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Monocyclopentadienyl metal chlorides of transition metals of groups 5-9 react with
monoboranes (LiBH4 or BH3THF) to give metallaboranes (and LiCl or BH2Cl). The
composition of the metallaborane produced depends on the nuclearity of the metal complex,
the number of chlorides (oxidation state of the metal), and the monoborane used. For both
monoboranes, a monocyclopentadienyl metal polyborohydride is implicated as the key
intermediate, which is competitively converted into either a metal hydride or a metallaborane.
The comparative reaction chemistry of these metallaboranes exhibits a dependence on
transition metal properties for borane addition, metal fragment addition, and dihydrogen
elimination. In addition, base degradation and small molecule reactivity promise similar
metal dependencies. These observations suggest that control of borane chemistry with
transition metals, analogous to that achieved in organometallic chemistry, can be realized.

Introduction

In retrospect, the potential of the chemistry of com-
pounds containing direct transition metal-boron bond-
ing could have been recognized in the years when
organometallic chemistry was rapidly developing into
an independent discipline. However, much of the early
understanding of the metal-carbon bond was based on
the successful principles of coordination chemistry.1 The
carbon moieties were designated as ligands and there-
fore electron-rich Lewis bases. Indeed many organic
ligands were assigned formal negative charges, and the
discussion of metal oxidation state still occupies a

significant position in organometallic texts.2 For this
reason, early examples of compounds containing M-B
bonds (metallaboranes) were viewed as curious species.3
Why should an “electron-deficient” species behave as an
electron donor toward a metal center?

With a modicum of carbon added to a boron frame-
work the situation was much clearer.4 From the 12-
vertex cage, C2B10H12, the anionic free ligand [C2B9H11]2-

was generated and found to possess such a versatile
coordination chemistry that derivatives of transition
metals throughout the periodic table could be accessed.5
The key concept, derived by comparison with metal-
locene chemistry, was the identification of this carbo-
rane dianion as a six-electron, η5-ligand analogous to

(1) Elschenbroich, C.; Salzer, A. Organometallics; VCH: New York,
1989.

(2) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G.
Principles and Applications of Organotransition Metal Chemistry;
University Science Books: Mill Valley, CA, 1987.

(3) Greenwood, N. N.; Ward, I. M. Chem. Soc. Rev. 1974, 3, 231.
(4) Hawthorne, M. F.; Young, D. C.; Wegner, P. A. J. Am. Chem.

Soc. 1965, 87, 1818.
(5) Hawthorne, M. F.; Dunks, G. B. Science 1972, 178, 462.
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the [η5-C5H5]- ligand. Indeed, Hawthorne’s chemistry
associated with this organic ligand analogue was one
of those featured in the first perspectives volume of The
Journal of Organometallic Chemistry.6 Other carborane
ligands, with smaller cages, additional p-block elements,
and/or one or three carbon atoms, have substantive
known metal chemistries as well.7-12 Even more easily
identified as ligands are the heterocyclic rings contain-
ing boron.13-15

Understandably, then, the early approach to metall-
aboranes focused on the reaction of anionic boranes.3,7,16

Indeed the reaction of monoanionic boranes with metal-
halogen bonds in the manner of borohydrides works well
for mononuclear metal derivatives, e.g., compounds
derived from the reactions of [B3H8]- with metal ha-
lides.17,18 Extension of this approach to larger boranes
has demonstrated its generality, e.g., coordination of the
[B4H9]- ion.19,20 More recently, phosphine borane ad-
ducts have been shown to function as ligands in the
manner of the borohydride ion.21 Species such as B2H4-
(PR3)2 possess sufficiently basic hydrides to function as
chelating ligands to transition metal centers.22 Despite
these positive results, and the interesting derivatives
produced, there was no corresponding surge of chemis-
try comparable to that generated by carborane ligands.
The accessibility of borane anions and polyborane base
adducts is certainly one factor that contributes to the
difference, but there is also a conceptual problem.

A weakness in the ligand approach to metallaborane
synthesis is the formal charge assigned to the borane.
For example, viewed as a π-ligand analogue, a borane
need have a higher charge than a hydrocarbon analogue,
e.g., the π-allyl [C3H5]- vs borallyl [B3H7]2- ligands.23

Carborane dianions are more readily accessed than
those of boranes. In fact, borane dianions are rare.24

Furthermore, some fascinating metallaboranes were
generated in low yield from neutral boranes with no
transparent connection between reactants and products,
e.g., CpCo(B4H8)25 and Fe2(CO)6B3H7

26 derived from
B5H9. Even some pathways involving anionic boranes

are difficult to envision, e.g., the formation of HMn3-
(CO)10B2H6.27 The existence of such compounds, includ-
ing high nuclearity systems such as Cp4Co4B4H4

28-30

and early transition metal compounds such as [(Cp2-
Zr)2B5H8][B11H14],31 challenges our understanding of the
nature of metal-boron bonding. Do these compounds
contain borane ligands? The puzzle whets the curiosity
and fuels the search for alternative, more logical routes.

The synthetic approach we pursued was fostered by
the realization that some metallaboranes are not ap-
propriately viewed as metal ligand complexes; for
example, based on the geometry of the borane fragment,
Fe2(CO)6B3H7 does not contain a borallyl ligand even
though the compound can be formally partitioned as
[Fe2(CO)6

2+][B3H7
2-].32 Thus, these compounds are bet-

ter considered as heteroatom metal clusters in which
covalent bonding dominates. Indeed, in terms of elec-
tronegativity, boron is a better match to metals than is
carbonsan advantage for strong covalent M-B bonds.
The compatibility of the bonding requirements of transi-
tion metal and borane fragments is expressed in the
substantial number of known metallaboranes.33-38

Deeper understanding comes from the skeletal electron
counting rules for cages/clusters39-43 combined with the
isolobal principle relating the frontier orbitals of main
group and transition metal fragments.44,45 With these
for guides, sets of seemingly disparate compound sto-
ichiometries are seen to have similar numbers of
skeletal bonding electron pairs (sep) or cluster valence
electrons (cve) and geometries; for example, B5H9, Fe-
(CO)3B4H8, and Fe2(CO)6B3H7 all have 7 sep and square
pyramidal geometries. Combined, the compounds and
the simple theory reveal a close connection between
metallaborane chemistry on one hand and borane,
carbocation, organometallic, and metal cluster chemis-
tries on the other. Various aspects of these inter-
relationships are emphasized in several monographs
and edited books.37,46-48

But these beautiful structural connections offered no
obvious answer to the question of how one makes

(6) Hawthorne, M. F. J. Organomet. Chem. 1975, 100, 97.
(7) Grimes, R. N. Coordination Chem. Rev. 1979, 28, 47.
(8) Grimes, R. N. Pure Appl. Chem. 1982, 54, 43.
(9) Hosmane, N. S.; Maguire, J. A. In Advances in Boron and the

Boranes; Liebman, J. F., Greenberg, A., Williams, R. E., Eds.; VCH:
New York, 1988; p 297.

(10) Plumb, C. A.; Sneddon, L. G. Organometallics 1992, 11, 1681.
(11) Shedlow, A. M.; Sneddon, L. G. Inorg. Chem. 1998, 37, 5269.
(12) Spencer, J. T.; Grimes, R. N. Organometallics 1987, 6, 323, 328,

335.
(13) Siebert, W. Pure Appl. Chem. 1987, 59, 947.
(14) Herberich, G. E. In Comprehensive Organometallic Chemistry

II; Abel, E., Stone, F. G. A., Wilkinson, G., Eds.; Pergamon Press:
Oxford, 1995; Vol. 1; p 197.

(15) Hansen, H.-P.; Müller, J.; Englert, U.; Paetzold, P. Angew.
Chem., Int. Ed. Engl. 1991, 30, 1377.

(16) Shore, S. G. Pure Appl. Chem. 1977, 49, 717.
(17) Gaines, D. F.; Hildebrandt, S. J. Inorg. Chem. 1978, 17, 794.
(18) Grimes, R. N. Acc. Chem. Res. 1978, 11, 420.
(19) Remmel, R. J.; Johnson, H. D., II; Jaworiwsky, I. S.; Shore, S.

G. J. Am. Chem. Soc. 1975, 97, 5395.
(20) Boocock, S. K.; Toft, M. A.; Inkrott, K. E.; Hsu, L.-Y.; Huffman,

J. C.; Folting, K.; Shore, S. G. Inorg. Chem. 1984, 23, 3084.
(21) Snow, S. A.; Shimoi, M.; Ostler, C. D.; Thompson, B. K.;

Kodama, G.; Parry, R. W. Inorg. Chem. 1984, 23, 511.
(22) Katoh, K.; Shimoi, M.; Ogino, H. Inorg. Chem. 1992, 31, 670.
(23) Boron Hydride Chemistry; Muetterties, E. L., Ed.; Academic

Press: New York, 1975.
(24) Godfroid, R. A.; Hill, T. G.; Onak, T. P.; Shore, S. G. J. Am.

Chem. Soc. 1994, 116, 12107.
(25) Venable, T. L.; Grimes, R. N. Inorg. Chem. 1982, 21, 887.
(26) Andersen, E. L.; Haller, K. J.; Fehlner, T. P. J. Am. Chem. Soc.

1979, 101, 4390.

(27) Kaesz, H. D.; Fellmann, W.; Wilkes, G. R.; Dahl, L. F. J. Am.
Chem. Soc. 1965, 87, 2753.

(28) Pipal, J. R.; Grimes, R. N. Inorg. Chem. 1979, 18, 257.
(29) Cox, D. N.; Mingos, D. M. P.; Hoffmann, R. J. Chem. Soc.,

Dalton Trans. 1981, 1788.
(30) O’Neill, M. E.; Wade, K. Inorg. Chem. 1982, 21, 461.
(31) Thomas, R. L.; Rath, N. P.; Barton, L. J. Am. Chem. Soc. 1997,

119, 12358.
(32) Housecroft, C. E.; Fehlner, T. P. Inorg. Chem. 1982, 21, 1739.
(33) Housecroft, C. E.; Fehlner, T. P. Adv. Organomet. Chem. 1982,

21, 57.
(34) Kennedy, J. D. Prog. Inorg. Chem. 1984, 32, 519.
(35) Kennedy, J. D. Prog. in Inorg. Chem. 1986, 34, 211.
(36) Grimes, R. N. In Metal Interactions with Boron Clusters;

Grimes, R. N., Ed.; Plenum: New York, 1982; p 269.
(37) Housecroft, C. E. Boranes and Metalloboranes; Ellis Horwood:

Chichester, 1990.
(38) Housecroft, C. E. Adv. Organomet. Chem. 1991, 33, 1.
(39) Wade, K. Inorg. Nucl. Chem. Lett. 1972, 8, 559.
(40) Wade, K. Adv. Inorg. Chem. Radiochem. 1976, 18, 1.
(41) Mingos, D. M. P. Nature (London) Phys. Sci. 1972, 236, 99.
(42) Mingos, D. M. P. Acc. Chem. Res. 1984, 17, 311-319.
(43) Mingos, D. M. P.; Wales, D. J. Introduction to Cluster Chemistry;

Prentice Hall: New York, 1990.
(44) Hoffmann, R. Science 1981, 211, 995.
(45) Hoffmann, R. Angew. Chem., Int. Ed. Engl. 1982, 21, 711.
(46) Inorganometallic Chemistry; Fehlner, T. P., Ed.; Plenum: New

York, 1992.
(47) Structural and Electronic Paradigms in Cluster Chemistry;

Mingos, D. M. P., Ed.; Springer: 1997; Vol. 87.
(48) The Borane, Carborane, Carbocation Continuum; Casanova, J.,

Ed.; John Wiley: New York, 1998.
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compounds containing metal-boron covalent bonds. For
me, the initial impetus to pursue a solution to the
synthetic problem arose as a consequence of a compari-
son of the photochemical reactivity of Fe(CO)3(η4-C4H4)49

with that of isoelectronic and structurally analogous Fe-
(CO)3B4H8.50 The former reacts with RCtCR to yield
1,2-C6H4R2, whereas the latter gives principally C4R4-
B4H4.51 Thus, the promise of synthesizing unusual
carboranes combined with an understandable desire to
avoid heating B5H9 with Fe(CO)5 at 200 °C in a closed
system (the only known route to Fe(CO)3B4H8) led to
our initial forays into metallaborane syntheses.

The trail leading to the method discussed below was
a meandering one, but over time the overall problem
became defined. Controlled formation of compounds
with M-B bonds required both active boranes and
active metal fragments. Rather than follow the orga-
nometallic paradigm and use polyborane ligands, we
decided to concentrate on the use of commercially
available monoborane base adducts, e.g., BH3THF and
LiBH4, and build the polyborane fragment on a metal
scaffold, i.e., take advantage of stepwise cluster-building
reactions known both for boranes52 and for metal
clusters.53 Besides commercial availability and compat-
ibility with needle techniques, monoboranes could be
used in a dual role: activation of the metal as well as a
source of the borane fragments for the metallaborane.54

However, selectivity was only achieved with metal
reagents that could be activated at room temperature
or below: the low barriers associated with metallabo-
rane reactivity required low temperatures in order to
achieve kinetic control.55 In the end, activation of a
general type of organometallic compound by monobo-
ranes was achieved thereby permitting a range of
transition metal effects to be observed for a single set
of metal ancillary ligands.56 It is wryly amusing, how-
ever, that although many compounds have been syn-
thesized, we still have not found a good alternative route
to Fe(CO)3B4H8.

Synthesis

The description of the synthetic route that follows is
based on our understanding of a continuing exploration
of the reaction of monocyclopentadienyl metal halides
with monoboranes. Conventional wisdom accommodates
the reaction of monocyclopentadienyl metal halides with
nucleophiles but not electrophiles.57 Thus, the route to
metallaboranes via [BH4]- is more easily rationalized
than that via BH3THF. In the end, although significant
details remain to be resolved, the overall pathway in
each case is a straightforward one based on established
chemical principles and one new reaction. Mechanistic

considerations aside, the practical fact is that the new
pathway provides good yields of pure crystalline com-
pounds from readily accessible starting materials via
simple Schlenk line techniques often with no chroma-
tography or fractional crystallization.

The discovery by Ting and Messerle that the reaction
of [Cp*TaCl2]2, Cp* ) η5-C5Me5, with 2 mol of LiBH4
gives the metallaborane (Cp*TaCl)2B2H6, rather than
a borohydride or hydride,58 pointed us in the direction
of monocyclopentadienyl metal halides as sources of
metal fragments. Given the fact that monocyclopenta-
dienyl metal halides of nearly all the transition metals
are known,57 and boranes coordinated to bases other
than H- were commercially available, e.g., BH3THF,
Kathryn Deck and I decided that the investigation of
[Cp*CoCl]2 (to access the compounds of Grimes8) and
[Cp*CrCl]2 (to look at possible borane analogues of
Theopold’s organometallic compounds59) would make a
good thesis project. It did!60-64 She and her contempo-
rary, Yasushi Nishihara, laid a foundation for the
development of this theme by the enthusiastic group of
talented co-workers who followed.

The reaction pathway involving lithium borohydride
is treated first. Compare the first formed metallaborane
observed for Cp*MCln, where M is varied through the
group 9 triad (Figure 1) and the group 6 triad (Figure
2). For cobalt, (Cp*Co)2B2H6 is the first product derived
from [Cp*CoCl]2; however, it was characterized only as
an intermediate on the way to a mixture of metallabo-
ranes containing the Cp*Co fragment.64 [Cp*RhCl2]2
forms (Cp*Rh)2B2H6, which is stable enough to be
isolated in good yield.65,66 Reduction to [Cp*RhCl]2
precedes metallaborane formation. Iridium provides the
most varied behavior. [Cp*IrCl2]2 is not reduced but
produces a monohydride that goes on to form (Cp*IrH2)-
B3H7 and Cp*IrH4. On the other hand, [Cp*IrHCl]2
yields (Cp*IrH)2B2H6, which, however, exhibits no
tendency for H2 loss to form (Cp*Ir)2B2H6, the analogue
of the Co and Rh diborane derivatives.67

For [Cp*CrCl]2 and [Cp*CrCl2]2, only paramagnetic
borohydrides are observed. Heating produces an insepa-
rable mixture of chromaboranes and paramagnetic
species.68 For molybdenum, rapid Cp*MoCl5 reduction
to [Cp*MoCl2]2 precedes formation of (Cp*MoCl)2B2H6,
a direct analogue of (Cp*TaCl)2B2H6 with a formal
single M-M bond.69-71 Cp*WCl5, which is less easily

(49) Pettit, R. J. Organomet. Chem. 1975, 100, 205.
(50) Greenwood, N. N.; Savory, C. G.; Grimes, R. N.; Sneddon, L.

G.; Davison, A.; Wreford, S. S. J. Chem. Soc., Chem. Commun. 1974,
718.

(51) Fehlner, T. P. J. Am. Chem. Soc. 1980, 102, 3424.
(52) Shore, S. G. In Boron Hydride Chemistry; Muetterties, E. L.,

Ed.; Academic Press: New York, 1975; p 79.
(53) The Chemistry of Metal Cluster Complexes; Shriver, D. F.,

Kaesz, H. D., Adams, R. D., Eds.; VCH: New York, 1990.
(54) Feilong, J.; Fehlner, T. P.; Rheingold, A. L. J. Am. Chem. Soc.

1987, 109, 1860.
(55) Meng, X.; Bandyopadhyay, A. K.; Fehlner, T. P.; Grevels, F.-

W. J. Organomet. Chem. 1990, 394, 15.
(56) Fehlner, T. P. J. Chem. Soc., Dalton Trans. 1998, 1525.
(57) Poli, R. Chem. Rev. 1991, 91, 509.

(58) Ting, C.; Messerle, L. J. Am. Chem. Soc. 1989, 111, 3449.
(59) Theopold, K. H. Acc. Chem. Res. 1990, 23, 263.
(60) Deck, K. J.; Fehlner, T. P.; Rheingold, A. L. Inorg. Chem. 1993,

32, 2794.
(61) Deck, K. J.; Nishihara, Y.; Shang, M.; Fehlner, T. P. J. Am.

Chem. Soc. 1994, 116, 8408.
(62) Deck, K. J.; Brenton, P.; Fehlner, T. P. Inorg. Chem. 1997, 36,

554.
(63) Nishihara, Y.; Deck, K. J.; Shang, M.; Fehlner, T. P. J. Am.

Chem. Soc. 1993, 115, 12224.
(64) Nishihara, Y.; Deck, K. J.; Shang, M.; Fehlner, T. P.; Haggerty,

B. S.; Rheingold, A. L. Organometallics 1994, 13, 4510.
(65) Lei, X.; Shang, M.; Fehlner, T. P. J. Am. Chem. Soc. 1998, 120,

2686.
(66) Lei, X.; Shang, M.; Fehlner, T. P. J. Am. Chem. Soc. 1999, 121,

1275.
(67) Lei, X.; Bandyopadhyay, A. K.; Shang, M.; Fehlner, T. P.

Organometallics 1999, 18, 2294.
(68) Ho, J.; Deck, K. J.; Nishihara, Y.; Shang, M.; Fehlner, T. P. J.

Am. Chem. Soc. 1995, 117, 10292.
(69) Aldridge, S.; Blake, A. J.; Downs, A. J.; Parsons, S. J. Chem.

Soc., Chem. Commun. 1995, 1363.
(70) Aldridge, S.; Shang, M.; Fehlner, T. P. J. Am. Chem. Soc. 1997,

119, 11120.
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reduced than its molybdenum analogue, yields 2-(Cp*-
WH3)B4H8, via two intermediates. [Cp*WCl2]2, exam-
ined independently, behaves much like the molybdenum
system.72

A simple set of sequential and competitive reactions
account for these observations. Rapid metathesis of Cl-

by BH4
- (eq 1) is followed by competition between

metallaborane formation by H2 elimination (eq 2) and
hydride formation by borane displacement by a Lewis
base, e.g., solvent (eq 3). Reductive elimination of H2
from the hydride (eq 4) effectively converts a metal

polyhalide to a lower halide, which can reenter the
reaction manifold. Reaction 2, H2 elimination from a
polyborohydride which competes with borane elimina-
tion, constitutes the new chemistrysall the other reac-
tions are ancient history. Because metallaborane for-
mation competes with hydride formation (and metal
reduction), the metallaboranes formed for a given metal
depend on the properties of the metal. Reaction 1 has a
low barrier in all cases. The barriers for both eq 2 and
eq 3 are high for [Cp*CrCl]2. The barrier of eq 2 is much
lower than that of eq 3 for Cp*WCl5, but the other way
around for Cp*MoCl5, and so forth. It follows that the
number of boron atoms in the final product is deter-
mined by the number of chlorides present in the species
for which the rate of eq 2 dominates that of eq 3. Thus,
[Cp*RhCl2]2 cleanly yields (Cp*Rh)2B2H6 via [Cp*RhCl]2,
whereas [Cp*RuCl2]2 yields (Cp*RuH)2B3H7 because it
is the mixed valence complex [Cp*2Ru2Cl3] for which the
rate of eq 2 dominates that of eq 3.66

The reaction of BH3THF with Cp*MCln to form BH2-
Cl and metallaboranes was not observed prior to our
synthesis of (Cp*Co)2B3H7 from [Cp*CoCl]2.63 The na-
ture of this reaction was obscure in the beginning
because the second metal investigated provides the only
exception to BH2Cl as the chlorine sink. (The coproduct
of (Cp*Cr)2B4H8 formed from [Cp*CoCl]2 and BH3THF
is [Cp*CoCl2]2.)61 However, as the number of metals
investigated increased, the broad outlines of the reaction
pathway became clear.

With BH3THF a greater number of boron atoms is
found in the isolated product than observed for the
reaction of Cp*MCln with LiBH4. Facile borane frag-
ment growth on the first formed metallaborane is
implied. Support comes from the fact that clean, nearly
quantitative borane fragment growth reactions on this
type of metallaborane has been observed for metallabo-
ranes with B1 to B4 fragments (see below also).

Given that chloroborohydrides are formed from borane

(71) Aldridge, S.; Shang, M.; Fehlner, T. P. J. Am. Chem. Soc. 1998,
120, 2586.

(72) Weller, A. S.; Shang, M.; Fehlner, T. P. Organometallics 1999,
18, 53.

Figure 1. The first observed metallaborane products for
the reaction of monocyclopentadienyl metal chorides of (a)
cobalt, (b) rhodium, and (c) iridium with LiBH4 and (d) the
mixed hydride of iridium with LiBH4.

Figure 2. The first observed metallaborane products for
the reaction of monocyclopentadienyl metal chorides of (a)
chromium, (b) molybdenum, and (c) tungsten with LiBH4.

Cp*MCln + x BH4
- f Cp*MCln-x(BH4)x + x Cl- (1)

Cp*MCln-x(BH4)x f Cp*MCln-x(BH3)x + 1/2x H2 (2)

Cp*MCln-x(BH4)x f Cp*MCln-xHx + x BH3 (3)

Cp*MCln-xHx f Cp*MCln-x + 1/2x H2 (4)

(Cp*IrH)2BH5 + BH3THF f (Cp*IrH)2B2H6 + H2
73

(5)

(Cp*Rh)2B2H6 + BH3THF f 2,3-(Cp*Rh)2B3H7 +

H2
65,66 (6)

(Cp*RuH)2B3H7 + BH3THF f 1,2-

(Cp*Ru)2HB4H9 + H2
66,74 (7)

(Cp*Cr)2B4H8 + BH3THF f (Cp*Cr)2B5H9 + H2
75

(8)

2646 Organometallics, Vol. 19, No. 14, 2000 Fehlner
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and metal chlorides76 and a mononuclear chloroboro-
hydride of a group 8 metal has recently been character-
ized,77 the following set of reactions constitute a rea-
sonable pathway.

Generally reactions 9-11 are complete before reactions
2-4 kick in, and the product metallaborane is chloride
free. However, the reaction of [Cp*RhCl2]2 with BH3-
THF gave 1-Cl-2,3-(Cp*Rh)2B3H6.

65,66 In this case the
last chloroborohydride intermediate, (Cp*Rh)2(BH4)(BH3-
Cl), undergoes H2 elimination (eq 2) more rapidly than
chloride exchange (eqs 10 and 11). The resulting
(Cp*Rh)2(B2H5Cl) intermediate adds BH3THF to give
the observed product. Note that reaction 6 provides a
route to chloride-free 2,3-(Cp*Rh)2B3H7.

Although we cannot rule out reactions 10 and 11
taking place in a single step, a sequential two-step
pathway suggests the possibility of isolating the metal
hydride intermediate utilizing lower BH3THF stoichi-
ometries. The recent isolation of a new tungsten hydride
in good yield using a less than stoichiometric amount
of borane adds weight to this suggestion. That is, with
excess borane, metallaborane formation is observed (eq
11), whereas with less borane an intermediate hydride
is isolated (eq 12) that can be independently converted
to the same metallaborane (eq 13).

These observations along with the example of a metal
borohydride formed from a metal hydride and borane79

combined with the photochemical generation of metall-
aboranes from metal hydrides and borane80,81 suggest
that metal hydrides may serve as another source of
metallaboranes.

Systematic Reaction Chemistry

Although these new metallaboranes have fascinating
structural aspects, e.g., electronically unsaturated
(Cp*Cr)2B4H8,82 it is the newly accessible reaction
chemistry that constitutes the most exciting advance.
In the following the dependence of three reaction types
on transition metal type is establishedsa finding remi-
niscent of organometallic chemistry. Two other reaction
types, in earlier stages of development, are also briefly
described.

Borane Expansion. As already noted above, the
reaction of BH3THF with a metallaborane can lead to
growth of the borane fragment by one or more BH units.
Let us take a closer look. As addition of BH increases
the number of occupied vertexes by one and the sep
count by one, the cluster structural type is unchanged.
For example, 7 sep nido-(Cp*RuH)2B3H7 yields 8 sep
nido-(Cp*Ru)2HB4H9, reaction 7, Figure 3a. The situa-
tion with electronically unsaturated (Cp*Cr)2B4H8 cor-
responds but with a subtle difference. Although the sep
count defines the cluster shape (n + 1 sep f n vertex
deltahedron), it is possible for a cluster to accommodate
a greater number of vertices via the capping effect (a
capped n vertex deltahedron requires only a sep of n +
1).43 Thus we have 5 sep (Cp*Cr)2B4H8 with an observed
bicapped tetrahedral structure (formally requiring 6
sep) being converted into 6 sep (Cp*Cr)2B5H9 with an
observed bicapped trigonal bipyramidal structure (for-
mally requiring 6 sep) (reaction 8, Figure 3b). Note that
both (Cp*Mo)2B5H9

71,83 and (Cp*W)2B5H9
72 are known

and are isostructural with (Cp*Cr)2B5H9. But both of
these heavier congeners are formed directly in the

(73) Lei, X.; Shang, M.; Fehlner, T. P. Chemistry. A Eur. J. 2000,
in press.

(74) Kawano, Y.; Matsumoto, H.; Shimoi, M. Chem. Lett. 1999, 489.
(75) Aldridge, S.; Fehlner, T. P.; Shang, M. J. Am. Chem. Soc. 1997,

119, 2339.
(76) Lawrence, S. H.; Shore, S. G.; Koetzle, T. F.; Huffman, J. C.;

Wei, C.-Y.; Bau, R. Inorg. Chem. 1985, 24, 3171.
(77) Kawano, Y.; Shimoi, M. Chem. Lett. 1998, 935.
(78) Peldo, M.; Shang, M.; Fehlner, T. P. J. Organomet. Chem. 2000,

in press.
(79) Frost, P. W.; Howard, J. A. K.; Spencer, J. L. J. Chem. Soc.,

Chem. Commun. 1984, 1362.
(80) Grebenik, P. D.; Leach, J. B.; Green, M. L. H.; Walker, N. M.

J. Organomet. Chem. 1988, 345, C31.
(81) Grebenik, P. D.; Green, M. L. H.; Kelland, M. A.; Leach, J. B.;

Mountford, P. J. Chem. Soc., Chem. Commun. 1989, 1387.

(82) Fehlner, T. P. J. Organomet. Chem. 1998, 550, 21.
(83) Bullick, H. J.; Grebenik, P. D.; Green, M. L. H.; Hughes, A. K.;

Leach, J. B.; McGowan, P. C. J. Chem. Soc., Dalton Trans. 1995, 67.

Cp*MCln + x BH3THF f Cp*MCln-x(BH3Cl)x (9)

Cp*MCln-x(BH3Cl)x f Cp*MCln-x(H)x + x BH2Cl
(10)

Cp*MCln-x(H)x + x BH3THF f Cp*MCln-x(BH4)x

(11)

Cp*MCln-x(BH4)x f reactions 9-11 or 2-4

Cp*WCl4 + excess BH3THF f (Cp*W)2B5H9 +

BH2Cl + H2
72 (11)

2 Cp*WCl4 + 4 BH3THF f [Cp*WHCl2]2 +

4 BH2Cl + H2
78 (12)

[Cp*WHCl2]2 + 9 BH3THF f (Cp*W)2B5H9 +
4 BH2Cl + 6 H2 (13)

Figure 3. Examples of borane fragment growth for a (a)
ruthenaborane, (b) chromaborane, and (c) rhenaborane.
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synthesis reaction with BH3THF, and no evidence is
found for the heavier analogues of (Cp*Cr)2B4H8. Clearly,
the barrier for addition of borane depends on metal
properties, which suggests metal participation in the
process.

Life becomes considerably more interesting with 6 sep
(Cp*Re)2B4H8, with an observed bicapped tetrahedral
structure (formally requiring 6 sep). In both the Ru and
Cr examples above, the BH insertion reaction increases
an open (BH)n ring fragment by one unit (n ) 3 for Ru,
n ) 4 for Cr), leaving the metal environment largely
the same. For the conditions examined, there is no
evidence for further borane fragment growth. (Cp*Re)2-
B4H8 adds borane in a facile reaction to yield 7 sep
(Cp*Re)2B7H7 (Figure 3c). One can envision (Cp*Re)2B5H9
as an intermediate (unobserved) followed by rapid
replacement of the four ReH hydrogens by two ad-
ditional BH fragments. As discussed in detail previ-
ously, (Cp*Re)2B7H7 requires a model of the cluster
bonding lying outside of the electron-counting rules.84,85

There are nine skeletal fragments but only 7 sep, and
no simple capping model can account for the unprec-
edented geometry with cross-cluster Re-Re bonding.
The analysis of the geometry and cluster bonding
suggests a direct connection with the hypoelectronic
Zintl clusters of Sevov and Corbett.86 There is also a
clear relationship with metallaboranes and carboranes
designated as isocloso or hypercloso.87-89 Access to
additional members of this new class of highly con-
densed metallaborane clusters will be described below.

There appears to be a limit on the number of BH
fragments, n, that can be added to a dimetal fragment
under mild conditionssa limit that varies with the
nature of the metal. For Cr, Mo, n ) 5; W, n ) 8; Re, n
) 7; Ru, n ) 4; Co, Rh, n ) 3; Ir, n ) 4. Going from
earlier to later transition metals, n decreases, whereas
going down a given group, n increases on going from
the second to third row.

Borane Degradation. The addition of a Lewis base
to a metallaborane (and borane52 and metal cluster53

as well) can have a number of consequences. Among
these are adduct formation, thereby increasing the
skeletal electron count (discussed in the section below
on small molecule reactions); deprotonation, thereby
forming an anion; and degradation, thereby generating
a cluster of reduced size plus a borane base adduct and/
or a mononuclear metal coordination compound.

Although we have only begun examining this aspect
of reactivity, others have examined the ruthenium
system. Prepared independently from the reaction of
[Cp*RuCl]4 and BH3THF, (Cp*RuH)2B3H7 is converted
by PMe3 into a diboron metallaborane, reaction 14.74

This suggests that in those cases where the cluster-

building reaction directly yields boron-rich compounds,
e.g., (Cp*W)2B5H9, the size of the borane fragment may
be selectively reduced by degradation with an appropri-
ate Lewis base.

Metal Fragment Reactivity. Since the salad days
of metal cluster chemistry, the addition, replacement,
and removal of metal cluster fragments has constituted
a substantial fraction of the chemistry.53 In reflecting
their cluster-like character, metallaboranes undergo
similar metal fragment reactions.34,35 Reactions of met-
allaboranes of group 6-9 metals with two typical metal
fragment sources, Fe2(CO)9 and Co2(CO)8, have now
been investigated. Although the predominant pathway
is metal fragment addition, the examples of metal
fragment substitution and degradation emphasize the
similarities with metal clusters. The following two
systems demonstrate variation in reactivity with change
in transition metal.

Metal derivatives of pentaborane(9) have been of
interest to us since our first investigations; for example,
1-Fe(CO)3B4H8, mentioned above, is analogous to B5H9
in the sense that the apical BH is replaced by the
isolobal Fe(CO)3 fragment. The dimetal derivatives have
three possible isomeric forms, and as indicated in Figure
4, different metals are found to possess different skeletal
isomeric forms. In the case of rhodium, it is clear that
the 2,3-isomer is more stable than the 1,2-isomer, as
the 1,2- to 2,3-rearrangement has been observed spec-
troscopically.65 Attempts to rearrange the 1,2-ruthenium
and 2,4-cobalt isomeric forms have been unsuccessful,
and they, too, likely constitute the most stable forms.
With incomplete information, we originally suggested
that steric factors drive the stability of 2,4-(Cp*Co)2B3H7,
as 1,2-{Fe(CO)3}2B3H7 was the only comparable form
known at that time.63 However, the examples given in
Figure 4 show that electronic factors must dominate.
We wondered how this metal effect on structure would
translate into reactivity.

As illustrated in Figure 4a, reaction of 2,4-(Cp*Co)2-
B3H7 with metal carbonyl fragments generates 1,2-
(Cp*Co){Fe(CO)3}B3H7 (metal fragment substitution) or
(Cp*CoCO)B3H7 (metal fragment loss).90 In the case of
1,2-(Cp*Ru)2B3H7 addition of a metal fragment gives
(Cp*Ru)2{Co(CO)4}B3H6. Subsequent H2 elimination
gives (Cp*Ru)2{Co(CO)4}B3H4 (Figure 4b).66 For 1-Cl-
2,3-(Cp*Rh)2B3H6, addition (with simultaneous H2 elimi-
nation) produces (Cp*Rh)2{Co(CO)3}B3H3Cl (Figure 4c).66

Although the net reaction for the addition of a single
metal fragment is similar for the Ru and Rh metallabo-
ranes, the Rh system adds both iron and cobalt frag-
ments similarly and reacts with additional Co2(CO)8 to
generate the unusual pentametal cluster (Cp*Rh)2-
{Co3(CO)8}B3HCl with a boride-like boron atom (Figure
4c).91 Presumably metal fragment addition, e.g., Co-
(CO)4, takes place with all three compounds; however,
this is followed by metal fragment elimination in the
case of 2,4-(Cp*Co)2B3H7 but ancillary ligand (CO and
H2) elimination in the case of ruthenium and rhodium.
Clearly differences in metal-metal, metal-hydrogen,
and metal-boron bonding modulated by the steric
repulsion of the Cp* ligands are important, but with

(84) Weller, A. S.; Shang, M.; Fehlner, T. P. Chem. Commun. 1998,
1787.

(85) Weller, A. S.; Shang, M.; Fehlner, T. P. Organometallics 1999,
18, 853.

(86) Sevov, S. C.; Corbett, J. D. Inorg. Chem. 1991, 30, 4875.
(87) Kennedy, J. D. Inorg. Chem. 1986, 25, 111.
(88) Baker, R. T. Inorg. Chem. 1986, 25, 109.
(89) Littger, R.; Spencer, J. T. In Boron-USA-VI; Athens, GA, May,

1998.

(90) Lei, X.; Shang, M.; Fehlner, T. P. Organometallics 1998, 17,
1558.

(91) Lei, X.; Shang, M.; Fehlner, T. P. Chem. Commun. 1999, 933.

(Cp*RuH)2B3H7 + 2 PMe3 f

1,2-(Cp*Ru)2(PMe3)(H)B2H5 + BH3PMe3 (14)
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limited information the role played in each case remains
obscure. However, it is clear that the identity of the
transition metal is an important factor in determining
the reactivity expressed.

In the second example, the reactions of a set of
compounds,eachwiththemolecularformula(Cp*M)2B4H8,
M ) Ir, Ru, Re, Cr, with Co2(CO)8 are compared. As
indicated in Figure 5, the decreasing sep on going from
group 9 to group 6 metals causes a systematic change
in structure. 8 sep nido-(Cp*Ir)2B4H8 exhibits the pen-
tagonal pyramidal structure expected based on the
electron-counting rules. 7 sep (Cp*Ru)2B4H8 adopts a
capped square pyramidal structure rather than the
octahedral structure often observed. 6 sep (Cp*Re)2B4H8,
bicapped tetrahedron, and 5 sep (Cp*Re)2B4H8, unsat-
urated, bicapped tetrahedron, were discussed above.

(Cp*Ir)2B4H8 reacts with Co2(CO)8 but produces only
low yields of products containing boron. (Cp*Ru)2B4H8

undergoes metal addition with Fe2(CO)9 to give (Cp*Ru)2-
{Fe(CO)4}B4H4, a 7 sep capped octahedron, in a reaction
reminiscent of the cluster-building reactions of the
group 8 and 9 metallaboranes discussed above (Figure
5b).66 The group 7 representative (Cp*Re)2B4H8 shows
a distinct difference. Two cobalt fragments add to close
the open, four-membered borane ring in the starting
material (Figure 5c). The 6 sep (Cp*Re)2Co2(CO)5B4H4

product with cross-cage Re-Re bonding constitutes
another example of a hypoelectronic metallaborane (see
above).92 (Cp*Cr)2B4H8 adds a metal fragment with the
loss of one hydrogen atom to yield a compound viewed

as a metallaborane adduct of Co (Figure 5d).93 As with
the borane addition reaction, the rhenaborane exhibits
considerably more reactivity than the chromaborane. In
fact, the chromaborane adduct serves as a reasonable
model for an intermediate in the formation of (Cp*-
Re)2Co2(CO)5B4H4. It is important to emphasize that the
ancillary ligand on the transition metal is identical in
all four compounds, and the differences in chemistry can
only be due to differences caused by the metals. A flaw
in the comparison arises as the metals are from the first,
second, and third rows. The dramatic differences in
reactivity must be substantially due to differing geo-
metric structure that reflects cluster electron count;
however, additional differences similar to those found
for, for example, Rh vs Co, are to be expected if the
compounds can be prepared.

H2 Elimination. The cluster electron count for a
given compound includes the endo hydrogen atoms
which are usually found in bridging positions. Hence,
formal sequential loss of H2 from 8 sep arachno B5H11
with a core structure based on a pentagonal bipyramid
missing two vertices leads to 7 sep nido B5H9 based on
an octahedron missing one vertex and then 6 sep closo
B5H7 based on a trigonal bipyramid, i.e., a hypothetical
borane but one formally generated by protonation of
B5H5

2-. In fact, B5H9 shows little tendency for thermal
loss of H2, a property mimicked by the metallaborane
analogue 2-CpCoB4H8, which rearranges at ∼200 °C to
1-CpCoB4H8.94,95

(92) Ghosh, S.; Shang, M.; Fehlner, T. P. J. Am. Chem. Soc. 1999,
121, 7451.

(93) Aldridge, S.; Hashimoto, H.; Kawamura, K.; Shang, M.; Fehlner,
T. P. Inorg. Chem. 1998, 37, 928.

(94) Weiss, R.; Bowser, J. R.; Grimes, R. N. Inorg. Chem. 1978, 17,
1522.

Figure 4. Examples of metal fragment growth for dimetallapentaborane(9)’s of (a) cobalt, (b) ruthenium, and (c) rhodium.
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A group 9 metal Cp*M fragment is viewed as a three-
orbital-two-electron cluster fragment like a BH frag-
ment. To satisfy the cluster electron counting rules,
clusters built with the same type of metal fragment but
with metals of group 8 and lower will need an additional
source of skeletal electrons to exhibit the same shape.
In the absence of any other electron donors, we observe
in our chemistry that the needed electron count is made
up by eliminating fewer hydrogens from the hydrogen-
rich precursors. This is clearly illustrated by the tung-
sten system. With the exception of the borohydride
complex, all of the species listed in reactions 15-18 have

been observed spectroscopically and shown by time-
dependent multinuclear NMR to be members of this
consecutive set of reactions.72 7 sep nido-2-Cp*WH3B4H8,
originally prepared by others (with η5-C5H4

iPr),83 is

analogous to the stable 2-Cp*CoB4H8 metallaborane.
However, the extra hydrogens looked like they might
be more labile than the rest, and we wondered what
would happen if they were eliminated.

The results are summarized in Figure 6a. In addition
to 7 sep (Cp*W)3HB8H8, 7 sep (Cp*WH)2B7H7 (isoelec-
tronic with (Cp*Re)2B7H7) and (Cp*W)2B5H9 are pro-
duced. Both of the first two products are hypoelectronic
clusters (see above). The loss of the extra hydrogens
associated with the Cp*W fragment drastically reduces
the cluster sep count and generates cross cluster bonded,
highly condensed metallaboranes. As suggested by the
large number of bonding interactions, these new com-
pounds are very stable and unreactive. They are, in fact,
molecular analogues of refractory metal borides.96-99

Less dramatic, but fundamentally similar, is the
conversion of 8 sep nido-1,2-(Cp*Ru)2HB4H9 into 7 sep
(Cp*Ru)2B4H8, which has a nido-2,3-(Cp*Ru)2B3H7 core
with a BH fragment capping the Ru2B face (Figure 6b)
Apparently this alternative to an uncapped octahedral
cluster is preferred, perhaps due to the presence of four
bridging hydrogens.100 If one compares 1,2-(Cp*Ru)2-
HB4H9 with B6H10, one finds that Cp*Ru + H corre-
sponds to one BH, as expected. Formally, it is these
extra hydrogens that are easily eliminated. The fact that
8 sep nido-2-(Cp*Ir)2B4H8 shows no similar tendency to
lose H2 again confirms that the intrinsic stability of a
nido pyramidal cluster skeleton is not substantially
changed by metal vertex subrogation.73

Small Molecule Coordination and Reduction.
The argued similarities of metallaboranes with orga-
nometallic compounds suggests that the reactions of
these compounds with small organic substrates be
investigated. Until now, only (Cp*Cr)2B4H8 has been
explored in any detail. Because it is formally electroni-
cally unsaturated, we expected it to react with a variety
of electron donors. Disappointingly the number of suc-
cessful reactions thus far observed is limited to the
reactions with CO and CS2. Further, the reaction rates
for CO addition are substantially lower than those

(95) Venable, T. L.; Sinn, E.; Grimes, R. N. J. Chem. Soc., Dalton
Trans. 1984, 2275.

(96) Greenwood, N. N.; Parish, R. V.; Thorton, P. Q. Rev. 1966, 20,
441.

(97) Thompson, R. In Progress in Boron Chemistry; Brotherton, R.
J., Steinberg, H., Eds.; Pergamon: New York, 1970; Vol. 2.

(98) Lundström, T. In Boron and Refractory Borides; Matkovich, V.
I., Ed.; Springer-Verlag: Berlin, 1977.

(99) Fehlner, T. P. J. Solid State Chem. 2000, in press.
(100) Lei, X.; Shang, M.; Fehlner, T. P. Inorg. Chem. 1998, 37, 3900.

Figure 5. Examples of metal fragment growth for met-
allaboranes of composition (Cp*M)2B4H8 for M ) (a) Ir (8
sep), (b) Ru (7 sep), (c) Re (6 sept), and (d) Cr (5 sep)
ruthenium and rhodium.

Cp*WCl4 + 4 LiBH4 f Cp*W(BH4)4 + 4 LiCl (15)

Cp*W(BH4)4 f 1-Cp*WH3B4H10 + 3/2 H2 (16)

1-Cp*WH3B4H10 f 1-Cp*WH3B4H8 + H2 (17)

1-Cp*WH3B4H8 f 2-Cp*WH3B4H8 (18)

Figure 6. Examples of cage condensation by loss of
hydrogen for (a) tungsten and (b) ruthenium.
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exhibited in ongoing investigations of electronically
saturated (Cp*Re)2B4H8.

As shown in Figure 7a, the reaction of CO with 5 sep
(Cp*Cr)2B4H8 generates 6 sep (Cp*CrCO)2B4H6, in
which the addition of two CO ligands to the metal sites
is accompanied by elimination of H2 from the BHCr
sites.68 The stoichiometry reflects a greater stability for
the electronically saturated product. On addition of CS2
to (Cp*Cr)2B4H8, reduction of both CdS bonds takes
place to give a (Cp*Cr)2(S2CH2)B4H6 product in which
the newly formed H2CS2 ligand bridges the open face
of the starting material (Figure 7b).101 The pathway
shown is based on the pair of results: coordination of
CS2 via S to one Cr site; intramolecular hydroboration
of one CdS bond; coordination of the other S to the other

Cr site; hydroboration of the second CdS bond. At-
tempts to displace or eliminate the bound H2CS2 species
were unsuccessful.

The recent stoichiometric,102,103 photocatalytic,104 and
thermal catalytic boron functionalization of alkanes105

provide beautiful examples of what can be accomplished
when organometallic chemistry and metal-boron chem-
istry take place at the same metal site. Although the
reactivity of the chromaborane is less extensive than
expected, the situation for the related metallaboranes
described remains to be investigated.

Future Prospects

The work described has a limited focus: a single type
of metal fragment, Cp*M, transition metals from group
5 to 9, mainly dinuclear metal compounds, and a small
selection of derivative reaction types. Considering the
large effect of the ancillary ligands on metal properties,
the very different properties of the very early and very
late transition metals, and the distinctiveness of post-
transition metal chemistry, the work described only
scratches the surface of what is possible in metallabo-
rane reaction chemistry. To realize the potential, other
efficient routes to metallaboranes need be developed,
as the synthetic method described has several limita-
tions. We already know, for example, that a strongly
bound ancillary ligand like Cp* is required, that for Fe
and Mn there is an insufficient barrier separating the
metallaboranes from the slippery slope to metallocenes
(e.g., Cp*2Mn and Cp*2Fe), and that for easily reduced
metals only elemental metal is produced (e.g., Ni). On
the other hand, the approach may well be applicable to
other group 13 hydrides, and we are beginning to
explore the synthesis of compounds containing direct
transition metal aluminum bonds from monocyclopen-
tadienyl metal halides.

Acknowledgment. This account is a tribute to the
excellent experimental chemistry of K. Deck, Y. Nishi-
hara, J. Ho (Co, Cr); H. Hashimoto (Cr, Ta); S. Aldridge
(Cr, Ta, Mo); K. Kawamura (Cr); X. Lei (Co, Rh, Ir, Ru);
A. Weller (W, Re); M. Peldo (W); and S. Ghosh (Re). The
contributions of Dr. M. Shang to the crystallography are
also appreciated, and the continued support of the
National Science Foundation made this chemistry
possible.

OM000355R

(101) Hashimoto, H.; Shang, M.; Fehlner, T. P. Organometallics
1996, 15, 1963.

(102) Waltz, K. M.; Hartwig, J. F. Science 1997, 277, 211.
(103) Waltz, K. M.; Muhoro, C. N.; Hartwig, J. F. Organometallics

1999, 18, 3383.
(104) Chen, H.; Hartwig, J. F. Angew. Chem., Int. Ed. 1999, 38, 3391.
(105) Chen, H.; Schlecht, S.; Semple, T. C.; Hartwig, J. F. Science

2000, 287, 1995.

Figure 7. Examples of (a) CO addition to (Cp*Cr)2B4H8
and (b) CS2 addition to (Cp*Cr)2B4H8 (with a suggested
pathway for the double hydroboration).
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