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Alkali metals absorbed into silica gel yield three types of loose
black powders (M-SG) that are strong reducing agents. All react
nearly quantitatively with water to form hydrogen. Liquid NaK
alloys form air-sensitive powders at room temperature that can be
converted at 150C to a form that is sensitive to moisture but not
to dry air. Slowly heating sodium and silica gel to 4@ yields a
third type that can be handled in ambient air with only slow
degradation by atmospheric moisture. These materials eliminate
many hazards associated with pure alkali metals by providing easily
handled reducing agents and hydrogen sources. In continuous-flow
reactors, they could reductively protonate aromatics, dechlorinate
alkyl and gryl ha“.des’ and desu".unze various compounds. 646 silica gel (Aldrich, 15-nm nominal pore size) in a 50-mL modified

Synthetic and industrial chemistry has long tried to take full Erlenmeyer flask. (A) The SG coated with alkali metal alloy just after
advantage of the reducing power of alkali metals. They have beenmixing. (B) The final loose black powder (stage 0) formed by shaking the
used as dispersions, or on inert supports, or as solutions in liquid sample shown in A for a few minutes.
ammonidto carry out Birch reductions, Wurtz reactions, and many
others? Although industrially useful, these reactions can be difficult been stored for up to eight months in screw-cap vials without any
to scale up because of low reaction efficiencies or rates and change in the reducing capacity.

Figure 1. Room-temperature absorption of iaalloy into Davisil Grade

complications in handling such pyrophoric reagents. Uniform black powders of stage | NéSG can be made by
Alkali metals, at concentrations up to 12 mol %, can be absorbed heating Na with SG te-165°C with continual agitation. DSC traces
from the vapor phase into aluminosilicater pure silica zeolite$. show no melting endotherm of Na metal but only a broad exotherm

This report describes the incorporation of up to 60 mol % alkali (AH~ —25 kJ/mol of Na) from 100 to 458C. When heated slowly
metals from the liquid metal phase into amorphous silica gel (porous to 400°C with intermittent agitation, sodium metal and SG react
Si0,). Three different preparations of alkali metailica gel adducts ~ to form uniform powders of stage Il N&SG. The bulk density at
(designated M-SG, stages 0, I, Il) provide a range of reducing this concentration is about 0.7 g/énDSC traces of Na with SG
abilities and air-sensitivities. (Figure 2C) show that the process is exothermic, with in the

Liquid sodium—potassium alloys are readily absorbed by silica range of=75 kd/mol of metal. The melting endotherm of Na metal,
gel (SG) to form shiny black stage 0 powders. Figure 1 shows the Present in the initial trace at 9%, is absent in the subsequent
conversion of SG particles, initially coated with 35 wt % of a liquid ~ fun, showing that the metal has reacted with the silica gel. The
NaK alloy, to a powder that has absorbed all the alloy. Some highest concentration at which all of the Na reacts-#0 wt %
nanoscale alkali metal particles are present, as shown by theNa. Stage Il Na-SG shows no peaks in the DSC up to 48D
characteristic reduction of the melting point commonly seen for ~ Stage Il powders of NaSG are easily handled in an open
small particle$. The differential scanning calorimetry (DSC) trace ambient environment and do not change with time when kept in a
for stage 0 N&K (Figure 2A) shows that melting begins-ap5 °C closed container. They are slightly less reducing than stages 0 and
rather than the normal value 6f12.6°C. Stage 0 powders must | but react rapidly with water to yield the same amounts of pure
be handled in an inert atmosphere (e.g., within a nitrogen-filled hydrogen gas, as measured by a method described elsetthere.
glovebag) to avoid hydrogen ignition in high humidity air. However, Because of its significantly lower reactivity toward air, even in the
they are loose powders that can easily be packed in chromatographi®resence of mild humidity, stage Il N&G reduced silica would
columns to provide a medium for continuous-flow chemical Pe the material of choice for hydrogen production, solvent drying,
reductions. Of course, the solvent used must not be reducible by@nd those reduction reactions that do not require the stronger
M—SG. reducing properties of stages 0 or I.

Stage 0 samples, when heated to about IGPform stage | Preliminary atomic pair distribution function measurements
powders that show little or no melting endotherm by DSC (Figure Similar to those_applied to “_inorganic electrid&sSuggest that stage
2B). Exposure to dry oxygen for up to a day does not change the | Samples retain mostly Sicharacter and that stage Il N&G
reducing capacitythe amount of hydrogen produced by reaction Contains nanoparticles of DBi,.° The fate of the released electrons

with water). Stage | samples are stable in closed columns and have Stage | M-SG remains a mystery. Are they delocalized in a
high energy band of silica, or have they partially reduced the silica,

 Michigan State University or are they present in the void spaces along with partially ionized
#SiGNa Chemistry, LLC. cations, as with “inorganic electrides”?
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Figure 2. (A) DSC traces for 9.2 mg of stage 0 Main SG. The inset shows the region of melting. The overall valualdfis ~—100 kJ/mol of metal.

(B) DSC traces for 12.5 mg of stage | Nalt SG. Note the absence of a melting endotherm. The overall valagias ~—35 kJ/mol of metal. (C) DSC

traces for a mixture of 4.6 mg of Na and 6.6 mg of SG, which react exothermically to form stage Il material. The endothermic heat of melting of Na (113
J/g Na), which appears at 9€ in the initial scan, is absent in the repeat scan.

Organic reductions in tetrahydrofuran (THF) were carried out stage 0 material. Surprisingly, the historically difficuteduction
at room temperaturén a nitrogen-filled glovebag, either by stirring  of diphenyl sulfide to biphenyl was also accomplishe®?ih via
batch reactions with MSG or by passing the solution through a  bulk reaction with stage | NK—SG.
2-mL Pasteur pipet that had been plugged with Pyrex glass wool The powerful reducing properties of alkali metailica gel
and filled with M—SG. Analyses before and after reaction were adducts should permit the use of continuous-flow columns for the
made by!H and3C NMR and GCG-MS. The effective reduction reduction of organic and inorganic compounds that are now reduced
potentials of the various stages of MG can be determined by by alkali metals. In addition, they provide the ability to provide
comparing their ability to form highly colored aromatic radical hydrogen gas upon demand from air-stable, easily handled sources
anions with the reduction potentials listed by Szw#biphenyl= that can be stored indefinitely.
0). Stgge 0 l\(/;—SG canhr(;dLllce biphenyl to |tsdra(rj]|cal anr:on. Stage Acknowledgment. We are grateful to Dr. Rui H. Huang for
| powders reduce nap t aene .(0'043 V) and p engnt rene (0'142assistance with GEMS, Prof. Simon Billinge for PDF studies,
V). Even stage Il materials, which can be handled in air, are aple and the Camille and Henry Dreyfus Foundation for partial support
to reduce pyrene (0.529 V) and anthracene (0.642 V) to their radical

. . . / of undergraduates S.A.U. and K.D.C.
anions. M-SG materials can serve as effective drying agents and
anti-oxidants for aprotic solvents such as THF. Care must be taken ~ Supporting Information Available: Materials and methods, reac-
not to expose flammable solvents that contain partides oG tion schemes, and product identification. This material is available free
to air, since spontaneous ignition could occur. of charge via the Internet at http:/pubs.acs.org.

Anthracene in THF underwent Birch reductl®d min elution
time) to 9,10-dihydroanthracene in99% purity upon elution ) o ) )
through a chromatography column that contained either stage 0 or @ g’}) ?g‘é‘;'_ai%gzg?&%%{;U{‘;ler‘;‘;'rﬁi%r,‘cg_'; gg{%fﬁﬁ'-&;ﬁ%ﬁgﬁ .
stage | M=SG mixed with an equal volume of silica gel (to provide Angew. Chem., Int. Ed. EnglL981 20, 1033. (c) Rabideau, P. W.

Tetrahedron1989 45, 1579-1603.
a proton source). In the absence of a proton source, all three stages ) (a) Birch, A, J.Pure Appl. Chem1999 68, 553-556. (b) Billington, D.
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