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List of lllustrations

Interrelationships between the Lightest Metals

Figure 1 Lapis lazuli, the mineral source of the
pigment ultramarine, has been used in the arts for
millennia;_a polished obelisk of the material is behind
the natural stone

Scheme 1 Reaction mechanisms of the standard BBN
model for the light elements

Figure 2 Log of the estimated abundances of the
elements (Z = 1-30)_in the universe; Be and B are on
the order of 1 ppb (by weight) and not discernable on
this graph

Figure 3 Tourmaline from the Himalaya Mine, Mesa

formula Na Na(ﬁ@ﬂ@)@ﬂ@(mg).gﬂggﬁ.(O_H)é_- After
Arfwedson's analysis of the mineral petalite
(LiAl(Si,0Os5),)in 1817, which led him to the discovery,
of lithium, he subsequently found the same oxide in
spodumene (LiAl(SiO3),)_and elbaite 2L

Figure 4 The Newport tower has been radiodated
from its mortar to the late seventeenth century,
confirming_a Colonial-era construction




Figure 5 Sum of first three ionization potentials for
Group 3 and 13 elements; Al fits with the expected
decreasing_ionization energies of the Group 3
elements more smoothly than with the heavier Group
13 metals

Figure 6 Various trends in the chemical properties of
aluminum make it a candidate for the lightest Group

related elements are in color (see text) (Data from
Ref. 39)

Figure 7 (a)_Coordination environment in elemental
lithium. The closest neighbors to any given atom form
a cube, as expected for a bcc structure, but a more
complete picture of the bonding environment
includes a total of 14 atoms. (b)_Calculated structure
of Li;5, which already displays some of the

quantitative bonding_relationships found in the bulk
metal

within the layers

Figure 9 Elevation of melting points with the increase
in element valence;_Al is anomalous in this regard

Figure 10 Glass both before (a)_and after (b)
treatment with a molten potassium salt. The
potassium ions induce compressive stress in the glass

an HEA with five elements

Occurrence and Production of Beryllium



smelting_of beryllium

Occurrence of Magnesia Minerals and Production of
Magnesium Chemicals and Metal

Figure 1 Flow diagram for the extraction of
magnesium from brine sources

with permission from CIEC, University of York, U.K.),

Figure 3 Solid oxide membrane electrolysis

Inc.)

Figure 4 Shaft kiln (Reproduced with permission
from Thyssen Krupp Industrial Solutions AG)

Figure 5 Rotary kiln
Occurrence and Production of Aluminum

Figure 1 A modern side-by-side +300 KA cell line in
Sunndalsgra, Norway

Figure 2 Schematic drawing_of an aluminum
electrolysis cell

Low Oxidation State Chemistry

Figure 1 Selected low oxidation state molecular
species whose isolation is dependent on the selection
of an appropriate sterically demanding_and
kinetically stabilizing_ligand system (Ar = 2,6-i-
Pr,CqHy)

Scheme 1 Reactivity of compound 1 with organic and
small molecule substrates (Ar = 2,6-i-Pr,CgH>)

Figure 2 The structures of 18-crown-6 and 2,2,2-
cryptand, important ligands in the isolation of low
oxidation group 1 species




[Na*Cy,,-Na=1, 9;_(b)_[Ba’*

(HsAzacryptand[2.2.2])Na=:2MeNH,],_10

(Cpop):-K=1,12
Figure 5 The X-ray structures of the first stable Mg(l)

Figure 6 The X-ray structure of the aluminum(II)
dialane, compound 26

halides (Ar = 2,6-i-Pr,CgH>)

Figure 7 L.ow oxidation state transition metal species

compound 41

Figure 9 X-ray structures of (a)_the [Algj-BuQ]Z—‘
anion of compound 43;_(b)_compound 44

Scheme 3 Reactivity of the Al(II)_compound, 44

Figure 10 X-ray structure of the first stable

Scheme 4 Reduction of AI(III)_terphenyl iodide
derivatives

Scheme 5 Two-electron reduction reactions mediated
by compound 58



Figure 12 X-ray structures of the anionic Al clusters
(a)_[Al;{N(SiMe,Ph), }.1=,_69; (D)

[lﬂ@.{ﬂ( SiMeg).; }.ﬁ 13=,72

Solution NMR of the Light Main Group Metals
Figure 1 Li NMR (lower trace) and 7Li NMR (offset

abundances. The greater sensitivity of 7Li, as
manifested in the higher S/N,_is apparent; the
characteristically narrower width of 6]j resonances is
not obvious here, owing to the high symmetry and

small size of the Li(ﬂzg)&i ion

Figure 2 Typical chemical shift ranges for lithium
NMR

5Ce0>=[Cort=/9Li*+
showing_signals in three distinct regions

showing_signals in three distinct regions and much
broader lines than in the 61 case

Figure 5 2Be NMR spectrum of Be(S0,4)(0.43 m)_in
D,0

Figure 6 Typical chemical shift ranges for beryllium
NMR. Not shown is the shift for beryllium bis(N,N=

Rpm

Figure 7 23Na NMR spectra of NaOH, NaCl, and an
organometallic sodium salt showing _the variation in
linewidth as a function of the symmetry of the
environment

Figure 8 Typical chemical shift ranges for sodium
NMR



Figure 9 Assigned correlation between 23Na NMR
chemical shifts and Gutmann's donor number for
ionic liquids derived from the 1-ethyl-3-
methylimidazolium cation ([emim]*),

Figure 10 Geometry optimized structures of

Figure 12 Typical chemical shift ranges for
magnesium NMR
Figure 13 27A1 NMR spectrum of AlCl; in D,0O. The

scaled upper trace illustrates the presence of
[AL(D,0),] % and a signal from the NMR probe itself

Figure 14 Typical chemical shift ranges for aluminum
NMR of coordination and organometallic complexes
(OM = organometallic)

Figure 15 Comparison of the NMR signal for the
potassium isotopes under similar conditions [KNO,

(=15 M)_in D,0]. Note the poor S/N of 41K and 49K

purposes

Figure 16 32K NMR spectra showing_increased
linewidth (by a factor of 25) with loss of
environmental symmetry

Figure 17 Typical chemical shift ranges for potassium
NMR; that for the K= anion (not shown)_is close to 6
—100

Figure 18 39K NMR spectrum of K*(18-crown-6) and
K=in THF solution (0.2 M) at 243 K




Figure 20 Typical chemical shift ranges for calcium
NMR

Solid-State NMR of the Light Main Group Metals

a nucleus

Figure 2 The splitting of energy levels for an isolated
spin-3/2 quadrupolar nucleus in an external magnetic
field influenced by the Zeeman,_first-order

interactions, where wy and wg represent the Larmor
and quadrupolar frequencies, respectively. The

energy spacings of the FOQI and SOQI are
exaggerated in this figure

orientation of an axially symmetric CS tensor
(denoted by the black arrow) with respect to the
external magnetic field direction, which is

Different orientations of the same CS tensor (denoted
by the blue and red arrows)_lead to distinct NMR
;nany ranaozlﬁrgnted crystallites gives rise to a
broad powder pattern, which corresponds to a sum of
the spectra resulting_ from each crystallite

nucleus exhibiting_a Pake doublet. The doublet arises
from two overlapping, CSA-type patterns (shown in
red and blue) _corresponding to the two single-
guantum transitions




powder pattern simulated with a Cn = 200 kHz and
Io=_0 under static conditions (i.e., V., = 0 kHz). (b)

Schematic representation of the powder patterns
arising_from the central transition and the

observed for half-integer quadrupolar nuclei
Rossessing_small values of Cq

Figure 6 Analytical simulations of a 33Cl (I = 3/2)
central-transition powder pattern simulated at 9.4 T
with a Cn = 4.0 MHz and no_= 0 under (a)_static

conditions and (b) magic-angle spinning

Figure 7 Euler angles (a,_,_y)_relating_the principal
axis systems of the EFG and CS tensors

Figure 8 (a)_Schematic representation of magic-angle
spinning showing_the rotor oriented at 54.74° with

the isotropic chemical shift

Figure 9 Analytical simulations of static 32Cl central-
transition powder patterns at 9.4 T with (a)_Cy = 4.0

MHz and 1, ranging_from 0.2 to 1 and (b)_ng =0 and
Cnranging from 1.0 to 4.0 MHz. The positions of the
discontinuities resulting_from 1, and the broadening

of the powder pattern due to the increased value of
Cn-are shown

dimensional DAS experiment which averages the
first- and second-order quadrupolar interactions by

respect to By during_the ¢;_evolution period. The




rotor is flipped to the magic-angle during_the &,

of the double-rotor design used in DOR to average
the first- and second-order quadrupolar interactions

Wiley-VCH, 2006)

Figure 11 (a)_Schematic representation of the two-

sequence and the coherence transfer pathway
diagram for a triple-quantum (3Q)_MAS experiment.
(b)_Schematic representation of the satellite-
transition MAS (STMAS) pulse sequence and

coherence transfer pathway diagram (Adapted with

permission from Ref. 19, © Wiley-VCH, 2006).

Figure 12 Schematic representations of the (a)

SEDOR fraction is the reduction in the echo intensity
with respect to that obtained without irradiating_the
S spin. (b)_.The REDOR pulse sequence. All
rectangular pulses are m pulses (unless indicated
otherwise). (c)_ The TRAPDOR pulse sequence. A
rotor-synchronized spin-echo is applied to the 1H
spins whilst the quadrupolar spins are irradiated
during_the defocusing and/or refocusing times. The
TRAPDOR fraction is obtained by comparing _the
reduction in spin-echo intensity to that obtained
without irradiation. (d)_ The REAPDOR pulse
sequence. The phases of the 7 pulses are indicated




Figure 14 Two-dimensional pure-absorption exchange
NMR spectra of 1i,SiO, acquired at 33 °C using

mixing_times of (a) 47 ms and (b)_ 188 ms. The
coordination numbers for the I.i sites and the
exchange peaks are indicated. The horizontal axis is
the direct dimension

Figure 15 8Li MAS NMR spectra of (a)_Li,Mn,0Og,_(b),
LiyMns0;,, and (¢) Li,Mn,0, acquired with spinning

positions in faujasite

Figure 17 71 static NMR powder patterns for (a)

tri(isopropyl)phenyllithium acquired under static
conditions
Figure 19 Relationship between the magnitude of Cy,

and the molecular site symmetry for 23Na nuclides in
Na atoms coordinated to oxygens

Figure 20 23Na triple quantum MAS NMR spectra of
(a) 2HFC-134/NaX and (b)_fully loaded HFC-134/NaX

after applying the shearing _transformation. Asterisks



denote the artifacts that result from collecting too
few ¢, data points

Figure 21 23Na MAS NMR spectra of the satellite

acquired at 9.4 T using a spinning speed of 8.0 kHz,
which shows the two sets of overlapping_spinning-
sideband (ssb) manifolds originating from the two

partly overlap into the 21V spectrum at lower
frequency. Simulated spectra showing_(b)_the two

coil

Figure 22 23Na MAS NMR spectra acquired at 14.1 T
of glasses on the charge balanced aluminosilicate

glass, the NaAlO,-Si0, join, with different Si/Al ratios
(as indicated on the left)

Figure 23 23Na MAS NMR spectra of samples of
sodium N-(3-(aminosulfonyl)-4-chloro-2-

trihydrate with different water contents, acquired
with a spinning_speed of 25 kHz and at 273 K

Figure 24 23Na MOMAS NMR spectra of Na,ATP (a)

sites are labeled in (c¢)

Figure 25 Range of aluminum chemical shifts in
various inorganic compounds



27A] MAS spectra of (c) a-Al,05, (d)_Na-Y zeolite, and

(e) AIN. All spectra were acquired at 9.4 T
Figure 27 (a)_2ZAl static and MAS CT NMR spectra of

showing_the overlapping_satellite (£1/2 < +3/2 and
+3/2 o +5/2) line shapes. Resonances corresponding

to metallic aluminum are denoted with * and 1 in (b)

and (c),_respectively
Figure 28 3Q-D-HETCOR (3Q_= triple quantum; D =

of tetrahedral and five-coordinated aluminum sites
with phosphorus. The 31P skyline projections are

without and (b) with SPAM. The total acquisition time
was 20 h. (¢).22A1-29Sj D-HETCOR,_and (d)_22A1-23Sj

SPAM-3Q-D-HETCOR NMR spectra of microcline. The
1D 23S] MAS spectrum is shown for comparison on

acquired at 9.4 T
Figure 29 27A1l MQMAS NMR spectrum of steamed




Figure 30 27A] MAS NMR spectra of super-quenched
glass samples showing_peaks corresponding_to 4-, 5-,
and 6-coordinate Al sites, and spectra of non-
quenched sample only showing peaks corresponding
to 4- and 6-coordinate sites. The sample compositions
are indicated for each spectrum in mol % with SiO,

around 15 kHz

Figure 31 Frequency-stepped 27Al CPMG NMR
spectra of (a)_ AlMes; and (b) AI(NTMS,);. The

individual sub-spectra are shown on top with the
corresponding_total powder pattern shown on the
bottom. Co-addition was used to form the total

powder pattern. T and # indicate FM radio signal

interference and impurities, respectively

static 2ZAl powder patterns of [Cp*,AlI[AIC, ]

collected at 9.4 T. The patterns are dominated by the
effects of the aluminum CSA

Figure 33 (a)32K NMR lineshapes for alkali metal Cgq

compounds,_given in order of increasing lattice
constant from top to bottom. 39K NMR lineshapes at
several temperatures for (b)_K3;Cgp,.and (c)_Rb,KCgg

Figure 34 39K spin-echo MAS NMR spectra for the
potassium aluminosilicates. All spectra were
collected at 18.8 T using_a spinning_speed of ca. 15
kHz. The dashed line at O ppm is included for
reference

Figure 35 Experimental 39K MAS NMR spectra
collected at 19.6 T. A spinning speed of 10 kHz was




used for G1 and G2 and a spinning_speed of 8 kHz

collected at 19.6 T. The spinning speed was 8 kHz in
all experiments and pure absorptive 2D spectra were
collected by combing SPAM with the shifted-echo

method. The #;_increment in the MOMAS experiment

(a)_results from trace amounts of micro domains
within the solid

Figure 37 A comparison of (a) lH-39K BRAIN-

CP/WURST-CPMG and (b) direct excitation 39K DFS-
QCPMG NMR spectra of potassocene (CpK)_acquired
at 9.4 T. The former took 128 scans and 10 min total
acquisition time. The latter took 18 000 scans and 25
h total acquisition time (Schurko, 2015, unpublished

data) o

NMR spectrum of MgAl-25-NO5=, The dashed lines

show the anisotropic slices of the three distinct Mg
sites

as a function of rehydration degree. All spectra were
acquired under identical experimental conditions.
The * indicates a small amount of impurity likely
resulting_from magnesium oxide



Figure 41 7QMAS %3Ca NMR spectrum of CaSiO;
glass acquired at 21.8 T

Figure 42 (a)_Simulated and (b)_experimental 43Ca
MAS SSNMR spectra of CaCrQ, collected with a

experimental 43Ca static SSNMR spectra of CaCrO,.
Acquisition times of 18.9 and 5.2 h were required for

Figure 44 9Be MAS NMR spectra of (a)_Cp,Be, (b)
Cp*,Be, and (c)_(CsMe,H),Be at 9.4 T, along_with

accompanying spectral simulations

Cation-1 Interactions

Figure 1 Prototypical cation-i interactions of alkali
metal cations with benzene. Optimized distances
above the ring_center and gas-phase interaction
energies (Ej,, in kcal mol=1) are based on high-

In these plots, the electrostatic potential is shown on
an electron density isosurface (o = 0.001 e bohr=3)

Figure 3 DFT computed interaction energies, relative
to the unsubstituted case (X = H), for model
complexes of Na* above the center of




electrostatic potential computed at the position of the

for the substituent

Figure 4 Competing models of substituent effects in
cation-11 interactions. (a) In conventional views,
substituent effects arise from the modulation of the
the local dipole model of Wheeler and Houk,22
substituent effects in cation-o interactions are
dominated by the through-space electrostatic
interaction of the local dipole associated with the
substituent and the cation. Both models tend to
provide similar predictions with regard to substituent
effect trends

Figure 5 The electrostatic potential in the plane
bisecting_benzonitrile (left),_as well as an additive
approximation of this electrostatic potential
constructed by adding the electrostatic potential in
the plane bisecting benzene to the electrostatic

potential of HCN

Figure 6 Accurate gas-phase interaction energy of
Na* with benzene (gray_line)_and benzonitrile (black
line)_as a function of distance above the ring. Also
shown are a simple charge-dipole interaction (red

line) and the result of adding_this Charge—dipolazrm
to the Na*...benzene interaction potential (red

dashed line)

Figure 7 Structure of the T1 lipase studied by
Matsumura et al., 118 which exhibits a well-defined

cation-m interaction between Na* and a nearby Phe
residue (PDB: 2DSN)

Ion Channels and Ionophores




Figure x.1 Natural transmembrane transport

ionophore

Figure 2 Artificial transmembrane transport

forming_peptide, membrane-spanning molecule,
barrel-hoop channel, and ionophore

(Mg:(calcimycin),)_(CSD ID: DUJWOU),_(i)
(Ca-ionomycin) (CSD ID: IONCAHO01),_(j)

Figure 6 X-ray structures of cyclopeptide ionophore
cation complexes with counterions removed for

Cambridge Structural Database



Figure 7 Examples of artificial ionophores

Figure 8 Top and side views of natural
transmembrane channel-forming proteins (not to
scale): (a) ASIC (PDB ID: 2QTS),_(b)_KcsA (PDB ID:

3RVY), and (e) TmCorA (PDB ID: 4EED); PDB =
Brookhaven Protein Data Bank

Figure 9 Examples of channel-forming biomolecules:

magainin

Figure 10 Peptide-based artificial transmembrane
channel-forming molecules

channel-forming molecules

Aryllithiums and Hetaryllithiums: Generation and
Reactivity

Figure 1 n-Bul.i/anisole complexation illustrating
electron withdrawal

Figure 2 Early transition state depiction for ortho-
metalation of anisole (metal, M = Li)22

Figure 3 Ether (e)-stabilized structures of n-Buli, for

chelating_amine-stabilized structure of the dimer (3),

Figure 4 Bis-chelating amines used to accelerate
metalation reactions: diazobicyclo[2,2,2]octane

Figure 5 Proposed intermediate for ortho-lithiation%4

Figure 6 The “pair of tweezers” representation for
the cooperative 2-metalation of 1,3-DMB85




Figure 7 Preferred sites of lithiation of five-
membered ring_heterocycles (h are the heteroatoms
O, S,_or NMe),

Figure 8 Nearly linear structure for the X/Li

intermediate

Magnesium and Calcium Complexes in Homogeneous
Catalysis

Figure 1 Increasing_popularity of molecular alkaline

Scheme 1 General stoichiometric reactivity of
alkaline earth complexes

Figure 2 Standard catalytic cycles observed in Group
2-mediated reactions

Scheme 2 Homoleptic and heteroleptic benzylcalcium
precatalysts for styrene polymerization

Scheme 3 Dissociative mechanism of carbanionic

styrene polymerization

Figure 3 Possible microstructure outcomes for lactide
ROP

Scheme 4 Mechanisms of lactide ROP

Figure 4 Selection of highly efficient heteroleptic
magnesium and calcium precatalysts for lactide ROP

Scheme 5 Influence of chelate-resting_state on
catalytic activity toward I.LA and e-CL

Figure 5 Tischenko reaction with homoleptic and
heteroleptic Group 2 amides and proposed
mechanism



