
Subscriber access provided by American Chemical Society

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036

Communication

Expeditious Access to the Most Easily Ionized Closed-Shell Molecule, W
2

(hpp)
4

F. Albert Cotton, James P. Donahue, Dennis L. Lichtenberger, Carlos A. Murillo, and Dino Villagrn
J. Am. Chem. Soc., 2005, 127 (31), 10808-10809• DOI: 10.1021/ja0535458 • Publication Date (Web): 19 July 2005

Downloaded from http://pubs.acs.org on March 25, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Links to the 4 articles that cite this article, as of the time of this article download
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/ja0535458


Expeditious Access to the Most Easily Ionized Closed-Shell Molecule,
W2(hpp) 4

F. Albert Cotton,*,† James P. Donahue,†,‡ Dennis L. Lichtenberger,§ Carlos A. Murillo,*,† and
Dino Villagrán†

Department of Chemistry, Laboratory for Molecular Structure and Bonding, PO Box 30012, Texas A&M UniVersity,
College Station, Texas 77842-3012, Department of Chemistry, Tulane UniVersity, New Orleans, Louisiana 70118,

and Department of Chemistry, Center for Gas-Phase Electron Spectroscopy, The UniVersity of Arizona,
Tucson, Arizona 85721

Received May 31, 2005; E-mail: cotton@tamu.edu; murillo@tamu.edu

One of the special distinctions of chemistry is the ability of
chemists to make new forms of matter with new properties. In
contrast, physicists look for ultimate reasons why agiVen form of
matter (including the cosmos as a whole) has the properties it does.
Thene plus ultraof chemistry is not only to make a new form of
matter, but to make it efficaciously. That point is illustrated by
this communication.

Several years ago we reported that the molecule W2(hpp)4, I (hpp
) the anion of 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimi-
dine, II ), has an onset ionization energy of only 3.51 eV, making
it the most easily ionized stable molecule known.1 Despite the fact
that it has a closed-shell electronic structure, it is more easily ionized
than such famously strong reducing agents as (η6-C6Et6)(η5-C5Me5)-
Fe2 and (η5-C5Me5)2Co,3 which have a lone electron sitting outside
of their closed shells and have ionization energies of 3.95 eV (onset)
and 4.71 eV (vertical), respectively.1 It even surpasses the cesium
atom, commonly cited as the most easily oxidized of all neutral
chemical entities,4 by more than 0.35 eV. In the previous report1 a
theoretical explanation was also provided to account for the easy
ionization of W2(hpp)4, which is characterized by a strong interac-
tion of the hpp pπ orbitals with theδ orbitals of the quadruply
bonded W2

4+ unit.

Despite the unique character and potential utility of W2(hpp)4 it
would have limited importance if it could be obtained only by the
difficult, laborious, and relatively low-yield route by which it was
first obtained.5 As shown in Chart 1, this route begins with two
starting materials, W(CO)6 and WCl6 (which is inconvenient to
handle and must be sublimed prior to its use), from which WCl4 is
made. The next two steps, which lead to W2(hpp)4Cl2, are carried
out in one pot, but the combined yield is low. The final step,
reduction of W2(hpp)4Cl2 to W2(hpp)4, can be carried out in
essentially quantitative yield, although the isolated yield as crystal-
line material is smaller.5b The net yield, over three laborious stages,
is 40-45%.

Subsequently, another route6 was reported, but it is even less
efficacious, as also shown in Chart 1. It employs the same starting

materials, requires five steps, each in a separate vessel, with some
highly reactive intermediates that require purification by sublima-
tion,7 and gives a net yield of W2(hpp)4 in solution of only ca.
30%. In the chart the typical yields are given either in bold or in
italics in parentheses.

Even though W2(hpp)4 has great potential for use as a strong
reducing agent, it is clear that the current methods of preparation
would discourage most synthetic chemists from using it. Therefore,
we decided to seek a convenient method of preparation using
relatively inexpensive and easily handled starting materials. We
recognized that in the method shown at the top of Chart 1 having
an efficient preparation of W2(hpp)4 is equivalent to having an
efficient preparation of W2(hpp)4Cl2, because a one-step reaction
with powerful reductants such as NaHBEt3

8 or potassium metal5b

with tetrahydrofuran as a solvent are very convenient and afford
W2(hpp)4 in high yields. W2(hpp)4Cl2 is a very desirable intermedi-
ate to work with since it is very stable, easily handled, and readily
stockpiled for future use.

We now report a convenient, one-step, high-yield synthesis of
W2(hpp)4Cl2,9,10 which works on a multigram scale. This is, in
effect, a convenient, two-step, high-yield synthesis of W2(hpp)4. It
uses only W(CO)6 (an air-stable, relatively inexpensive, and easily
handled compound) as the sole source of tungsten as shown in the
equation below:

The use of W(CO)6 came under consideration because it had
previously been used to make quadruply bonded ditungsten
compounds, notably with 2-hydroxy-6-methylpyridine,11 2-hydroxy-
6-chloropyridine,12 2,4-dimethyl-6-hydroxypyrimidine,13 and
tetraphenylporphyrin.14 These reactions with W(CO)6 share the
common feature of requiring vigorous reflux (180-200 °C) in a
high-boiling solvent such as diglyme or Decalin. In addition to these
older results, we also had in mind our recent isolation and
characterization of a series of ditungsten compounds, resulting from
the high-temperature reaction of W(CO)6 with N,N′-di-p-anisyl-
formamidine (HDAniF),15 even though all of these compounds were
edge-sharing bioctahedra and not the desired quadruply bonded
tetragonal paddlewheel complexes. Some of the compounds identi-
fied in this earlier study revealed that the HDAniF ligand is
susceptible to decomposition. Under harsh conditions hpp is a
considerably more robust ligand,16 and it is also capable of
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stabilizing oxidation states in dimetal complexes17 that are not
accessible with the formamidinates. A study of the reaction of
W(CO)6 with Hhpp, analogous to the recent report of reactions with
HDAniF, was therefore undertaken. It was expected that reaction
of W(CO)6 with Hhpp might produce, at least initially, partial
substitution products as has often been the case when group 6 metal
carbonyls react with amidines. Apart from the production of W2

products recently reported by us from reaction of W(CO)6 with
amidines, there were earlier reports of mixed amidinate/carbonyl
products when Cr(CO)6 and Mo(CO)6 were used.18,19We therefore
carried out our work in such a way as to be alert for such products
in the reaction of W(CO)6 with Hhpp, and this has led to the one-
pot reaction which produces the W2(hpp)4 precursor, W2(hpp)4Cl2,
in more than 90% yield using only the commercially available and
stable compounds W(CO)6, Hhpp, ando-dichlorobenzene.20 The
latter acts not only as solvent but also as a source of chlorine atoms,
and it is reduced to 2,2′-dichlorobiphenyl as shown by GC-MS.

Due to the poor solubility of W2(hpp)4Cl2, no electrochemical
measurements have been reported on it. However, the fact that the
products of two chemical reductions exist, namely W2(hpp)4Cl8 and
W2(hpp)4, implies that two reversible reduction processes occur in
this system. Changing the Cl- counteranions for TBPF- 21 increased
the solubility of the W2(hpp)42+ core and allowed the study of its
electrochemical behavior. Differential pulse voltammetry upon
W2(hpp)4(TFPB)2 in THF shows two peaks at-0.94 and-1.78 V
vs Ag/AgCl, which represent a reduction process withE1/2 of -0.97
V for the first and-1.81 V for the second.22 These are the most
negative potentials recorded for any dimetal bonded species,23 a
fact which is reasonable since the fully reduced species W2(hpp)4
is the most easily ionized molecule in the gas-phase recorded to
date. These electrode potentials confirm that W2(hpp)4 is a powerful
reducing agent.

Since the conversion of W2(hpp)4Cl2 to W2(hpp)4 is simple and
efficient, the way is now open for productive exploration of the
chemistry of W2(hpp)4, a compound that ionizes easily but is stable
in a vacuum to at least 300°C. Early exploratory work has shown
that W2(hpp)4 easily reduces TCNQ (TCNQ) 7,7,8,8-tetracyano-
quinonedimethane), C60, and halogenated species such as CH2Cl2.5b

Finally, it should be noted that the synthetic chemist has rather
few choices for strong chemical reducing agents that are soluble
in organic solvents.24 Thus, it is expected that W2(hpp)4 will now
join the group of well-known reducing agents, e.g., Cp*2Co and
Cp*2Cr, the latter of which is competent even at reducing
coordinated dinitrogen under mild conditions.25,26

Acknowledgment. We thank the National Science Foundation,
the Robert A. Welch Foundation, and Texas A&M University for
funding the research reported here. J.P.D. acknowledges the support
of an NIH postdoctoral fellowship. We thank Dr. Chad C. Wilkinson
for providing the sample of K+TFPB- used in this study.

References

(1) Cotton, F. A.; Gruhn, N. E.; Gu, J.; Huang, P.; Lichtenberger, D. L.;
Murillo, C. A.; Van Dorn, L. O.; Wilkinson, C. C.Science2002, 298,
1971.

(2) Green, J. C.; Kelly, M. R.; Payne, M. P.; Seddon, E. A.; Astruc, D.;
Hamon, J.-R.; Michaud, P.Organometallics1983, 2, 211.

(3) Cauletti, C.; Green, J. C.; Kelly, M. R.; Powell, P.; Van Tilborg, J.;
Robbins, J.; Smart, J.J. Electron. Spectrosc. Relat. Phenom.1980, 19,
327.

(4) (a) Moore, C. E. NSRDS-NBS 34; National Bureau of Standards:
Washington, DC, 1970. (b) Martin, W. C.; Wiese, W. L. InAtomic,
Molecular & Optical Physics Handbook; Drake, G. W. F., Ed.; AIP
Press: Woodbury, New York, 1996.
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