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A Simple Description of the Bonding in
Transition-Metal Borane Complexes

Sir: Itis well-known that a covalent bond between two atoms L ligand
may belong to one of two classes, which are distinguished
according to the number of electrons that each atom contributes
to the two-centertwo-electron bond. If each atom contributes
one electron, the interaction corresponds to a normal covalent

bond, whereas if one atom contributes both electrons, the M

interaction corresponds to a dative covalent or coordinate bond

(Figure 1). As described in detail by Haaland, the distinction L
between these types of bonding situations is signifi¢aihile

dativeo bonding is a common feature of the transition metals, M-=—L

it is normally a Lewis base ligand (L) that provides the pair of both electrons
electrons for the M-L bond in the vast majority of complexes, provided by ligand
with there being relatively few well-defined complexes where (dative covalent bond)

the ligand is a Lewis acid (Z). In principle, one would expect

that trivalent BX derivatives should be capable of serving as

Lewis acid ligands to an electron-rich transition metal, in a

manner akin to that observed for main-group metals, as

exemplified by Cp*Ga~B(CeFs)3.2 Indeed, the reactivity of

transition-metal compounds towards Békerivatives has long

been investigated, but many of these studies have been called M

into question because of the lack of structural verificafidn. X

is, therefore, significant that a variety of transition-metal

complexes that feature MB dative bonds have been recently

structurally characterizeti® In each case, the key to isolating M—X

these complexes is to use multidentate boranes which employ one electron each provided

the chelate effect to stabilize the complex. For example, an by ligand and by metal

extensive class of complexes with—-MB dative bonds is (normal covalent bond)

provided by “metallaboratranes’(FB(mimR)3]M) derived from

tris(2-mercapto-1-R-imidazolyl)borarié,in which the M—B

bond is supplemented by three-g dative interactions. Z ligand
However, as the variety of metal borane complexes has

increased, divergent descriptions of the metal center in closely

related compounds have started to emerge. In part, the different

descriptions for these complexes are a consequence of the fact Z

that complexes which feature Lewis acid ligands are suf-

X ligand
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different procedures for assigning charges to ligands. For to coordination of the neutral BMigand1® The notion behind
example, the charge on a ligand may be derived either by introducing this description is associated with the Enemark
transferring each shared pair of electrons to the more electro-Feltham notation for metal nitrosyls, a concept that was created

negative atori or by removing the ligand in a closed-shell

to reconcile problems arising from oxidation number assign-

configurationt213In many cases, the same ligand charge results ments of bent (NO) and linear (NO) nitrosyl complexes. The
no matter which set of rules one follows. However, in some NO' formalism, in particular, results in very unusual oxidation
cases the outcomes are different, as evidenced by the chargesumber assignments, and Richter-Addo and Legzdins have

assigned to BX"°

emphasized that “assigning oxidation states to D links is

Furthermore, additional problems may ensue regardless ofundesirable, since the formal oxidation states in CotSiO)
which of the above methods one chooses to use to assign™e(COMNO) Mn(CO)NO) and Cr(NO) have the unrealistic
oxidation number. For example, boron has a Pauling electrone-values of—1, =2, =3 and—4, ‘r[.es.pect'lvely! * Enemark and
gativity (2.0) that is in between the electronegativities of the Feltham have also noted that “it is quite misleading to describe

transition metals, e.g. Co (1.8) and Rh (22)hus, if one

all linear complexes as derivatives of NCand all bent

f . i i 20 i
assumes that the pair of electrons is transferred to the moreCOmplexes as derivatives of NO= For this reason, Enemark

electronegative atom, the charge assigned to a Igj@and (0O
or —2) could vary for two otherwise closely related-MBX3

and Feltham proposed that metal nitrosyl compounds should
instead be defined in terms of M(NO),} " classification, where

compounds. Analogous problems also exist if one chooses to" is the total number of electrons associated with the metal d

assign a charge that corresponds to a closed-shell configuratio
because BX has two reasonable closed shell configurations,

namely neutral BX and dianionic [BX]?~. The former has a
sextet configuration and corresponds to the form in whicky BX

molecules are typically encountered in the free state, whereas
the latter has an octet configuration but corresponds to an

unusual example (albeit precedentédf boron in the+1

oxidation state; thus, an author needs to establish which factor
they consider determining in the assignment of the closed-shel

charge of a borane ligand.

In view of the above discussion, it is therefore understandable

nand NOz* orbitals; this is equivalent to the"ctonfiguration

obtained assuming that the nitrosyl is classified as"NThus,
regardless of whether a nitrosyl ligand is linear or bent, it is
classified by thesame{M(NO),}" description.

While it is true that there is a common problem with assigning
d" configurations for metal nitrosyl and metal borane complexes
because of unusual oxidation number assignments, a flaw in
the analogy results from the fact that theretredistinct metal

Initrosyl coordination mode extremes (linear and bent) but only

one coordination mode for a metal borane complex. Thus,
whereas linear and bent nitrosyl compounds correspond to totally
different electronic structures resulting from different numbers

that some authors could favor assigning a charge of 0, and othersy ,pjq interactiong} there is only one electronic description

a charge of-2, to BX3 ligands. Since the oxidation number is
frequently used to determine thé configuratiort® of a metal
centerl’ it is evident that the ambiguity in oxidation number
causes a corresponding ambiguity frcdnfiguration. However,

for a metal borane complex which involvesoverlap between

a single orbital on M and a single orbital on B, as illustrated in
Figure 2. Despite this description of a methbrane bond, it

has been suggested that there are two bonding extremes that

whereas oxidation numbers depend on how one chooses too represented as MB and M*—B-, which respectively

deconstruct the molecule, thé cbnfiguration is a function of
the moleculeand must béndependenbf how one decides to

correspond to d and d—2 configurations for the met&k
However, the two descriptions™MB and M"—B~ correspond

deconstruct it. As such, a system of evaluating molecules that;q exactly the same bonding situatiand are merely different

results in different @ configurations for the same molecule
according to the preference of an author is unsatisfactory.

To circumvent this problem in MBX3 chemistry, it has

representationsof a dative bond (Figure 2). Specifically,
notations of the type B*A and D'—A~ to describe a dative
bond between a donor and acceptor have existed for almost 80

recently been proposed that the discussion should move awayyeard3-25 and are used interchangeabljthoutimplying any

from the topic of @ configuration and that the molecule should
instead be described by the notatiddl (— B)"; within this
notation,n corresponds to the'@onfiguration of the metagdrior
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example, in 1927, while discussing the concept of dative
bonding, Sidgwick noted that the valence of the donor atom
increases by 2 upon coordination by an accef&furthermore,
and of more specific relevance to the present article, King stated
in 1967 that coordination of a Lewis acid (e.g. BHb a metal
& center oxidizes it by 2 unit®2°Both of these statements are
in accord with the Blconfiguration being reduced td@ upon
S coordination of a Lewis acid. A particularly lucid example of
% " M-B - this notion is provided by coordination of the simplest Lewis
acid, namely H; thus, it is well established that protonation of
—5 a d' metal center results in a metal hydride with &%
2 configuration. It is, therefore, evident that coordination ofsBX
to a metal center would have the same impact on the d
configuration.
The above discussion indicates that ambiguities in oxidation
number assignment complicate determination of theashfig-
uration. Oxidation number ambiguities are by no means limited

2] + —_—
[M] + BXg — [M|—=BX; == [M]—BX3
dn dn—2 dn-2

g

@ @ to metal borane compounds, and problems resulting from
misinterpretation of oxidation numbers are increasing, such that
nonbonding the oxidation number formalism is becoming of limited utility
electrons in organometallic chemistry. Indeed, a recent IUPAC article

M] . states: “As oxidation numbers cannot be assigned unambigu-
6 ously to many organometallic compounds, no formal oxidation
dn * numbers will be attributed to the central atoms in the following
M configuration section on organometallic nomenclatuf@Problems resulting
M-B % from the inappropriate application of oxidation number assign-
9. ments are surmounted by the application of Green’s covalent
\B“"" bond classification (CBC) method for classifying covalent
compounds!? The principal advantage of this method is that it
(M] was specifically designed for covalent molecules; therefore, it
does not suffer from any limitations or problems resulting from
dn? the rules imposed by the various definitions of oxidation number.
M configuration The CBC method is based on the notion that there are three

Figure 2. Basic molecular orbital diagram for coordination of a €lementary types of metaligand interactions that may be

BX; ligand to a d transition-metal center. The formation of the ~classified according to the number of electrons the ligand

metaboron bond requires that a pair of electrons must be supplied contributes to the two-centetwo-electron bond. The different

by the metal, and so the metal center in the adduct adopts?a d types of ligands are represented by the symbols L, X, and Z,

configuration. The interaction may be represented as eitheBM  which correspond respectively to two-electron, one-electron, and

or M*—B~, which are alternative representations of a dative bond ,grg-glectronneutral ligands (Figure 1$-32 An L-function

and arenot resonance structures of each other. ligand is a Lewis base which interacts with a metal center via
o ) a dative covalent bond in which both electrons are donated by

meaning, it is evident that they must also correspond to the sameype | ligand (e.g. PR: an X-function ligand is one which

d" configuration for a given molecule. Thus, the notion that i teracts with a metal center via a normal two-electron covalent

M—B corresponds to a'onfiguration and M—B~ to a "2 bond (e.g. R); and a Z-function ligand is a Lewis acid (e.g.

configuration is inappropriate. As a consequence, the value of BXz). A given ligand may have one or more of the above

the proposedNI—B)" notation is diminished. functions, and a molecule is classified as [M}Z,] according
Since a M~B bond corresponds to a single two-centtwo- to the type and number of various ligand functi@hé. principal

electron interaction, it is a simple issue to identify how gistinction between the CBC method and a classification based
coordination of BX to a metal center influences the' d o, oxidation numbers is that the former evaluates the nature of
configuration of the metal. Thus, as illustrated by the qualitative the metalwithin the moleculewhereas the oxidation number
molecular orbital diagram of Figure 2, the interaction between fgrmalism merely assigns a chargedn isolated atomafter

a filled metal-based orbital and the empty orbital on boron e |igands have been removed. Since the CBC method focuses
results in the transfer of a pair of electrons from the metal to a

M-B bondingorbit_al. As such, a metal center that qrigi_nally (28) King, R. B.Adv. Chem. Ser1967, No. 62,203—220.
possessed a'aonfiguration becomesd? upon coordination (29)  and ¢ back-bonding interactions may also impact theednfig-
to BXs, a view that is supported by calculatiofdt is important uration (see, for example, ref 10a). However, whereasstimteraction in

. . M—BRg3 is the only component to the bondings and 6 back-bonding
to emphasize, however, that this is not a new concept. Forinteractions (e.g. involving £H4 and GHg ligands) are secondary compo-

nents and, thus, their contribution is normally neglected in evaluating the
(26) Thus, one form is not intended to imply more or less electron transfer formal d* configurationt2? A complete understanding of the molecule would,
than the other, but even if it did, it would not change the fact that the nevertheless, require the roles played by the potentiahd 6 acceptor
occupied orbital is a MB bondingorbital and that the dconfiguration orbitals of the ligand to be evaluated.
must therefore be reduced by 2 upon coordination. Likewise, the d (30) Salzer, APure Appl. Chem1999 71, 1557-1585.
configuration is not typically regarded to be a function of the degree of (31) (a) Green, M. L. HJ. Organomet. Cheni995 500, 127-148. (b)
electron transfer (i.e. the relative electronegativity of a ligand) in a normal Parkin, G.Comprehensie Organometallic Chemistry LllElsevier: Am-
covalent bond. sterdam, in press.
(27) See, for example, ref 5¢ and: AulloG.; Alvarez, Sinorg. Chem. (32) For an early description of the L, X, and Z classification, see ref
1996 35, 3137-3144. 28.
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on the nature of the orbital interactions within the molecule, it
is not subject to the idiosyncracies of oxidation number

Organometallics, Vol. 25, No. 20, 208847

prevent arguments between those who are committed to
classifying a borane ligand with a charge of either 6-@; the

assignment and thereby provides a means to establish"the dpedagogical value of this concept is not clear. For example, as

configuration of the metal in thenolecule as opposed to the
oxidation number formalism, which yields the configuration for
an isolated charged atom. In this regard, tReahfiguration
for a given [MLXZ] classificatiorf® is given by the expression
n=m— x — 2z (wherem s the number of valence electrons
in the neutral metal aton?, from which it is evident that
coordination of a single Lewis acid function (Z) to a metal center
reduces a ticonfiguration to &2

In summary, the change in thé donfiguration of a metal
center upon coordination of a BXgand may be readily inferred
by noting that coordination of a Lewis acid requires the metal
to use two of its nonbonding/antibonding electrons in forming
the M—B bond. While a notation such agi{>B)" notation may

(33) If the molecule bears a charge, the [M}Z;]°* assignment is
reduced to its “equivalent neutral cladsto enable comparisons between
molecules of different charge. Care must be exercised when performing

the transformation to ensure that the most appropriate CBC is assigned.

For example, [Re(CQ@JBH3)]~ has been assigned to the classification
[ML 4X3],8 but the molecule is more appropriately classified as §¥It
i.e., an octahedral®dhenium complex. The appropriate transformation for
reduction of [MLsZ] ~ to its equivalent neutral class is Z-X.31P A simple
illustration to show the validity of this assignment is provided by noting
that [Re(CO3(BH3)]~ may be conceptually derived by coordination of H
to the vacant orbital on boron in Re(G{BH,), which possesses a [MK]
classification.

an extension of this notation, what information is conveyed by
representing the borane adduct of ammonia #¢5H3(N—B)2?

The formal é@ configuration is a longstanding and useful concept
in transition-metal chemistry and can be maintained as such
for compounds that featureLewis acid ligands-assuming that

it is recognized that coordination of a single Lewis acid
reduces the tvalue to d2.
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