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Organic synthesis is playing underpinning roles in industries and academic
research. But from a sustainability perspective, current organic synthesis protocols
are criticized for the usage of petrochemical-derived solvents and precious-metal
reagents. Herein, we report an unprecedented facile preparation of an enabling
reagent, namely a room-temperature-stable electride (RoSE). Utilizing the RoSE
reagent, we phase out transition-metal reagents and solvents from two notoriously
unsustainable organic reactions: (1) benzene and pyridine C-H activation and C-C
coupling and (2) arene Birch reduction.
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A room-temperature-stable electride and its reactivity:

Reductive benzene/pyridine couplings

and solvent-free Birch reductions

Nathan Davison,'¢ James A. Quirk,"¢ Floriana Tuna,?* David Collison,? Claire L. McMullin,>*
Hannes Michaels,* George H. Morritt,> Paul G. Waddell," Jamie A. Gould," Marina Freitag,’

James A. Dawson,"* and Erli Lu'.7.8*

SUMMARY

In this work, we report the synthesis of a room-temperature-stable
electride (RoSE) reagent, namely K*(LIHMDS)e~ (1) (HMDS:
1,1,1,3,3,3-hexamethyldisilazide), from accessible starting mate-
rials (potassium metal and LiHMDS) via mechanochemical ball mill-
ing at 20 mmol scale. Despite its amorphous nature, the presence
of anionic electrons in 1, key diagnostic criteria for an electride,
was confirmed by both experimental and computational studies.
Therefore, by definition, 1 is an electride. Utilizing its anionic elec-
trons, electride reagent 1 exhibited a versatile reactivity profile
that includes (1) mediation of C-H activation and C-C coupling of
benzene and pyridine and (2) mediation of solvent-free Birch reduc-
tion. This work proves the concept of facile mechanochemical syn-
thesis of a room-temperature-stable electride, and it introduces
electride 1 to the synthetic chemistry community as a versatile re-
agent.

INTRODUCTION

In the context of pursuing a sustainable future, significant research effort across the
chemistry communities is being invested in developing new enabling reagents to
facilitate challenging organic reactions, aimed at phasing out precious-metal cata-
lysts, hazardous and expensive specialized reagents, and solvents.’ Specifically,
since Kekulé announced the groundbreaking aromaticity concept of benzene
150 years ago,” arene (including hetero-arene) transformations have been the cor-
nerstones of organic chemistry, highlighted by several named reactions, e.g.,
Friedel-Crafts, Birch,* Sandmeyer,” and Scholl.® However, as a result of the inherent
stability of the arenes originating from their aromaticity, these arene transformations
usually require harsh conditions, precious-metal catalysts, and pre-functionalized
substrates.

In this work, we focus on two classic reactions: (1) direct C-H activation and C-C
coupling of benzene and pyridine (archetypical arene and hetero-arene, respec-
tively) and (2) Birch reduction. As the archetypical and most inert arene, direct
benzene C-H activation and C-C coupling require harsh conditions, such as strong
oxidants (e.g., hypervalent iodine)’~” and precious-metal catalysts (e.g., palladium
catalysts) (Figure 1A).10-12 Compared with these well-documented oxidative pro-
cesses, reductive tandem benzene C-H activation and C-C coupling is unknown.
The two most relevant precedents are trivalent yttrium-alkyl-mediated’® and
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hazardous chemicals in organic
synthesis is a grand scientific
challenge. A sustainable vision of
organic synthesis requires new
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metals or solvents, and the ability
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transformations under facile
conditions. Herein, we report a
new and accessible approach to a
group 1 metal reagent featuring
anionic electrons: an electride.
Endowed with unique anionic
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divalent platinum-alkyl-mediated' benzene C-H activation and C-C coupling, both
operating through a Brensted acid-base mechanism, producing a biphenyl dianion.
Very recently, electron-rich, low-valent main-group metal complexes have been re-
ported to mediate reductive benzene C-H activation,'>'® which requires sophisti-
cated and bespoke main-group metal complexes. Conversely, reductive tandem
pyridine C-H activation and C-C coupling, mediated by sodium metal producing
4,4'-bipyridine under harsh conditions (refluxing pyridine), was reported as early
as 1868." However, this reaction has been largely overlooked. The current bipyri-
dine syntheses rely on homocoupling of halogenated pyridines catalyzed by Cu,
Ni, or Pd catalysts.'® A transition-metal-free reagent mediating facile benzene and
pyridine tandem C-H activation and C-C coupling is highly desirable, but to the
best of our knowledge, such a reagent is still unknown.

Birch reduction’” converts arenes into cyclohexadienes. It is a classic organic
reaction utilizing free anionic electrons (e.g., solvated electrons). Despite the wide
applications of Birch reduction, its electron-rich reagents, such as the original and
still prevailing group 1 metal-liquid ammonia (M-NHj5(l)) (M: Li, Na) condition,?%7%?
present formidable technical and safety challenges (Figure 1B). Recent efforts
have been directed toward phasing out the liquid ammonia via electrochemi-
cal,?7?° photochemical,*?® and enzymatic’’ methods, as well as employing
lithium/sodium metal in ammonia-free solvent systems (Figure 1B).3°3% Nonethe-
less, there is still vast room for improvement regarding phasing out specialized pho-
tosensitizers, catalysts, enzymes, and last but not least, solvents. An ideal scenario is
that an easily accessible electron-rich reagent can mediate solvent-free Birch reduc-
tion at room temperature in short reaction time, but such an enabling reagent is still
unknown.

In such a context, we set our target to seek an easily accessible electron-rich reagent
that can mediate benzene and pyridine C-H activation and C-C coupling, as well as
solvent-free Birch reduction. As a prime candidate, electrides are a class of com-
pounds and materials featuring trapped anionic electrons, which do not bind to
any nucleus.*~*” The anionic electrons endow the electrides with unusual physical
properties, such as optical and magnetic, which have been intensively studied in
the past decade with a view to applications in materials science.’” As a reagent,
the high reactivity of electrides has been exploited in a limited category of organic
and inorganic reactions.?” Specifically relevant to this work, an inorganic electride,
namely dicalcium nitride [Ca,N]Te™,%® was reported to promote Birch reductions
of polycyclic aromatic hydrocarbons (PAHs) in polar solvents (hexamethylphosphor-
amide [HMPA] and isopropanol ['PrOH]) at elevated temperatures in 24 h, where the
electride acted as an analog of solvated electrons.®” In this case, only PAHs (not het-
ero-arenes, e.g., pyridine or acridine, or benzene or substituted benzene) were
tested as substrates. Despite these reports utilizing electrides as reagents, they
are still not well recognized by the synthetic chemistry community. This status can
be explained by the low accessibility and often poor stability of the current
electrides. Room-temperature-stable, inorganic electrides are synthesized via
high-temperature (>600°C) calcination reduction of precursors with active metal
(e.g., calcium shot),®” such as [Ca,N]*e™ (from CasN, and Ca)*® and an archetypical
inorganic electride [CazaAlg044]* 4e™ (from 12Ca0-7Al,03 and Ca).*? Other than
the electron-rich electrides synthesized from the harsh reduction methods, an elec-
tron-neutral Na3N electride was recently synthesized via plasma-assisted nitridation
of alkali metals.*" Although not scalable from a synthetic chemistry perspective,
high-pressure conditions have also been explored—mostly from theoretical ap-
proaches—to facilitate the formation of electrides,”®*’ including a recent report
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Figure 1. The state of the art and this work
(A) Previous work in benzene and pyridine coupling.
(B) Previous work in Birch reduction.

(C) This work: mechanochemical synthesis of a room-temperature-stable, 3D electride K*(LIHMDS)e ™ (1) and its mediated solvent-free Birch reductions

and facile benzene and pyridine coupling.

of a rare electron-deficient electride, CasPbs, where pressure-induced electron
accumulation was theoretically investigated.”” Organic electrides, pioneered by
the Dye group,’” are synthesized by treating group 1 metals with crown-ethers or
aza-crown-ethers at low temperatures. However, synthesizing and using organic
electrides are extremely challenging. Only nine organic electrides have been synthe-
sized since the 1980s,> and only two of these are stable at room temperature. Dye
and co-workers reported one in 2005 by utilizing a specialized bespoke aza-cryptand
ligand, which is difficult to synthesize.** During the preparation of this manuscript,
Martin and co-workers reported the second room-temperature-stable electride
(RoSE) from a serendipitous magnesium metal reduction of nickel(ll) complexes,44
where the electron was trapped in a Mga(Bipy)a (Bipy: 2,2'-bipyridine) framework.
None of the reported electrides were prepared from low-cost precursors via a scal-
able and facile protocol, which hampers their use as reagents.

In this work, enabled by mechanochemical ball milling,*® we report the first synthesis
and characterization of a RoSE from low-cost starting materials via a scalable and
easy protocol (20 mmol, 15 min). The electride, namely K*(LIHMDS)e™ (1) (HMDS:
1,1,1,3,3,3-hexamethyldisilazide), can promote facile tandem C-H activation and
C-C coupling of benzene and pyridine, as well as the first solvent-free Birch
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reductions (Figure 1C). Herein, we introduce 1 to the synthetic chemistry community
as a versatile free-electron reagent.

RESULTS AND DISCUSSION

Synthesis and characterization of the electride K*(LIHMDS)e (1)
Commercially available and low-cost lithium bis(trimethylsilyllamide ([LIHMDS];
$310/mol) and potassium metal (K metal; $110/mol) were treated in a mechano-
chemical ball mill (Retsch MM400) at 30 Hz frequency for 15 min at room tempera-
ture. A homogeneous blue powder was obtained (Figure 2A). The synthesis of 1 is
entirely reproducible and has been accomplished on the scale of 20 mmol. Once
synthesized, 1 remains indefinitely stable at room temperature under argon (Ar) or
nitrogen (Ny): the color and electroconductivity of 1 do not change under Ar or N,
at room temperature for several weeks. However, despite the high thermal stability,
electride 1 is extremely sensitive to trace amounts of moisture, oxygen, and proton
sources. For instance, all the glassware contacting with 1 must be silylated with
Me3SiCl*¢; otherwise, the hydroxide (-OH) residues on the glass surface will induce
1's decomposition and cause the characteristic blue color to fade within 5 min, and it
will lose its electroconductivity. The intense blue color of 1 is reminiscent of solvated
anionic electrons in the Na-NHjs(l) system as Farbe centers (F centers), first observed
by Sir Humphrey Davy over 200 years ago®’ and recently revisited by Jungwirth and
co-workers.”® The characteristic blue color was also observed in a few organic elec-
trides,”” indicating that the color could act as an intuitive sign of the presence of
anionic electrons. Powder X-ray diffraction data reveal some indistinct peaks, but
overall the material is amorphous (Figure S9). It is insoluble or reacts with all organic
solvents we could test, and it decomposes into [LIHMDS] and K metal upon sublima-
tion. Therefore, attempts to obtain its single-crystal structure were not successful.
Gratifyingly, ab initio random structure searching (AIRSS)**° enabled successful
determination of the chemical formula of the blue powder as an electride: K
*(LIHMDS)e™ (1). The AIRSS method has been widely employed for searching for sta-
ble structures of materials, including the prediction of atomic-level structures and
bonding.”" More specifically, the AIRSS method was expanded to electride research
very recently. For example, in 2022, new structures of elemental sulfur with electride
features were predicted under high pressures.®” To further validate the reliability of
the AIRSS method in predicting electride structures, we conducted validating calcu-
lations on a known electride system, namely [(LiT)4N3~-e71,°% which exhibits many
phases that are similar in energy, with 23 structures reported in the literature. Our
calculations replicate the reported LigN structures, and we are therefore confident
of the calculated structure of 1.*¢ A relatively short AIRSS search of 300 structures
did not find the same lowest-energy structure reported in the literature® but did
produce a structure only very slightly higher in energy (by 2.4 meV/atom), which con-
tains the same characteristic NLig polyhedra. Notably, although AIRSS finds struc-
tures that share motifs similar to those reported in the literature, it produces distinct
phases not found in the literature,”® which are nevertheless competitive in energy
(within ~10 meV/atom), further highlighting the rich structural diversity in LigN.
Therefore, we are confident that the calculated structure of 1 is reasonable.*¢

Interestingly, the AIRSS calculation of 1 suggests an unprecedented three-dimen-
sional (3D) helical topology for the delocalized anionic electron density (Figure 2B).
Anionic electrons can be visualized by taking the partial charge density of electrons
just below the Fermi level®*; we took the 12 electrons nearest to the Fermi level cor-
responding to the electrons donated by the 12 K atoms, which then become K™ ions

in the unit cell. In order to further confirm the electride nature of 1, we calculated the
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Figure 2. Synthesis and characterization of the electride K+(LiHMDS)e— (1)

(A) Mechanochemical ball milling synthesis of 1.

(B) The calculated structure of 1, with the helical anionic electron density topology highlighted in yellow.

(C) SQUID magnetometry at variable temperatures (top) and X-band EPR spectrum at 70 K (bottom, black) and its simulated version (bottom, red) for 1
(g1 = 2.0013, g, = 2.0009, g5 = 1.9951; linewidth AB; = 7.2 G, AB, = 7.2 G, AB; = 10.8 G).

(D) The electroconductivity measurements setup (left), the linear current (mA) versus potential (V) plot of 1 for calculating its electroconductivity
(middle), and the current (A) versus potential (V) plots for K metal (black), 1 (blue), and 5% K@KI (red) (right).

electron localization function (ELF) and determined the locations of non-nuclear
peaks that were not associated with covalent bonds in the LIHMDS (Figure S29B).
We found that peaks occur in the interstitial spaces between groups of K* ions.

Bader’s quantum theory of atoms in molecules (QTAIM)>® can be used to quantify
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anionic electrons,”® and we calculated an average charge of —0.73 for the basins
associated with the interstitial sites identified in the model for 1. Full details of these
calculations can be found in the supplemental information. The anionic electron-
confinement topologies play underpinning roles in electrides, determining their
physicochemical properties. So far, zero-, one-, and two-dimensional (0D, 1D, and
2D) electrides have been well documented; their anionic electrons are confined to
discrete cavities (OD), linear channels (1D), or planes (2D).%¢ However, 3D electrides

are far less examined other than a few in silico studies>"*’

and a six-electron hexag-
onal electride reported in 1994, which is unstable at room temperature.’® Room-
temperature-stable, scalable, and “bottleable” 3D electrides are highly desirable
for their intriguing, and largely unpredictable, physicochemical properties.
Although we are confident about the 3D helical anionic electron topology in 1, sup-
ported by the AIRSS calculations and experimental magnetic data and electron para-
magnetic resonance (EPR) spectroscopy (vide infra), we point out that several other
structures were found in the AIRSS calculation to be close in energy (within 0.05 eV
per formula unit), so there could be more than one phase presentin 1. Therefore, any
specific details of the theoretical analysis may not be generally applicable across all
phases that occurin 1, but they nevertheless provide reassurance of the electride na-
ture of the computational model of 1. The predicted, lowest energy structure of 1
calculated at 0 K exhibits a metallic band structure (Figure S29A), which is corrobo-
rated by its electroconductivity measurement (vide infra), and it is non-magnetic. As
the energy differences between this non-magnetic state and states in which the
angular momenta of the electron spins no longer perfectly cancel are very small, cal-
culations predict that 1 could be magnetic at finite temperatures, which we experi-
mentally demonstrate below.

To experimentally confirm the presence of the anionic electrons, i.e., the “true elec-
tride” nature of 1, we first measured its EPR spectrum. By definition, the anionic elec-
trons in an electride do not bind to any nucleus, hence its EPR spectrum should exhibit
signal(s) with no hyperfine coupling with spin-active nucleus (e.g., TH,7Li, %7K, and "*N).
Such EPR criterion was recently employed by Martin and co-workers as crucial evidence
to support their magnesium electride,** as well as in the [CazsAlg0464]* 4e ™~ inorganic
electride of Hosono and co-workers. "’ Solid-state X-band EPR spectroscopy of 1 (Fig-
ure 2C, bottom, black) exhibits an asymmetric single-line spectrum at g ~ 2, with a
peak-to-peak linewidth that varies from 38 G at room temperature to ca. 8.5 G at 5
K, and with no evidence of any hyperfine coupling due to ’Li, 3K, or "*N nuclei. By defi-
nition, this fully and decisively supports the electride nature of 1, proving that the elec-
trons are not located on any of the Li*, K*, or HMDS™ fragments, i.e., they exist as free
anionic electrons. A simulation of the EPR spectrum at 70 K provided g; = 2.0013, g, =
2.0009, and gz = 1.9951 (Figure 2C, bottom, red).

Given that the EPR study confirmed that 1 is a genuine electride, we were curious to
explore its physical properties, such as electroconductivity. Electrides were reported
to exhibit versatile electroconductivity features®” ranging from metal-like conduc-
tors (e.g., the classic OD electride [CazaAlys044]**4e7)*° to Mott insulators® (e.g.,
SrsP3and YbsSbs).?%¢" Given the 3D electron topology of 1, itis intriguing to explore
its electroconductivity. The electroconductivity of 1 was measured at 4 Sm~" by a
finger-pattern method,®” which is in the regime of conductor. For comparison, we
also measured the electroconductivities of K metal (a conductive metal) and highly
dispersed K metal over potassium iodide (5% K@K1)®* (an insulator) (Figure 2D).

Beside the EPR and electroconductivity measurements, the anionic electrons in elec-
trides have been reported to result in intriguing and usually complicated magnetic
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properties.***%® The results of variable-temperature (2-300 K) magnetic susceptibil-
ity (%) (Figure 2C) and variable-field (—7 to 7 T) magnetization (M) measurements (Fig-
ure S4), obtained with a superconducting quantum interference device (SQUID)
magnetometer, confirmed the presence of unpaired electrons in 1. The magnetic
moment per K*(LIHMDS)e ™ unit varies from 0.74 Bohr magneton (ug) at 300 K to
0.25 ug at 2 K(0.5 T applied field) (Figure 2C, top), suggesting dominant antiferromag-
netic interactions between electrons. Closer examination of the magnetic data reveals
fairly complex behavior, with multiple (at least two) magnetic interactions of different
strengths operating in competition, in full agreement with the 3D helical nature of
the delocalized free electrons. This evidence includes the following: (1) two regions
of fit to a Curie-Weiss law above 60 K in the ™" versus T graph (Figure S2, red lines);
(2) inflection in e versus T (Figure 2C, top); (3) irreversibility in zero-field cooled/field
cooled (ZFC/FC) magnetization (Figure S3), indicating some sort of long-range
ordering below 6 K. and (4) small hysteresis loop at 2 K, which is asymmetric (M =
0at H=—460and +393 G) and persists more weakly at 4 K (Figure S5). The description
as a 3D helical electride would be qualitatively consistent with nearest-neighbor, next-
nearest-neighbor, and helical turn-to-turn magnetic interactions, which follow from the
ideas used for topologically simpler electrides.”**” More detailed studies by comple-
mentary magnetic measurements and subsequent development of a model to explain
this novel magnetic structure are awaited. Last but not least, before moving on to the
reactivity studies of electride 1, we would like to bring to our readers’ attention that
although the single-crystal structure of 1 has not yet been obtained and is likely to
be amorphous, we believe that the presence of anionic electrons in 1 has been plau-
sibly characterized by the abovementioned experiments and calculations. Electrides,
by definition, do not necessarily link to crystalline phases as long as there are anionic
electrons. For example, solvated electrons in liquid ammonia are treated as an elec-
tride phase but are not crystalline.*’+*

Electride reactivity part 1: Benzene and pyridine C-H activation and C-C
coupling

Given that electride 1 can be synthesized at 20 mmol scale”® and is room-tempera-
ture stable under Ar or N, atmosphere, it could act as a user-friendly reagent in
organic synthesis. Indeed, 1 reacted with benzene to produce a black solution, along
with a small amount of solids and metal plates (Li or K). From the solution, we iso-
lated sequentially black and colorless crystals by fractional crystallization. The struc-
ture of the black crystals was determined by single-crystal X-ray diffraction (SCXRD)
to be a highly unusual lithium-potassium inverted-sandwich biphenyl complex
{[(Li)(K)2(-HMDS), o[-0 "?-(C12H10)]} (2) (Figures 3A and S18). The colorless crystals
are a polymeric bridging heterobimetallic amide [Li(u-HMDS)K(u-HMDS)].. (3) (Fig-
ure S19). Considering the complexity of this reaction, the moderate but reproduc-
ible yields of 2 and 3 (28% for 2 and 12% for 3) are satisfactory. From a synthetic
chemistry perspective, the formation of 2 is remarkable because it is the first reduc-
tive tandem benzene C-H activation and C-C coupling, in sharp contrast with the

well-documented oxidative processes,’™'?

which require precious-metal catalysts
and/or hazardous strong oxidants. Although a comprehensive reaction pathway
analysis is not feasible because of the unpaired electrons, density functional theory
(DFT) calculations suggest a bis-cyclohexadienyl intermediate (A, Figure 3A) is plau-
sible, indicating a mechanism in which the C-C bond formation occurs prior to the
C-H cleavage (Figures S28 and S29), most likely via a de-aromatized cyclohexa-

dienyl radical, and is followed by C-H activation and re-aromatization.

Complex 2 features a rare biphenyl dianion [Bph]?~, which has only three unequivo-
cally characterized precedents: a yttrium(lll) complex {IPaNY N[ u-1°-(C12H 1)}
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Figure 3. Electride reactivity part 1
Reductive C-H activation and C-C coupling of benzene (A) and pyridine (B) mediated by electride 1. For single-crystal X-ray diffraction (SCXRD)
structures of 2 and 3, see Figures S18 and S19, respectively.

(P2N5 = PhP(CH,SiMe,;NSiMe,CH,),PPh) ' and two isostructural samarium(ll) and yt-
terbium(ll) complexes {[(NNTE%)RE(I)K]o[u-1°-RE-n-K-(C1oH10)} (RE = Sm, Yb;
NNTBS = fc(NSi'BuMey),).”? On the other hand, the Pt(ll) alkyl-mediated benzene
C-H activation and C-C coupling,M which are mentioned in the introduction,
formed a heavily puckered phenyl-substituted dianionic cyclohexadienyl complex.
The SCXRD structure of 2 (schematic presentation in Figure 3A; 50% thermal ellip-
soids ORTEP [Oak Ridge Thermal-Ellipsoid Plot Program] presentation in Figure S18)
exhibits alternating C=C double bonds (<1.40 A)and C-C single bonds (>1.42 A)in
the biphenyl dianion, which were also observed in the SCXRD structures of the Y(lll),
Yb(ll), and Sm(ll) biphenyl dianionic com|o|exes.13'70 The most diagnostic structural
parameter for the planarity of the biphenyl unit in 2 is the CP*°-CPs® (C1-C1))
bond length of 1.395(3) A, whichisa typical C=C double bond. The 12 carbon atoms
in the biphenyl dianion in 2 are all co-planar. These structural parameters suggest
that the biphenyl dianion ([Bph]z’) in 2 adopts a quinone-like structure (Figure 3A).

We employed DFT calculations to further understand the structure of 2. The DFT

calculations suggest that the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) both locate on the biphenyl
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fragment (Figure S32). As [Bph]*~ could adopt singlet or triplet electronic states,
we conducted spin density calculations to understand the electronic state of the
[Bph]®>~ species in 2. These concluded that 2 has a non-magnetic singlet ground
state, implying all electrons in [Bph]?~ are paired. Its lowest excited state is a
triplet state, sitting at 9.9 kcal mol™" above the singlet state (Figure S32). The
non-magnetic ground state of the compound was confirmed by magnetic and
EPR studies on several crystals, which both suggested that 2 has no unpaired elec-
trons. However, there is a striking difference between the single-crystal and pow-
der samples of 2 regarding their magnetic and EPR spectra. Finely ground powder
sample of 2 become paramagnetic (Figure S17), while traces of monoanionic
biphenyl radical are noticeable in the baseline of the EPR spectrum of single crys-
tals of 2 (Figures S14 and S15). Specifically, while the single crystals of 2 are EPR
silent, which matches its non-magnetic ground state, the ground powder sample
of 2 exhibits an intense EPR signal with a one-line pattern and a linewidth of
1.3-1.8 G, resembling that of lithium metal.”’ We suspect that the biphenyl moiety

72774 and even

in 2 is electronically labile, facilitating internal electron transfer
decomposition through crystal grinding. The formation of lithium metal, probably
in the form of nanoparticles, could be rationalized by a redox couple Li(l) + [Bph]z’
— Li(0) + [Bph]“'. The result is surprising but not unexpected, particularly given
that the biphenyl ligand is known for its facile [Bph]O - [Bph]F' - [Bph]zf dispro-
portionation in reported group 1 metal biphenyl complexes.”*”®

This biphenyl disproportionation may present challenges when interpreting the so-
lution-state spectroscopic data of 2, such as NMR and ultraviolet-visible (UV-vis)
electronic absorption (vide infra), because the resultant monoanion radical [Bph]”'
is paramagnetic and has strong absorption in the UV-vis region. Complex 2 is soluble
in aromatic solvents (benzene and toluene) and partially soluble in aliphatic and
ethereal solvents (hexane, THF, and Et,0), forming black solutions. Its UV-vis spec-
trum in benzene (Figure S13) is dominated by a strong absorption band (Ayax) at circa
440 nm, with no significant absorption in the region of 500-600 nm, consistent with a
[Bph]z_ species.75 A small shoulder at circa 410 nm could be assigned to a small per-
centage of the [Bph]“' radical. The concentration of this species is rather small,
given that its characteristic strong absorption at 644 nm is hardly noticeable.”’®
Therefore, we are confident that [Bph]?>~ is still the dominating biphenyl species of
2 in its benzene solution, i.e., the solid-state electronic structure of 2 is largely re-
tained. Further evidence for the small disproportionation of biphenyl is obtained
from solution-state NMR. The "H NMR spectrum of 2 in C4D (Figure S10) exhibits
broad signals, whereas the '*C NMR spectrum of 2 is largely featureless other
than a weak signal of the methyl (-CH3) groups of HMDS (Figure S11), despite a
high solution concentration and long data acquisition time. In the "H NMR spectrum
of 2 (Figure S10), three broad signals appear at 5.6, 4.2, and 3.5 ppm, which we
assign to the [Bph]z_ fragment, similarly to the diamagnetic Yb(I1)/Y(Il) [Bph]z_ com-
|o|exes.13'70 We note that the 'H integrals of these [Bph]z’ signals are lower than ex-
pected (65%-75% of the expected "H integrals with the signal of the -HMDS group
as a reference), supporting the hypothesis that a portion of the biphenyl is present in
its paramagnetic monoanionic radical form. The neutral [Bph]0 species, though, was
not observed in the "TH NMR spectrum (Figure S10). Indeed, the 7LiNMR spectrum of
2 (Figure S12) exhibits two signals (3.03 and 1.70 ppm) despite repetitive recrystal-
lization of the sample. The smaller ’Li NMR signal at 3.03 ppm is in correspondence
with a shoulder of the ~HMDS signal in the "H NMR spectrum (Figure S10). This per-
sisting presence of two sets of signals in the ’Li and "H NMR spectra of 2, along with
its largely featureless "*C NMR spectrum, supports the presence of paramagnetic
[Bph]1" species, in agreement with the UV-vis and EPR data.
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We attempted to treat 2 with mild oxidants (air and silver(l) iodide), proton sources
(water and methanol) or electrophiles (Me3SiCl and Mel), hoping to isolate biphenyl
(Ph-Ph) or functionalized biphenyl. However, all of these attempts were unsuccessful:
intractable mixtures of organic volatiles were produced, indicating the fragmenta-
tion of the biphenyl C-C bonds. Analyzing an aliquot of the methanol-quenched
crude product suggested intractable mixtures with no presence of cyclohexadienes,
indicating that the dianionic biphenyl complex 2 cannot be converted into the Birch
reduction products (vide infra). On the other hand, to our gratification, reaction be-
tween 1 and an excess amount of pyridine produced 4,4’-bipyridine in 53% yield
(assuming a stoichiometric 1/pyridine ratio of 2:1) upon quenching with methanol
(Figure 3B). C-H activation and C-C coupling of unactivated pyridine are chal-
lenging tasks. The most classical approaches for synthesizing the bipyridines involve
reductive homocoupling of halogenated pyridines catalyzed by Cu, Ni, or Pd cata-
lysts.'® Specifically, most modern syntheses of 4,4'-bipyridine have to employ func-
tionalized pyridines (such as halogen-pyridines, pyridyl boronic acids, or pyridyl sul-
fonic acids).'® However, Anderson reported the very first 4,4'-bipyridine synthesis in
1868 by treating pyridine with sodium metal,'” which obviously involves single-elec-
tron transfer (SET) processes and is distinct from the modern transition-metal cata-
lyzed cross-coupling approach.'® As a result of the unamiable sodium metal condi-
tion, the SET approach toward 4,4'-bipyridine has been largely overlooked. Our
result herein suggests that facile and transition-metal-free reductive coupling of pyr-
idine is a viable route for constructing bipyridines. Expanding the substrate scope
into substituted pyridines is underway, but it is beyond the scope of this work and
will be presented separately in due course.

Electride reactivity part 2: Solvent-free Birch reductions

Encouraged by the benzene and pyridine reactions, we studied the reactivity of 1 to-
ward more aromatic organic substrates. At this early stage of research, ten sub-
strates were studied as a proof of concept: (1) six hydrocarbon arenes with different
substituents (5a-5f), (2) two N-hetero-arenes (5g and 5h), and (3) two aryl carboxylic
acids (5i and 5j) (Figure 4). We would like to emphasize that although the substrate
scope is not comprehensive, as a proof of concept, we cover arenes and hetero-are-
nes with electron-donating and electron-withdrawing groups. Moreover, we include
two aryl carboxylic acids, which are of significant interest in organic synthesis.

Treating the substrates (5a-5e and 5h-5j) with 2.2-3.0 equiv of 1 under mechano-
chemical ball mill conditions for 20-25 min produced intensely colored, highly air-
sensitive solids. After quenching with excess of degassed methanol under Ar and
the subsequent standard organic chemistry workup,*® corresponding Birch reduc-
tion products (6a—6e and 6h-6j) were obtained in good to excellent yields
(58%-96%) (Figure 4), representing the first solvent-free Birch-type reductions.
Compared with the previous dissolved metal, electrochemical, and photochemical
methods, electride reagent 1 exhibits intriguing differences regarding regio- and
chemo-selectivities. For example, the acridine (Sh) was reduced in 80% yield herein,
whereas a recently reported photochemical Birch reduction achieved a moderate
43% yield.28 Moreover, the prevailing over-reduction of naphthalene (5a), i.e.,
reduction occurs at both of the phenyl rings, was not observed in our case: éa was
isolated as the only product. For six out of eight cases (6a-6d, 6h, and 6i), only
one product was isolated, and no column chromatograph was needed for purifica-
tions. For the reductions of 5e and 5j, the selectivities are less optimized, but there
is still only one major product (6e and 6j, respectively), too. Here, we would like to
focus our readers’ attention on the role of electride 1 in the Birch reductions. By defi-
nition, a stoichiometric electron source (i.e., electron donor) is essential for Birch
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Figure 4. Electride reactivity part 2
Solvent-free Birch reductions mediated by electride 1.

*The reduction of 4,4'-bipyridine (5g) could produce more than one product, such as 6g, 1,1",4,4'-tetrahydro-4,4'-bipyridine, 1H,1'H-

4,4'-bipyridinylidene, or bipyridinyl anion radical; see Formanuik et al.”’

none of the products were observed instead of a full recovery of 5g.

reduction. The electron donor could be chemical (e.g., Na-NHj5(l)), electrochemical
(electricity), or photochemical (e.g., OH™ of NH,OH?” and diisopropylethyl
amine®®). In our Birch reduction cases, electride 1 acts as a solvent-free, catalyst-
free, facile electron donor. The role of electride 1 herein should not be confused
e.g., the topical Ny-to-NHj3 reaction
(N, + 3H, — 2NH3),””%° which, thermodynamically speaking, does not involve net
the role of electrides

with the electride-catalyzed reactions,
electron input. Despite being described as an electron donor,*

in the N, activation is shuttling electrons between H; (the ultimate stoichiometric
electron source) and N,.
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Despite working well with the 5a-5e and 5h-5j, the attempt to reduce the electron-
rich 1,4-di-tert-butylbenzene (5f) was not successful and led to a full recovery of the
starting material. This is probably because the two electron-donating tert-butyls
quench the initial nucleophilic de-aromatization attack by the anionic electrons in
1. This hypothesis was corroborated by observing the reaction mixture of 5f and
1, where no color change was observed after ball milling before quenching (a
mixture of white [5f] and blue [1] solids). This is in stark contrast with the intensely
colored intermediates for 5a-5e (black to purple solids), which we hypothesized to
be radical species. In the case of 5f, the radical species did not form, due to the
hampered initial electron transfer and de-aromatization. However, this hypothesis
does not work in the case of 5g, which does indeed produce a deep-purple interme-
diate. But after quenching, only the starting material 5g was recovered. The case
of 5g is particularly interesting in comparison with 5e, where the Birch reduction
product 6e was observed as the major product. We attribute the recovery of 5g to
a base-promoted deprotonation and re-aromatization after quenching, which was
initiated by deprotonation of the -NH (a Brensted acid) of 6g by the abundant
lithium/potassium methoxide and LiIHMDS in the system (Brensted bases), followed
by air oxidation and re-aromatization, to reproduce 5g. Similar deprotonation
aromatization of 1,4-dihydro-4,4'-bipyridines under basic and oxidative (air and/or
oxidants) conditions in aqueous phase was reported.®'#?

Beside the solvent-free condition, another noteworthy difference between our elec-
tride-mediated Birch reductions and all the previous methods is that in our cases, the
reactions were conducted under aprotic conditions until the quenching stage, i.e.,
our method does not need in situ proton sources before the quenching stage.
This is in stark contrast to previous reports, which all show that in situ proton sources,
and in some cases hydrogen atom transfer (HAT) reagents, are required.”® The ne-
cessity of the in situ H* or H' in these previous reports is in coherence with the widely
accepted stepwise mechanism scenario, where H* or H™ is needed to convert the
initially formed radical anion into a carbanion.®® The absence of the in situ H* and
H" source in our cases, on the other hand, may indicate a significantly different mech-
anism. However, it is difficult to experimentally monitor our mechanochemical reac-
tions, given the fact that they took place in the solid state in vigorously moving re-
action jars. Meanwhile, quantum chemical calculations to probe the Birch
reduction mechanism are challenging (large because of the open-shell nature of
the system); hence, the Birch reduction mechanism is still far from well understood.
Although beyond the scope of this paper, we are developing comprehensive exper-
imental and theoretical approaches to elucidate the in-depth mechanism of our
solid-state electride-mediated solvent-free Birch reductions, and the results will
be reported in due course.

Conclusions and outlook

In conclusion, we report a facile and scalable mechanochemical synthesis of the
RoSE K*(LIHMDS)e™ (1), which features an unprecedented 3D helical electron
confinement topology, leading to unique physical properties such as in magnetism.
Moreover, 1 is a versatile reagent in organic synthesis, mediating the facile transi-
tion-metal-free benzene and pyridine C-H activation and C-C coupling, and the first
solvent-free Birch-type reductions. Further work is underway in three directions: (1)
expanding the organic reaction substrate scopes and exploring applications of our
method in late-stage functionalization of complicated pharmaceutical molecules; (2)
exploring the usage of 1in other organic reactions, especially the SET reactions; and
(3) expanding this group 1 heterometallic electride family and thoroughly
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understanding their physicochemical properties, as well as exploring their applica-
tions in materials science.

EXPERIMENTAL PROCEDURES

Resource availability
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Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Dr. Erli Lu (erli.lu@newcastle.ac.uk).

Materials availability
This study did not generate new materials.

Data and code availability

This study did not generate new code. The experimental and computational
methods, as well as characterization data of new compounds, are available in the
supplemental information. The supplemental crystallographic data for complexes
2 and 3 are available under CCDC: 2166312 and 2166313, respectively. These
data can be obtained free of charge from the Cambridge Crystallographic Data
Centre (12 Union Road, Cambridge CB2 1EZ, UK) via web (https://www.ccdc.cam.
ac.uk/structures/), email (data_request@ccdc.cam.ac.uk), or fax (+44 1223 336033).
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