissolved in water leaving behind black Pb(0)), and an imine (NMR). Presumably,
PbCl, oxidizes the diamido salt to produce a similar product as upon thermolysis, later identified
as acetaldehyde fert-butylimine (Scheme 6).

The yield of intended product was improved to 85% by transamination of Pb[N(SiMes), ], with
one equivalent of the free diamine ligand in hexanes or toluene (Scheme 5), which is a synthetic
route that has been previously reported to access other NHPbs. '8 The transamination required
considerable heating and time (70 °C, 3 days) to proceed completely, likely due to the high steric
demand of the desired diamine and the leaving —-N(SiMe3), ligands. Removal of solvent by vacuum
results in a red oil that is a mixture of 1Pb and free diamine, which cannot be separated by simple
distillation. Pure 1Pb is isolated from the oil as blood-red needle-like crystals (m.p. 53 °C) by
fractional sublimation under dynamic vacuum onto a water-cooled finger. Briefly, free diamine
was slowly removed and collected in a liquid-nitrogen cold trap, while any impure oil that collected
on the water-cooled cold finger refluxed until only 1Pb remained, which then sublimed at 45-

55 °C/50 mTorr.
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Scheme 5: Synthesis of 1Pb by transamination. (a) Glyoxal is converted to di-terz-butyl-
diazabutadiene (DAD) with ‘BuNH; in Et;O, (b) then methylated by 2eq. MeLi in Et,O and
protonated by an excess of EtOH. (c) Transamination with Pb[N(SiMe3);], at 70°C for 3 days
yields the title compound in high yield.

Notably, unlike acyclic diamido Pb(II) complexes, 1Pb is not noticebly thermochromic, and



maintains its colour during distillation and upon cooling in a —40 °C freezer. In contrast, Pb[N(SiMes),]»
becomes ruby red during distillation, cools to an orange solid at room-temperature, is yellow in
the same —40 °C freezer, and becomes colourless in liquid nitrogen. We hypothesize that the lack
of thermochromicity this may be due to the limited range of N—Pb—N angles available to cyclic
diamido plumbylenes like 1Pb (79.9° in the solid-state at 140 K, Figure 2), whereas the acyclic
Pb[N(SiMe3) ], is reported to change its bond angle dramatically: from 91° in the gas-phase to

103.2° in the solid-state at 140 K.2°

Solid-state and solution-phase structure

We performed solid-state single crystal X-ray diffraction (scXRD) crystallography on 1Pb to
determine its structure and degree of intermolecular interaction. The ligand is synthesized as a
1:1 racemic mixture that is not separated during purification, and the resulting 1Pb complex is
also obtained as a 1:1 racemic mixture. Both enantiomers are present in its asymmetric unit cell
(Figure 2). Torsion of the backbone carbons and fert-butyl moieties suggests their intramolecular

repulsion is due to the significant steric bulk of the ligand.

o
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Figure 2: Asymmetric unit of 1Pb in the solid-state showing both §,S (left) and R,R (right)
enantiomers. Ellipsoids set at 50% probability. Hydrogen atoms omitted for clarity. Selected bond
lengths (A) and angles (°): Pb(1)=N(1) = 2.16 (1), Pb(1)=N(2) = 2.12(1); N(1)=Pb(1)=N(2) =
79.9(6), Pb(1)-N(1)-C(5) = 113 (1), Pb(1)-N(2)-C(6) = 111 (1), Pb(1)-N(1)-C(1) = 126 (1),
Pb(1)-N©2)-C(9) = 130(1).

Intermolecular interactions that are seen with less sterically demanding ligands !7 were success-
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fully hindered by the steric bulk of the fers-butylamido functional groups and the racemic butane
backbone, preventing dimerization. The stereochemically active 6s lone-pair on Pb(II) can also
be inferred from the molecular structure of 1Pb, where only one —CH3 moiety from each tert-
butylamido group faces the Pb center to reduce steric congestion. Alternating, enantiomerically
selective (i.e. S,S or R,R) herringbone double-columns of 1Pb are in the crystal structure (Figure 3),
with the shortest Pb—Pb* distance being 4.127 A. This repeating long-range interaction arises from
electron density donation from the basic 6 s> lone-pair on one Pb(I) atom to the empty acidic 6p(z)
orbital on another in an opposite column. The NNPb-Pb* angle is 92.30°, which corresponds
well with previously calculated 6s*> Lewis acid bonding for NN—Pb-M (M=Pt, Pd) complexes.?’
Additionally, the obtuse NN-Pb—Pb* angle suggests that there is no NN-Pb* r-interaction.
High-resolution 2°’Pb NMR revealed a single peak (6 = +3488 ppm) that was only slightly
more deshielded than the previously reported N,2N 3-bis-2,6-di-iso-propylphenylethane-1,2-diamido
lead(IT) (6 = +3504 ppm), !¢ suggesting 1Pb is also monomeric in solution. NHPbs’ intermolecular
coordination in solution can be effectively probed by 2*’Pb NMR: true dimers like N.2N 3-bis-
trimethylsilylethane-1,2-diamido lead(IT) ! are deshielded (6 = +403 ppm)?® while NHPbs that are
loosely associated dimers in solution show intermiediate shielding (6 < 3000 ppm).2® Monomeric
Pb(II) diamides experience heavy shielding (§ = 3500—5000 ppm),2® however it remains difficult to
explain the wide range of chemical shifts amongst monomeric species due to the dearth of reported
spectra of NHPbs in the literature, and the unknown electronic effects of endo- and exocyclic silyl

functionalization.

Volatility and thermal stability of 1Pb

We performed thermogravimetric analysis (TGA) of 1Pb in Al,O3-passivated Pt pans to determine
its volatility and thermal stability, and by extension its suitability as a vapour-phase precursor
(Figure 4 and 5). Due to the kinetics of volatilization, higher initial mass loadings allow more mass
of compound to be exposed to higher temperatures, allowing higher temperature decomposition to

be probed during the experiment and the residual mass to increase.** Additionally, the derivative of
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Figure 3: 1Pb packs in alternating enantiomerically-selective herringbone double columns: shown
here as S,S (side-on, left) with R,R columns (omitted) adjacent in the crystal structure. Long-range
repeating Pb—Pb*—Pb** interactions (4.127 A, 102.36°) presumably arise from repeating Lewis
acid-base stabilization via 6s> o-donation to an empty 6p2 orbital (Pb—Pb*NN = 92.30°) in an
opposite column, as depicted in the schematic (right, fert-butyl groups omitted for clarity).

mass with respect to temperature shows the onset of decomposition events as inflections. Together
these methods provided useful estimates of the onset and extent of decomposition of 1Pb. The
higher mass loadings showed that decomposition began competing with volatilization around
160 °C, and residual mass increased from 1.2% to 4.0%. 1Pb loses 1% of its initial mass at
about 77 °C, and a small residual mass of 1.2% was left after being held at this temperature under
flow-conditions. Under the same conditions, the well known Pb[N(SiMe3), ], loses 1% of its initial
mass at about 100 °C and leaves residual masses of 8.1% and 15.7% for 13 mg and 30 mg loadings.
(See Supplementary Information for comparative TGA curves.)

The vapour pressure of 1Pb was estimated by stepped isothermal TGA experiments,! and was

found to volatilize according to Equation 1 (Figure 5).
Inp = -5338.27"! +15.914 (1)

where p is the pressure in Torr, and 7T is the temperature in K. Accordingly, 1Pb has a vapour pressure

of 1 Torr at 94+2 °C, making it the most volatile Pb(II) compound reported, and among the most
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Figure 4: TGA of 1Pb using 10 °Cmin~! temperature ramp curves (front) and their derivatives
(back) to assess thermal stability. The initial mass was increased from approximately 10 mg (blue),
20 mg (purple), to 40 mg (black) as a stress test on the compound, showing an increase in residual
mass from 1.2%, 2.5%, to 4.0%, respectively. The emergence of secondary peaks in the derivative
curves indicate the onset of decomposition at approximately 160 °C, which contributes to the
increase in residual mass.

volatile Pb compounds known, behind only extremely hazardous tetraalkyl lead(IV) species like

Et4Pb.

Thermolysis products of 1Pb

Preliminary solution-phase decomposition studies by 'H and '*C NMR showed 1Pb underwent
some decomposition at 90 °C in toluene-d® with an estimated half-life of #, = 414 h. Thermolysis
products were mostly free diamine ligand, and considering the lack of unsaturated diketimine, the
analogous [4+1] cycloreversion did not occur. >3 It is likely trace protons were abstracted from the
NMR tube’s glass or through a small leak. Higher temperature decomposition in solution yielded
spectra that were difficult to interpret, but the emergence of a shielded proton signal suggested the
formation of an imine.

We heated a neat sample of 1Pb under a stream of Ar below a reflux condenser and extracted the
decomposed residue with benzene-d® to obtain better spectra with a higher concentration sample,

and observed signals by 'H, 3C, COSY and HSQC NMR experiments that corresponded to
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Figure 5: Vapour pressure of 1Pb modelled according to the Langmuir equation as estimated by
TGA under 1 atm N, displaying an extraordinary 1 Torr vapour pressure at 94+2 °C, as denoted
by the dashed crosshairs. 1Pb evaporates according to the equation In p = —5338.27 '+ 15.914,
where T is in K and p is in Torr.

acetaldehyde fert-butylimine [6(' H) = 7.62 (q, 1H, CH=N) and § = 1.71 (d, 3H, =C(H)CH3)],*
suggesting that 1Pb decomposes by reductive elimination of Pb(0) and oxidative cleavage of the
backbone of the ligand as shown in Scheme 6. The increased steric demand of the rac-butane
backbone of 1Pb effectively protects it from following the same decomposition pathway observed

for 2Pb, pushing the thermal stability from below room temperature to above 150 °C, when the

backbone cracks under unimolecular decomposition.
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Scheme 6: [2+2+1] cycloreversion thermolysis of 1Pb at 150 °C.

A mechanistic understanding of thermolysis is important for the development of robust ligand
design and vapour deposition process, and the development of indefinitely robust precursors beyond
1Pb would be attractive to industry for production settings, especially considering the successful

development of 1Ge and 1Sn. Satisfying these conditions with novel diamido ligands is the
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subject of an ongoing investigation. Decomposition at vaporization temperatures (i.e. ca. 90 °C) is

negligible, and its ease of synthesis makes it an attractive potential precursor.

Conclusion

Pb(II) was shown to oxidize N, N’-di-tert-butyl-N, N’-di-lithiodiamidoethylene and N, N’-di-tert-
butyl-1-aldimino-2-amine, and also oxidize a fraction of N, N’-di-tert-butylethylene-1,2-diamine,
cleanly to N, N’-di-tert-butylethylene-1,2-diimine. Steric hindrance of the C,-bridge backbone with
methyl groups blocks oxidation of the ligand and improves the stability of the heterocyclic ring
system from below room temperature to above 150 °C. With exceptional volatility (94+2 °C) and
thermal stability (ca. 150 °C), 1Pb opens a window of over 60 °C between sufficient vapour pressure
for delivery and the onset of thermal decomposition. It is a promising new CVD or ALD precursor
for lead-containing materials, and stands in stark contrast to its ethane- and ethylene-backboned

analogues.
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Experimental Details

Synthesis
General Considerations

All manipulations were performed under air-free conditions using standard Schlenk techniques or in
a Np-filled (99.998% purity) MBraun Labmaster 130 dry-box unless otherwise specified. Glyoxal
(40 wt.% in water), tert-butylamine (98%), MeLi (1.6 M in Et,0), "BuLi (11.0 M in hexanes),
hexamethyldisilazane [HN(SiMe3 )] (99%), and N, N’-di-tert-butylethane-2,3-diamine (98%) [61y
NMR (300 MHz, C¢Dg, 6cin, = 7.16 ppm): 1.05 (18H, s, C(CH3)3), 2.58 (4H, g, NCH5), 0.7655
(4H, g, NH)). 613 NMR (300 MHz, C¢Dg, 6¢cn, = 128.39 ppm): 29.72 (C(CH3)3), 43.9 (NCH>),
50.17 (C(CHj3)3)] were purchased from Millipore-Sigma and used as received. Diethyl ether,
toluene, hexanes, and pentane were ACS Reagent grade, purified by an MBraun Solvent Purifier
System, and stored over 4 A molecular sieves for more than a day before use. Distilled water was
degassed by sparging for 20 min. PbCl, was prepared by the addition of HCI (aq) (ca. 6 N) to
an ice-cooled solution of Pb(CH3CO»), (aq) (Baker, 95%) until precipitation ceased. The white
precipitate was collected by filtration, dried under vacuum with heating (130 °C/10 mTorr), and

stored in a dry box.

N, N’-di-tert-butylethylene-1,2-diimine (DAD)

N, N’-di-tert-butylethylene-1,2-diimine was prepared according to a modified literature proce-
dure.!'* 2.4 eq. of neat tert-butylamine (150 mL, 1.44 mol) was added dropwise to a stirred 40 wt.%
aqueous glyoxal (69 mL, 0.60 mol) in a round bottom flask on an ice bath under air. Shortly
after addition is begun, DAD precipitates as a fluffy white crystalline solid. The heterogeneous
suspension seized and resisted magnetic stirring as the full amount of fert-butylamine was added, so
it was left overnight for the reaction to proceed completely. The next day the reaction has yielded a
yellow-brown clear aqueous phase and a white precipitate. The precipitate is filtered under suction

and washed with distilled water to yield an off-white crystalline powder. This solid was dissolved in
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a minimum of anhydrous Et,O, dried over anhydrous MgSQOy, filtered through a medium porosity
glass frit, and recrystallized at -20 °C to yield colourless prisms of N, N’-di-tert-butylethylene-1,2-
diimine (65 g, 64.5% based on starting glyoxal). 61y NMR (300 MHz, C¢Dg, 6y = 7.16 ppm):
1.12 (18H, s, C(CH3)3), 8.07 (2H, g, N=CH)). 6130 NMR (300 MHz, C¢Dg, 6c¢n, = 128.39 ppm):
29.71 (s, C(CH3)3), 58.20 (s, C(CH3)3), 157.92 (s, N=CH).

N, N’-di-tert-butylbutane-2,3-diamine

A dried 250 mL Schlenk flask was charged with 2.1 eq MeLi (100 mL, 1.6 M, 160 mmol) in a
N;-filled dry-box. In another flask, N, N’-di-tert-butylethylene-1,2-diimine (12.832 g, 76.3 mmol)
was dissolved in about 50 mL of Et,O, transfered to an addition funnel, and added with stirring
to the MeLi at room temperature slowly enough to prevent boiling (ca. 2 h). After stirring for
3 h, the addition funnel was removed, the flask was closed with a rubber septum and removed
from the dry-box, the solution cooled on an ice bath, and an excess of degassed H,O (10 mL)
was added. After stirring for an additional 30 minutes, the ethereal layer was isolated with a
separation funnel, washed with brine, and dried over anhydrous MgSQO,. After removal of solvent
at atmospheric pressure on a rotary-evaporator (10 °C condenser, 60 °C bath), the remaining oil
is purified by distillation (b.p. ca. 90 celsius/1 Torr) to afford 13.464 g (88% based on starting
diimine) of free diamine as a colourless oil. 'H NMR spectra agreed with literature values.'*33
01y NMR (300 MHz, CDCl3, dsi(cH;), = 0 ppm): 0.96 (2H, br, NH), 1.04 (6H, d, C(H)CH3), 1.08
(18H, s, C(CH3)3), 2.40 (2H, g, C(H)CH3).

Bis[bis(trimethylsilyl)amido] lead(IT) {Pb[N(SiMe3);]>}

Lithium bis(trimethylsilyl)amide (LiN(SiMes),) was prepared according to a previously detailed
method from "BuLi (100 mL, 11.0 M in hexanes, 1.1 mol) and hexamethyldisilazane (195 g, 1.2 mol)
in ca. 1 L of hexanes at room temperature to afford 169.2 g after distillation at 70 °C/10 mTorr (92%,
5

based on "BuLi).>* Pb[N(SiMe3)>], was prepared according to a modified literature procedure.3

Typically, in a N, filled dry-box, a 500 mL round-bottom flask was charged with 1.1 eq. PbCl,
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(14.49 g, 52 mmol) and 2 eq. LiN(SiMe3); (22.89 g, 95 mmol), 200 mL hexanes was added all at
once, the flask was sealed with a greased glass stopper, and clipped shut to prevent escape of solvent
during the exothermic salt-metathesis. The rate of reaction was conveniently limited by the relative
insolubility of PbCl, in hydrocarbon solvents (note: use of diethyl ether consistently decreased
final yield). Stirring was started and the reaction left overnight to complete. The next day, the flask
contained a canary-yellow coloured supernatant with an off-white precipitate. Precipitated LiCl
and excess PbCl, were removed by filtration over Celite, and solvent and free HN(SiMe3), were
removed under reduced pressure at ambient temperature to afford Pb[N(SiMes),], contaminated
with HN(SiMe3), and LiN(SiMe3), as an orange-red oil. The impure product is not stable at room-
temperature in the dark under inert atmosphere and purification by distillation is required. Vacuum
distillation (90 °C/10 mTorr) over a small amount of PbCl, to consume remaining LiN(SiMe3);
yields Pb[N(SiMes)»]» (23.8 g, 95% based on LiN(SiMe3);) as a thermochromic low-melting point
solid that is ruby-red at 90 °C, orange at room temperature, yellow at —78 °C, and colourless at
=196 °C. 61y NMR (300 MHz, C¢Dsg, 6si(cry), = 0 ppm): 0.96 (36H, s, Si(CH3)3). This procedure

works equally well for the lighter congener Sn[N(SiMes);]».

Attempted synthesis of rac-N2 N 3-di-tert-butylbutane-2,3-diamid0 lead(II) (1Pb) via salt

metathesis of PbCl,

The dilithio diamidobutane salt was prepared as for the free diamine from DAD (3 g, 17.8 mmol)
and MeLi (36.6 mmol), but was used in-situ rather than protonated as reported for 1Ge and 1Sn. !4
It was added with a dropping funnel over 2.5h to a stirred slurry of PbCl; in Et,O cooled to —78 °C.
A red soltuion and a black precipitate forms immediately. After addition, the slurry was stirred
overnight. Cooling was not sustained and the solution warmed slowly to room-temperature. A red
supernatant with black crystalline precipitate remained. All volatiles were removed under vacuum,
leaving a grey residue. A small amount of a red oil, determined to be highly impure 1Pb (ca. 5%,
based on PbCl;) by NMR, was vacuum distilled (70 °C/10 mTorr) from the residue. '"H NMR

on a benzene-d® extract of the residue revealed, among starting materials, peaks corresponding to
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acetaldehyde tert-butylimine §('H) = 7.62 (q, 1H, CH=N) and 6 = 1.71 (d, 3H, =C(H)CH3).*?

Successful preparation of 1Pb via transamination of Pb[N(SiMe3), ]

In a N, filled glove box, 1 eq. L(NH), (0.92 g, 4.6 mmol) is added to 1 eq. Pb[N(SiMe3), ], (2.41 g,
4.6 mmol) in 75 mL hexanes or toluene in an O-ring sealed, PTFE-capped, heavy-walled 150 mL
pressure vessel. The mixture is heated to 70 °C for 3 days to completely convert Pb[N(SiMe3 ), ],
to 1Pb as indicated by '"H NMR. Less time will lead to incomplete conversion, higher temperatures
lead to a decrease in yield due to decomposition, and we were unable to effectively separate
Pb[N(SiMes), ], from 1Pb by recrystallization or distillation. Slight decomposition is signaled by
the precipitation of a black crystalline material—presumably Pb(0). The dark-red suspension is
cooled to room-temperature and brought into a dry-box where it is filtered over Celite to remove
the black precipitate, yielding a blood-red solution. Free HN(SiMes), and solvent are removed
under vacuum, and the impure residue is purified by vacuum-distillation (60 °C/10 mTorr) to afford
1Pb (1.66 g, 89% based on Pb[N(SiMes3),]») as an extremely air- and moisture-sensitive blood-red
crystalline solid. Samples slowly darken upon standing in light under inert atmosphere after > 2
weeks. M.p. 53 °C, distilled. Found: C, 35.0; H, 6.3; N, 7.1. C;,H¢N,Pb requires: C, 35.5;
H, 6.5; N, 6.9%. HRMS (EI) Found, m/z = 406.18570, calc. 406.1864, dev. —0.54%. 61y NMR
(300 MHz, C¢D¢, 6cyu, = 7.16 ppm): 1.35 (18H, s, C(CH3)3), 1.45 (6H, d, C(H)CH3), 5.37
(2H, g, C(H)CH3)). 6130 NMR (300 MHz, C¢Dg, dc4ns = 128.06 ppm): 30.53 (C(H)CH3), 35.07
(C(CH3)3), 59.42 (C(CHa3)3), 73.61 (C(H)CH3).

Characterization
In-situ NMR of the attempted preparation of 2Pb

In a drybox, Pb[N(SiMe3);]» (0.143 g, 0.27 mmol) was dissolved in dry, degassed C¢Dg (ca. 1 mL)
in an NMR tube, closed with a plastic cap, and sealed with Parafilm. N, N’-di-tert-butylethylene-

1,2-diamine (0.048 g, 0.28 mmol) was also dissolved in C¢Dg (ca. 0.5 mL) in a small vial and capped
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with a rubber septum. A spectrum was obtained of Pb[N(SiMe3),],, then the tube was removed
from the spectrometer and the diamine solution was injected with a syringe through the cap all at
once. The NMR tube was resealed with more Parafilm, shaken vigorously for approximately 30 s,
and placed back in the spectrometer. The sample was locked and shimmed before each acquisition,

when 16 scans were acquired.

Thermogravimetric analysis (TGA)

TGA was performed with a TA Instruments Q50 kept in an MBraun Labmaster 130 dry-box filled
with N;. Pt pans were coated before each experiment with approximately 55 nm of Al,O3 by
atomic layer deposition (ALD) in a Picosun R-100 reactor using 500 cycles of trimethylaluminum
(TMA) and water at 200 °C with 0.1 s pulses and 8 s purges each. This is critical to protect the Pt
pans as they become brittle and break easily after high-temperature exposure to Pb(0) residues from
precursor decomposition. The TGA furnace was purged with 99.999% N, at 60 sccm temperature
was increased at 10 °C min~! for the “ramp” experiments, and increased at 40 °C min~! to increase
temperatures step-wise to hold at isotherms of 60—130 °C for 7 min each for the “stepped isothermal”
experiments. The exact masses for the 10 mg, 20 mg, and 40 mg loadings shown in Figure 4 were

11.61886 mg, 20.40275 mg, and 39.35869 mg, respectively.

In-situ NMR thermolysis of 1Pb

'H and '>C NMR spectra were obtained after heating a 15 mM solution of 1Pb in toluene-d® in
a sealed heavy-walled glass tube at 90 °C for 7 days. Spectra were collected, every 12 h after
cooling the sample to room-temperature. At 90 °C, formation of a black precipitate and signals
corresponding to the free ligand L(NH), (see above) appeared. This same sample was subjected
to 6 h at 150 °C as before, and spectra were obtained after cooling. Low-resolution spectra were
obtained due to poor shimming from suspended particles, but a signal at high chemical shift

(6 ~ 7.6 ppm) was observed by 'H NMR that prompted another decomposition study.
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Neat thermolysis of 1Pb

1Pb (0.302 g, 0.74 mmol) was placed in a 50 mL Schlenk flask in a dry-box and placed under
a strong over-pressure of ultra-pure Ar (99.999%) on a Schlenk line. It was then joined to a
previously flame-dried reflux condenser fitted with a gas inlet at the top, and heated to 150 °C
with an oil bath for 6 h. After cooling, the black residue was extracted with anhydrous (stored
over 4 A sieves), degassed benzene-d® and transfered to a dried NMR tube under a stream of
ultra-pure N (99.999%). The dark-brown, murky sample was analyzed immediately by 'H and
COSY NMR, and a '3C NMR spectrum (14 336 scans) was obtained overnight. Another 'H
spectrum was obtained the following day, which showed essentially the same spectrum with better
resolution since the suspended Pb(0) solids had settled. Clear signals corresponding to an imino
hydrogen [6('H) = 7.62 (q, 1H, CH=N)] that correlated (COSY) to another signal [§ = 1.71 (d,
3H, =C(H)CH3)] presumably belonging to acetal hydrogens. The fert-butyl region was obscured
by signals from free diamine ligand and surviving 1Pb; the origin of the protonated diamine
remains unclear. The emergent signals correpsond to the reported chemical shifts of acetaldehyde
tert-butylimine. 3> We were unable to determine which enantiomer was formed in the scope of this

study.

Single-crystal X-ray diffraction of 1Pb

1Pb is highly soluble in polar non-protic and antipolar non-protic solvents such as diethyl ether,
tetrahydrofuran, n-hexane, n-pentane and toluene. Crystals suitable for single-crystal X-ray difrac-
tion (scXRD) were grown by recrystallization of distilled 1Pb in a 1:1 mixture of diethyl ether
and toluene at -30 °C, coated with Paratone-N oil, mounted on a fiber loop, and placed in a cold,
gaseous N stream on a Rigaku-Oxford SuperNova diffractometer performing ¢ and w scans at
100 K. Diffraction intensities were measured using graphite monochromatic Cu Ka radiation
(1=1.54184 A). Data collection, indexing, initial cell refinements, frame integration, final cell re-
finements, and absorption corrections were accomplished with Agilent CrysAlis Pro v1.171.37.34.

Space groups were assigned by analysis of the metric symmetry and systematic absences (deter-

20



mined by WinGX) and were further checked by PLATON 3 for additional symmetry. The structure
was solved with ShelxT and refined against all data in the reported 26 ranges by full-matrix least-
squares on F? with the SHEL XL program suite using the ShelxLe interface.?’ Stucture images were
rendered with ORTEP3.3® The data was deposited in the Cambridge Structural Database (CSD)

with indentification number: CCDC 1587313.

Powder X-ray diffraction

Bulk purity was assessed by powder X-ray diffraction (pXRD), see Supplementary Information. A
theoretical diffraction pattern of 1Pb was calculated based on the structural data set obtained by
scXRD (see above) by Crystal Impact DIAMOND v3.2. The simulation was carried out for the 26
angle range of 5° to 60° from irradiation of a Cu Ka X-Ray source. 50 mg of 1Pb were ground in a
pestle-and-mortar in a dry-box, then carefully filled in a glass capillary (Mark capillary for X-Ray
microstructure analysis). The capillary was sealed with grease, flame sealed, mounted on a rotatable
sample holder and geometrically aligned to avoid static imbalance during the measurement. The
pXRD experiments was conducted with a Bruker D8 Advance diffractometer [X-Ray source Cu
Ko (1 = 1.54184 A), 40 kV, 30 mA] in Bragg-Brentano geometry in a 26 range of 5° to 60°.

Diffraction data were processed using Bruker AXS DiffracP'"s EVA v10.0.
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