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Modern life without metals is inconceivable. We find them at every turn in our 
existence: transportation, buildings and homes, transporting our water, carry-
ing our electricity, modern electronics, cooking utensils, and drinking vessels. 
Perhaps this is not to be unexpected as 91 of the 118 elements in the periodic 
table are metals. Accordingly, we can surely expect to find them in all aspects 
of our lives. The early chemistry of metals or processing of metals is one of the 
oldest sciences of mankind. Its history can be traced back to 6000 BC. Gold was 
probably the first metal used by man as it can be found as a relatively pure 
metal in nature. It is bright and attractive and is easily formed into a variety of 
objects but has little strength and accordingly was used mainly for jewelry, 
coins, and adornment of statues and palaces. Copper articles can also be traced 
to ~6000 BC. The world’s oldest crown made of copper was discovered in a 
remote cave near the Dead Sea in 1961 and dates to around 6000 BC. The 
smelting of copper ores is more difficult and requires more sophisticated tech-
niques and probably involved a clay firing furnace which could reach tempera-
tures of 1100–1200°C. Silver (~4000 BC), lead (~3500 BC), tin (~1750 BC), 
smelted iron (~1500 BC), and mercury (~750 BC) constituted the metals 
known to man in the ancient world. It would not be until the thirteenth century 
that arsenic would be discovered. The 1700s, 1800s, and 1900s would see the 
rapid discovery of over 60 new metals. The bulk of these metals were prepared 
by reducing the corresponding metal salt with some form of carbon or, in a few 
cases, with hydrogen. A small number of difficult to free metals were eventu-
ally prepared by electrochemical methods such as the metals sodium, potas-
sium, and aluminum. Eventually the concept of a metal alloy was understood. 
It became readily apparent that the presence of one or more different metals 
dispersed throughout a metal could dramatically change the chemical and 
physical properties of any metal. The extensive and broad field of metal alloys 
will not be discussed in this text. The main point to be made is that the pres-
ence of a foreign material, whether it be another metal or a nonmetal, can have 
a significant effect on a metal’s chemical and physical properties. Pure metals 
prepared by different methods have essentially all the same chemical and 
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physical properties. The one caveat in this statement is particle size or surface 
area. Whitesides clearly demonstrated the effect of surface area on the rate of 
Grignard formation at a magnesium surface. Taking this to the extreme, Skell 
and Klabunde have demonstrated the high chemical reactivity of free metal 
atoms produced by metal vaporization. These two topics will be discussed in 
greater depth later in the text. Thus it is clear that preparation of metals which 
leads to the presence of foreign atoms throughout the metal lattice can have a 
profound effect on the metal’s chemical and physical properties. This will be 
discussed in greater detail later in the text.

The genesis of highly reactive metals from our laboratories can be traced 
back to my time spent in a small two‐room schoolhouse in a small town of 180 
people in southern Minnesota (1947–1949) and then to graduate school at the 
University of Wisconsin–Madison where I was working on my PhD degree 
under the direction of Professor Howard E. Zimmerman. My research pro-
posal, which was part of the degree requirements, was the synthesis of the 
naphthalene‐like molecule shown in Figure 1.1. The ultimate goal of the pro-
ject was to determine if there was through‐space interaction between the two 
1,3‐butadiene units via the bridging ethylene unit (4N + 2 electrons). To verify 
the through‐space interaction, I proposed preparing the radical anion and 
measuring the electron paramagnetic resonance (EPR) spectrum. EPR became 
an available experimental technique, thanks to the explosion of solid‐state 
electronics in the 1960s. Simulating the spectrum in conjunction with quan-
tum mechanical calculations should provide a reasonable estimate of the influ-
ence of through‐space interaction. My postdoctoral mentor, Professor Saul 
Winstein, at UCLA allowed me to pursue this general idea and we went on to 
produce the monohomocyclooctatetraene radical anion. The experience 
gained in this project working with solvated electrons in THF allowed me to 
write my first proposal as an assistant professor of chemistry at the University 
of North Carolina at Chapel Hill. The project was the reduction of 1,2‐dibro-
mobenzocyclobutene with solvated electrons to generate the radical anion of 
benzocyclobutadiene as shown in Figure 1.2. The reduction was to be carried 
out in the mixing chamber of a flow mixing reactor in the sensing region of an 
EPR spectrometer. However, even at −78°C, the only spectrum we could see 
was the radical anion of benzocyclobutene. It became clear that the radical 
anion (II) and/or the dianion was so basic that even at −78°C in extremely dry 
THF, the anions were protonated to yield benzocyclobutene which was then 

reduced to the radical anion. Quenching with D2O veri-
fied the presence of II and its dianion. In order to trap or 
stabilize the dianion, we attempted to carry out this 
chemistry in the presence of MgCl2 and generate the di‐
Grignard. However, we mistakenly mixed the solvated 
electrons (we were using potassium naphthalenide) with 
MgCl2, generating a black slurry of finely divided black 

Figure 1.1  Graduate 
research proposal.
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metal. Upon reflection, it became clear that we had generated finely divided 
magnesium. We quickly determined that this magnesium was extremely 
reactive with aryl halides and generated the corresponding Grignard reagent. 
Thus, the field of generating highly reactive metals by reduction of the metal 
salts in ethereal or hydrocarbon solvents was born.
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Figure 1.2  First research proposal.
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2.1  General Methods for Preparation of Highly 
Reactive Metals

In 1972 we reported a general approach for preparing highly reactive metal 
powders by reducing metal salts in ethereal or hydrocarbon solvents using 
alkali metals as reducing agents [1–5]. Several basic approaches are possible, 
and each has its own particular advantages. For some metals, all approaches 
lead to metal powders of identical reactivity. However, for other metals one 
method can lead to far superior reactivity. High reactivity, for the most part, 
refers to oxidative addition reactions. Since our initial report, several other 
reduction methods have been reported including metal‐graphite compounds, 
a magnesium‐anthracene complex, and dissolved alkalides [6].

Although our initial entry into this area of study involved the reduction of 
MgCl2 with potassium biphenylide, our early work concentrated on reductions 
without the use of electron carriers. In this approach, reductions are conveni-
ently carried out with an alkali metal and a solvent whose boiling point exceeds 
the melting point of the alkali metal. The metal salt to be reduced must also be 
partially soluble in the solvent, and the reductions are carried out under an 
argon atmosphere. Equation 2.1 shows the reduction of metal salts using potas-
sium as the reducing agent:

	MX K M KXn n n* 	 (2.1)

The reductions are exothermic and are generally completed within a few 
hours. In addition to the metal powder, one or more moles of alkali salt are 
generated. Convenient systems of reducing agents and solvents include potas-
sium and THF, sodium and 1,2‐dimethoxyethane (DME), and sodium or potas-
sium with benzene or toluene. For many metal salts, solubility considerations 
restrict reductions to ethereal solvents. Also, for some metal salts, reductive 
cleavage of the ethereal solvents requires reductions in hydrocarbon solvents 
such as benzene or toluene. This is the case for Al, In, and Cr. When reductions 
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are carried out in hydrocarbon solvents, solubility of the metal salts may 
become a serious problem. In the case of Cr [7], this was solved by using 
CrCl3∙3 THF.

A second general approach is to use an alkali metal in conjunction with an 
electron carrier such as naphthalene. The electron carrier is normally used in 
less than stoichiometric proportions, generally 5–10% by mole based on the 
metal salt being reduced. This procedure allows reductions to be carried out at 
ambient temperature or at least at lower temperatures compared with the 
previous approach, which requires refluxing. A convenient reducing metal is 
lithium. Not only is the procedure much safer when lithium is used rather than 
sodium or potassium, but also in many cases the reactivity of the metal powders 
is greater.

A third approach is to use a stoichiometric amount of preformed lithium 
naphthalenide. This approach allows for very rapid generation of the metal 
powders in that the reductions are diffusion controlled. Very low to ambient 
temperatures can be use for the reduction. In some cases the reductions are 
slower at low temperatures because of the low solubility of the metal salts. This 
approach frequently generates the most active metals, as the relatively short 
reduction times at low temperatures restrict the sintering (or growth) of the 
metal particles. This approach has been particularly important for preparing 
active copper. Fujita et al. have shown that lithium naphthalenide in toluene 
can be prepared by sonicating lithium, naphthalene, and N,N,N′,N′‐tetrameth-
ylethylenediamine (TMEDA) in toluene [8]. This allows reductions of metal 
salts in hydrocarbon solvents. This proved to be especially beneficial with 
cadmium [9]. An extension of this approach is to use the solid dilithium salt of 
the dianion of naphthalene. Use of this reducing agent in a hydrocarbon solvent 
is essential in the preparation of highly reactive uranium [10].

For many of the metals generated by one of the three general methods in the 
preceding text, the finely divided black metals will settle after standing for a 
few hours, leaving a clear, and in most cases colorless, solution. This allows the 
solvent to be removed via a cannula. Thus the metal powder can be washed to 
remove the electron carrier as well as the alkali salt, especially if it is a lithium 
salt. Moreover, a different solvent may be added at this point, providing versa-
tility in solvent choice for subsequent reactions.

Finally, a fourth approach using lithium and an electron carrier such as naph-
thalene along with Zn(CN)2 yields the most reactive zinc metal of all four 
approaches [11].

The wide range of reducing agents under a variety of conditions can result in 
dramatic differences in the reactivity of the metal. For some metals, essentially 
the same reactivity is found no matter what reducing agent or reduction condi-
tions are used. In addition to the reducing conditions, the anion of the metal 
salt can have a profound effect on the resulting reactivity. These effects are 
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discussed separately for each metal. However, for the majority of metals, 
lithium is by far the preferred reducing agent. First, it is much safer to carry out 
reductions with lithium. Second, for many metals (magnesium, zinc, nickel, 
etc.), the resulting metal powders are much more reactive if they have been 
generated by lithium reduction.

An important aspect of the highly reactive metal powders is their conveni-
ent preparation. The apparatus required is very inexpensive and simple. 
The reductions are usually carried out in a two‐necked flask equipped with 
a condenser (if necessary), septum, heating mantle (if necessary), magnetic 
stirrer, and argon atmosphere. A critical aspect of the procedure is that 
anhydrous metal salts must be used. Alternatively, anhydrous salts can 
sometimes be easily prepared as, for example, MgBr2 from Mg turnings and 
1,2‐dibromoethane. In some cases, anhydrous salts can be prepared by dry-
ing the hydrated salts at high temperatures in vacuum. This approach must 
be used with caution as many hydrated salts are very difficult to dry com-
pletely by this method or lead to mixtures of metal oxides and hydroxides. 
This is the most common cause when metal powders of low reactivity are 
obtained. The introduction of the metal salt and reducing agent into the 
reaction vessel is best done in a dry box or glove bag; however, very nonhy-
groscopic salts can be weighed out in the air and then introduced into the 
reaction vessel. Solvents, freshly distilled from suitable drying agents under 
argon, are then added to the flask with a syringe. While it varies from metal 
to metal, the reactivity will diminish with time, and the metals are best 
reacted within a few days of preparation.

We have never had a fire or explosion caused by the activated metals; how-
ever, extreme caution should be exercised when working with these materials. 
Until one becomes familiar with the characteristics of the metal powder 
involved, careful consideration should be taken at every step. With the excep-
tion of some forms of magnesium, no metal powder we have generated will 
spontaneously ignite if removed from the reaction vessel while wet with 
solvent. They do, however, react rapidly with oxygen and with moisture in the 
air. Accordingly, they should be handled under an argon atmosphere. If the 
metal powders are dried before being exposed to the air, many will begin to 
smoke and/or ignite, especially magnesium. Perhaps the most dangerous step 
in the preparation of the active metals is the handling of sodium or potassium. 
This can be avoided for most metals by using lithium as the reducing agent. In 
rare cases, heat generated during the reduction process can cause the solvent 
to reflux excessively. For example, reductions of ZnCl2 or FeCl3 in THF with 
potassium are quite exothermic. This is generally only observed when the 
metal salts are very soluble and the molten alkali metal approach (method one) 
is used. Sodium–potassium alloy is very reactive and difficult to use as a reducing 
agent; it is used only as a last resort in special cases.
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2.2  Physical Characteristics of Highly Reactive 
Metal Powders

The reduction generates a finely divided black powder. Particle size analyses 
indicate a range of sizes varying from 1 to 2 µm to submicron dimensions 
depending on the metal and, more importantly, on the method of preparation. 
In cases such as nickel and copper, black colloidal suspensions are obtained 
that do not settle and cannot be filtered. In some cases even centrifugation is 
not successful. It should be pointed out that the particle size analysis and sur-
face area studies have been done on samples that have been collected, dried, 
and sent off for analysis and are thus likely to have experienced considerable 
sintering. Scanning electron microscopy (SEM) photographs reveal a range 
from spongelike material to polycrystalline material (Figures  2.1 and 2.2). 
Results from X‐ray powder diffraction studies range from those for metals 
such as Al and In, which show diffraction lines for both the metal and the alkali 
salt, to those for Mg and Co, which only show lines for the alkali salt. This 
result suggests that the metal in this latter case is either amorphous or has a 
particle size <0.1 µm. In the case of Co, a sample heated to 300°C under argon 
and then reexamined showed diffraction lines due to Co, suggesting that the 
small crystallites had sintered upon heating [12].

ESCA (XPS) studies have been carried out on several metals, and in all cases 
the metal has been shown to be in the zerovalent state. Bulk analysis also clearly 
shows that the metal powders are complex materials containing in many cases 

Figure 2.1  Active magnesium.
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significant quantities of carbon, hydrogen, oxygen, halogens, and alkali metal. 
A BET [13] surface area measurement was carried out on the activated Ni pow-
der showing it to have a specific surface area of 32.7 m2/g. Thus, it is clear that 
the highly reactive metals have very high surface areas which, when initially 
prepared, are probably relatively free of oxide coatings.

2.3  Origin of the Metals’ High Reactivity

There are several characteristics of the metal powders prepared by these 
methods which clearly explain their high reactivity. They all exhibit very high 
surface areas. Particle sizes of a few microns or in some cases <0.1 µm point to 
very high surface areas. The BET studies [13] on Ni powder indicated surface 
areas of over 30 m2/g. Moreover, the lack of diffraction lines for several metals 
suggests particle sizes of <0.1 µm. Also the possibility of some metals being 
amorphous would increase their internal energy and lead to higher reactivity 
compared to the corresponding highly crystalline counterpart. In addition, 
the metals are produced under nonequilibrium conditions and exhibit many 
dislocations and imperfections. This would also be expected to lead to 
increased chemical reactivity. The metals are also prepared under a pure 
argon atmosphere which would result in a relatively oxide‐free surface being 
produced. Bulk analysis of the metals is quite varied depending on the metal. 
However, in all cases, there is a significant amount of other elements generally 
including carbon, hydrogen, halogens, and alkali metal ions from the alkali 

Figure 2.2  Active indium.
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metal reducing agent. As will be pointed out in detail later, finely divided 
metal powders prepared by methods which do not introduce these materials 
into the metal lattice are all significantly less reactive than Rieke metals. For 
example, metal powders prepared by metal vaporization methods are far less 
reactive in oxidative addition reactions compared to the corresponding Rieke 
metals even though they are of comparable or even smaller particle size [14]. 
There is also one extremely important difference between the Rieke metals 
and finely divided metals prepared by other methods, and that is the presence 
of alkali metal salts. Whitesides’ [15] work on magnesium and our studies [16] 
on zinc clearly show that the rate‐determining step in oxidative addition 
reactions is the electron transfer from the metal surface to the organic halide. 
As in an electrochemical reduction reaction, the alkali salt can act as an elec-
trolyte and facilitate this electron transfer. In most of the reductions presented 
in this text, the alkali salt is LiCl or LiBr. We will see later in the text that these 
alkali salts can also increase the reactivity of the resulting organometallic 
reagents RMX toward many electrophiles. In summary, the Rieke method of 
producing metal powders yields metals which are far from pure metal 
powders. The presence of these foreign materials along with the features men-
tioned yields metal powders which undergo many new and novel reactions 
which cannot be achieved by standard metals or their chemically activated 
counterparts.
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