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Introduction

The concept of an oxidation state or oxidation number for an
element in a particular compound can be traced back to
Lavoisier in the latter part of the 18" century. During the follow-
ing hundred or so years, this concept was refined such that by
the early 20" century, its definition and usage in modern
chemical parlance had become well established." To this day,
the assignment of an oxidation state is widely employed in
describing the chemistry of elements from across the entire per-
iodic table. Oxidation states have been, and continue to be,
used to systematize large swathes of coordination chemistry,
bioinorganic chemistry (particularly metalloenzymes and
metal-mediated electron-transfer pathways), organometallic
chemistry (which incorporates homogeneous catalysis), redox
catalysis, inorganic solid-state chemistry (including battery
technology?), and electrochemistry (consider tables of standard
electrode potentials and Latimer or Frost diagrams). Moreover,
oxidation state is central to a theme that permeates much of
chemical reactivity, namely oxidation and reduction. Its use has
endured because it is easily understood, generally simple to
apply and acts as a unifying concept that is helpful in drawing
parallels between apparently very different chemical entities.
For example, there are commonalities in the properties of the
Cu(u) site present in copper sulfate pentahydrate, Cu-containing
ceramic superconductors, blue copper proteins, and the organo-
copper species recently identified to be reactive intermediates
in Cu-catalysed oxidative aryl cross-coupling reactions.’

From the brief encomium above, the usefulness of oxi-
dation states might appear self-evident but their value has
nevertheless been questioned, notably by some of the advo-
cates of the Covalent Bond Classification (CBC) method.*™® In
this article, our principal objective will be to focus on the
value and utility of the oxidation state (OS) method but we
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are addressed, particularly in the context of the teaching of inorganic chemistry. The Oxidation State
method and the Covalent Bond Classification method are compared and contrasted, and it is concluded
that while each method has its strengths and weaknesses, both are important in teaching and it should be
recognized that no single model or method is appropriate in all circumstances.

state from the outset our opinion that the CBC method (out-
lined in Chart 1) has made a significant contribution to the
classification and systematisation of ligand types, especially in
transition metal chemistry, and indeed compound types in
general through the introduction of so-called MLX plots.* ® It
also has an internal rigour which has contributed to resolving
some of the arguments and inconsistencies around electron-
counting methods which persist to this day. However, having
said that, claims have been made that the CBC method offers
considerable advantages over more traditional approaches
which employ oxidation states, particularly for the teaching of
inorganic chemistry,” and it is this claim that we principally
wish to challenge. While it is certainly true that there are cases
where the assignment of an oxidation state is ambiguous or
where its value is questionable, we assert that the CBC method
is not quite the panacea that some of its advocates have
claimed. Moreover, the CBC method has some inconsistencies
and ambiguities of its own, but before moving on to examine
these matters in more detail, we will summarise some of the
foundations on which we will build.

The most definitive text on oxidation states is probably the
2014 IUPAC Technical Report entitled Toward a Comprehensive
Definition of Oxidation State’® in which the authors provide the
following definition: the oxidation state of a bonded atom
equals its charge after ionic approximation.””° A comprehen-
sive description of the CBC method is provided in ref. 4-6 but, in
brief, it categorises ligands as L, X or Z according to whether they
are two-electron, one-electron or zero-electron donors respectively
(see Chart 1 for an outline), and highlights, amongst other quan-
tities, VN, the valency number (or valence) of the central atom to
which the ligands are bonded. Much has been written more
widely about the concept of valence®® which, since at least the
time of Sidgwick,'® may be defined as: the number of electrons
that an atom uses in bonding. Importantly, oxidation state and
valence are not the same although they too often continue to be
conflated and confused.’

Besides oxidation state (and valence), another important
feature of complexes of the d-block metals is the number of
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Oxidation State Formalism

For a d-block metal complex [MX,L,Z,]?
oxidation state, OS = x + Q
number of electrons in “non-bonding” metal orbitals, d” = m - OS

where m = Periodic Table Group number

Covalent Bond Classification Method

For a neutral d-block metal complex MX,L,Z,
valency number, VN = x + 2z

number of electrons in “non-bonding” metal orbitals, d” = m— VN
where m = Periodic Table Group number

The transformations shown below are used to convert a MLXZ
description of a complex to its equivalent neutral class

LZ —> X,
for cationic complexes L¥ —=> X X' ——> Z

for anionic complexes X~ —— L Lm— X Z—>X

Chart 1 An outline of the oxidation state (OS) formalism and covalent bond classification (CBC) applied to mononuclear transition metal complexes
containing only o-bonding ligands. In the molecular orbital diagrams on the left, electrons derived from the metal are indicated in blue while those
derived from the ligand are shown in red. ? Whether the value is O or +2 is debatable, depending on the strength of the Lewis acidity of Z and the

availability of the lone pair on M (see later).

non-bonding electrons (the d” number) which is widely
employed in the teaching of transition metal chemistry since it
can often be used to rationalize the magnetism of complexes
together with the coordination geometries they adopt. Chart 1
illustrates the formulas used for determining the d" number
from both the OS and CBC methods from which it is clear that
the two methods can only give the same value for d” if the
valence number (VN) is equal to the oxidation state (OS).
However there are important classes of compounds where VN
and OS differ, in particular, for binuclear compounds that
contain a metal-metal bond, e.g. [Mn,(CO)0], and for com-
plexes in which the d-block metal is in a negative oxidation
state, e.g. Na[Co(CO),] and Na,[Fe(CO),]. Each of these cases
will be addressed below.

In ref. 5, the following statement is made: ‘In large part, the
problems encountered in the use of oxidation states to classify
covalent compounds result from the fact that it is an approach
that forces ionic character on a compound that may have little
such nature’. We contend that the assignment of an oxidation
state does not ‘force’ anything, and the definition of oxidation
state offered in the IUPAC Technical Report noted above’®
refers to an ionic approximation. What this means when assign-
ing an oxidation state to an element is that the groups to
which it is bonded are removed according to electronegativity
differences and (usually) in their closed-shell configurations so
that atoms such as chlorine, for example, are removed as
chloride, ie. ClI". In other words, the bonding electrons are
assigned to the more electronegative atom. There is no sugges-

This journal is © The Royal Society of Chemistry 2022

tion or implication that the compound in question is necess-
arily ionic; it is a formalism which partitions atoms or groups
according to their respective electronegativity differences.
Hence, the oft-encountered term, formal oxidation state, and
OS is often represented using Roman numerals (I, II, III etc.) to
distinguish it from a real charge for which Arabic numerals (1,
2, 3 etc.) are employed.

Further criticisms of OS focus on two main issues: (i) ambi-
guities in assigning oxidations states and (ii) a lack of chemi-
cal insight that OS offers.>"" It is true that there can some-
times be ambiguities in the assignment of an oxidation state
but for most compounds, this is not the case and ambiguities
are also present within the CBC method (see below). Moreover,
with regard to chemical insight, both methodologies can be
misleading in some circumstances. Examples of each issue are
discussed below mostly involving transition metal compounds,
since this is where the concept of oxidation state finds its
widest application, but first, some examples from organic
chemistry are considered.

Organic chemistry
Methane derivatives

The point has been made that the formal oxidation state of the
carbon in a series of tetravalent compounds can vary from -IV
in CH, to IV in CCl, with an oxidation state of 0 being rep-
resented by species such as CH,Cl, and CMe,.” This arises for
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CH,CI, because Cl is more electronegative than C and so is
removed (formally) as ClI~ whereas H is less electronegative
than C and so is removed as H' which then leads to an OS of
0. In CMe,, the methyl carbons attached to the central carbon
are considered to have the same electronegativity such that
there is no case for partitioning the C-C bonds heterolytically
(this is the case generally where the bonded elements are the
same).” According to the CBC method (Chart 1), all of these
species would be described as MX, (i.e. tetravalent carbon). In
general, for organic chemistry, the use of an oxidation state is
unnecessarily complicated compared with the CBC approach
because for much of organic chemistry, carbon is intermediate
in electronegativity between H and the other atoms or groups
to which it is commonly bonded. For these reasons, oxidation
state is rarely employed although the closely related oxidation
level (see below) is more widely used and for a good reason.

Alcohols

Alcohols comprise another set of examples which is con-
sidered problematic for 0S.° Thus, the formal oxidation state
of the carbon to which the OH group is bonded in the com-
pounds CH3;0H, MeCH,0OH, Me,CHOH and Me;COH is -II, -1,
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0 and I respectively. However, it has been proposed that hydro-
gens in organic molecules be removed with no charge."
Although this runs counter to partitioning either by electro-
negativity or in terms of removing a species in a closed-shell con-
figuration, adopting this proposal would result in the oxidation
state for the carbon carrying the OH group in the species noted
above being C(1) in each case."> On the face of it, this might seem
a little perverse (although C and H do have similar electronegativ-
ities) but there is a demonstrable value in using this approach.
Thus, organic chemistry does make use of the fact that an oxi-
dation level can be assigned to a carbon atom that depends
solely on the number of bonds to heteroatoms, for example: 0 in
alkanes, 1 in alcohols; 2 in aldehydes and ketones, 3 in carboxylic
acids and their derivatives, and 4 in carbon dioxide (see Chart 2
for a fuller list of functional groups which can be categorised in
this way). This approach has considerable merit since it indicates
for any particular transformation whether an oxidising or redu-
cing agent (or neither) will be needed; converting an alcohol into
a ketone will require an oxidising agent, for example. To rely only
on valence and to question the value of an oxidation level is
therefore to remove a useful heuristic for teaching synthetic
organic chemistry.

Number of bonds to heteroatoms

0o 1 : 2 i 3 i 4
CR, RCH,Cl RCHCl, RCCl, 5 CCl,

i ! o) : 0 : 0

{  RCHOH ! R)J\H R)]\CI CI)J\CI

| | 0 | o) | o)

i RCH,OCHoR' | R)I\R ; R)J\OH ; R’OJ\OR’
| . RO OR | )Ok | i

i RCHNR, i R“SR | R7SOR | RO "NR,
: ! NR 0 : 0

5 ! R)LH ! R)J\NR’z ER’ZNJ\NR’z
; : ' R-C=N | 0=C=0

Chart 2 Some common functional groups categorised according to oxidation levels defined by the number of heteroatoms to which the carbon is
bonded, thus C(OR); is equivalent to C=O0O, for example. Converting a functional group A to a functional group B will require an oxidising agent if B
is in a column to the right of A, a reducing agent if B is in a column to the left of A, and neither an oxidising agent nor reducing agent if A and B are

in the same column.
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Transition metal chemistry
Classical coordination complexes

Consider the following three coordination compounds of
cobalt: [Co(NH;)]*", [CoCl;(NH;);] and [CoClg]*”. The reco-
gnition that in assigning an oxidation state, NH; is removed as
a neutral ligand and Cl as chloride (Cl7) leads directly and
straightforwardly to the conclusion that all three compounds
contain Co(m) and therefore have a d® configuration. However,
it has been stated that the relationship between these mole-
cules is obfuscated by the fact that the molecules possess
different charges.” Furthermore, it is suggested that by con-
verting each of these complexes into the ‘equivalent neutral
class’ of ML;X3, their relationship to each other is revealed
(Fig. 1). The assertion that the designation of ML;X; for the
two homoleptic species [Co(NH;)e]>” and [CoCle]*~ simplifies
matters or makes the teaching of this chemistry easier to
understand is a moot point. Moreover, with regard to the
teaching of transition metal coordination chemistry in
general, the assignment of an oxidation state is useful
because, for mononuclear complexes, it can be employed to
quickly determine the d” configuration and therefore predict
or rationalise the coordination geometry; for example, four-
coordinate Pd(0) has a d'® configuration and such complexes
are exclusively tetrahedral whereas four-coordinate Pd(u) has a
d® configuration and complexes are, with very few exceptions,
square planar. A case can be made that for the examples given
above, the CBC method for calculating the d” number is also
straightforward but we will return to this point later when con-
sidering complexes in which the metal centre has a negative
oxidation state.

Organometallic complexes

In organotransition metal chemistry, the ligand C;H; is often
cited as an exemplar of why the assignment of oxidation states
is confusing. Thus, for the complex [Ti(n’-CsHs)(n’-C,H,)] (1),
there is little ambiguity when it comes to the cyclopentadienyl
ligand since, in assigning an oxidation state, we would expect
to remove this as CsHs~ both on the grounds of electro-
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negativity (carbon is more electronegative than titanium) and
on the basis of CsHs™ being a closed-shell species since it has
six m-electrons and conforms to the Hiickel 4n + 2 rule for aro-
matic stability. The ambiguity arises with the C,H; ligand. It
could be treated as the antiaromatic C;H,~ based on electro-
negativity but if it is to be removed as a closed-shell species,
then it could be either C;H," with six n-electrons or C,H,>~
with ten m-electrons, both of which satisfy the Hiickel 4n + 2
rule (where n = 1 or 2 respectively). Accordingly, the titanium
centre in compound 1 can be assigned an oxidation state of 0,
II or IV. We would maintain that the closed-shell argument
and the highly electropositive nature of Ti leads fairly directly
to considering the best representation of this ligand to be
C,H,~ in this instance and hence the assignment of an oxi-
dation state of Ti(iv) and a d° configuration to compound 1.

The CBC method classifies C;H; as a L,X;3 ligand and this
arises from an initial classification as L;XZ (the reason for the
Z component is elaborated upon below) and then recognising
that an LZ combination is equivalent to X, (see Chart 1);"*
C,H; is therefore categorised as a seven-electron donor. This is
certainly acceptable in terms of one method of counting elec-
trons (treat all the ligands as neutral) but since it is almost
invariably the case in transition metal complexes that X
ligands are X~ according to electronegativity arguments, C;H,
as L,X; is akin to C,H,>". Indeed, the CBC designation for 1 is
ML,4X,, resulting in the Ti having a valency (VN) of 4 and a d°
configuration [Fig. 2(a)] which is the same as that derived from
the OS approach outlined above.

It is conceded that there is some ambiguity with C;H; as a
ligand when it comes to assigning metal oxidation states.
However, consider the three isoelectronic compounds
[Mo(CO);(n-CsHs)]™ (2), [Mo(CO);(n-CeHs)] (3) and [Mo(CO)s;(n-
C,;H;)]" (4) [Fig. 2(b)]. Clearly compound 3 with all neutral
ligands is Mo(0) but so is compound 2 if we treat the CsH;
ligand as CsH; . The same oxidation state of Mo(0) is then
obtained for compound 4 if the C,H, ligand is removed as
C,H;" which is consistent not only with it being a closed-shell
6m-electron species but also with its method of synthesis which
is by abstraction of H™ from the neutral cycloheptatriene

NHs 3+ NHs cl 3-
HsN\Clo _NHg HQ,N\C|0 o C|\C\0 o
HN" | ™ NH; a”” | o a”” \ e

NHs NHg Cl

[MLgI®* ML3X3 [MXg]®~

ﬂ Lt — X X — L ﬂ

[MLg(L*)4] [MX3(X7)a]

Fig. 1 The CBC approach to showing that three Co(in) complexes with different charges are members of the same equivalent neutral class by using
transformations shown in Chart 1. Whether [CoCl3(NHz)s] adopts the fac- or mer-geometry makes no difference. This figure is an abbreviated

version of Fig. 10 in ref. 5.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Cycloheptatrienyl complexes. (a) CBC treatment of the Ti(iv) sandwich complex [Ti(n>-CsHs)(n”-C5H;)] (1). (b) CBC treatment of the isoelec-
tronic complexes 2—4 which, using the OS formalism, are all d® Mo(0) complexes; complex 4 can be prepared by hydride abstraction from the
neutral complex 4a, consistent with viewing 4 as a complex of the 6x-electron tropylium ion [C;H/]*.

complex 4a [Fig. 2(b)]. Were the C,H, ligand in 4 to be counted
as C,H,>", it would then contain Mo(wv). The homologous
series represented by compounds 2-4 does highlight the care
which needs to be taken with C;H, and shows that it can be
treated either as C,H," or as C,H,>” according to the com-
pound in which it is present. A judgement therefore needs to
be made with respect to the compound being considered and
its chemistry; for instance, compound 4 is susceptible to
nucleophilic attack at the C,H ring, for example by hydride,
to regenerate 4a [Fig. 2(b)], i.e. it is behaving like a complex of
tropylium. Thus, there is a level of complexity here albeit one
which is not resolved by always considering C;H, to be a L,X3
ligand. Furthermore, application of the CBC rules would cat-
egorise compounds 2 and 3 as ML¢ species whilst compound 4
would be classed as ML,X, (each according to the definition of
equivalent neutral class noted above). This difference in the
classification of 2 and 3 vs. 4 seems neither warranted nor
helpful, particularly for teaching purposes.*’

Other complexes which have been used as exemplars in
demonstrating the advantages of the CBC method over the OS
approach are the metallocene complexes [ZrR(n>-CsHs),]" (5),
[Z1Ry(n*-C5Hs)5] (6), [ZrRs(n*-CsHs),] ™ (7) and [WH;(n*-CsHs)o]"
(8).> These are respectively classified initially as ML,X;",
ML,X,, ML,Xs~ and ML,X5" which are then, in terms of their
equivalent neutral class, represented as ML;X,, ML,X4, MLsX,
and ML;X, (Fig. 3). Assuming all the ligands CsH;, R and H to
carry a formal negative charge, the zirconium compounds 5-7
all contain Zr(iv) and compound 8 contains W(vi). The CBC
approach offers no discernible advantage when it comes to
understanding the chemistry of compounds 5-7 other than
that the equivalent neutral class designation provides an
alternative method of assigning the oxidation state (simply the

404 | Dalton Trans., 2022, 51, 400-410

number of X ligands, as noted earlier). However, compounds
such as 8, and indeed many polyhydrides in high formal oxi-
dation states, are reducing rather than oxidising and care must
therefore be exercised in automatically assuming that high oxi-
dation state compounds are always oxidising agents especially
in the case of polyhydrides. This is, therefore, an example of
where the OS is not consistent with the observed chemistry
but as will be discussed below, in other cases, this is a criti-
cism which can also be levelled at the CBC method.

Nitrosyl complexes

The nitrosyl ligand, NO, presents some difficulties in oxidation
state assignment which few would dispute but it will be
argued that NO causes rather more difficulties for the CBC
method. As is well known, NO can coordinate to a metal centre
in either a bent or a linear fashion which, in terms of assign-
ing an oxidation state, are generally treated as NO™ and NO™.**
In the CBC approach, bent and linear forms are represented as
X and X; respectively,’ although linear NO was originally
classified as LX.""® The reason offered for linear NO being X
is that linear NO should initially be classified as LXZ since the
HOMO/LUMO (the N-O n* orbitals) are partially occupied such
that the X and Z components have essentially the same energy
(this is also the reason for the initial classification of C;H as
L;XZ noted above).6 Since LZ is equivalent to X,, the LXZ for
NO becomes X;. However, if this X; classification for linear NO
is adopted, the series of tetrahedral complexes [Cr(NO),], [Mn
(CO)(NO)3], [Fe(CO),(NO),] and [Co(NO)(CO);] (which are all
isoelectronic with Ni(CO), and all contain linear NO ligands'®)
would be classified as MX;,, MLX,, ML,X¢, and ML;X; respect-
ively (see Chart 3). Any insight into the chemistry of these
species which would follow from these CBC assignments

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 CBC analysis of the metallocenes 5-8 gives the equivalent neutral class shown. The OS assignments are Ti(iv) and W(vi). This figure is derived
from Fig. 12 in ref. 5.

o) o)
1 Il 1I] 1] 1]
| | | | |
Crny Mng,,n Feina_ CoLyn Nigr,~
//N/ NNQO 4N/ \NCQO ¢N/ CQO éo/ \CCQO ¢C/ \CCQO
0~ N 07 N 0~ N o0~ Yo o0~ AN
CBC (linear NO as Xg): ~ MXyz (d?) MLXg (d?) MLoXg (d?) ML3X3 (df) ML, (d'°)
CBC (linear NO as LX):  ML,X, (d?) ML,X5 (d*) MLsX, (d®) ML,X  (d®) ML, (d'9)
OS (linear NO as NO*): -1V (d'9) -1 (d'9) —1I (d19) -1 (d'9 0 (d'9

Chart 3 The isoelectronic series of complexes [M(NO),(CO),_,] and their classification according to the CBC method, where linear NO is desig-
nated as either Xz or LX, and the OS method where linear NO is treated as NO*. The oxidation states and d” values for each method are also shown.
Note that while the coordination number for all these species is clearly four, the Ligand Bond Number (LBN), as defined within the CBC
method,*~%*3 is different for each of them.

(including the d” numbers in the Cr and Mn examples) is at
best, opaque and the situation is little improved if the linear
NO ligands are treated as LX."”

Alternatively, the same compounds could all be described
as examples of d'® complexes with formal oxidation states -1V,
~1II, -1I, and -1 (despite some prior objections to doing so'®) all
with the expected tetrahedral geometry and analogous to the
known isoelectronic carbonyl species [Cr(CO),]*”, [Mn(CO),J*,
[Fe(CO),*, [Co(CO),]™ each with the metal centre in the same
formal oxidation state of -IV, -III, -II, and -I respectively. We
would argue that this is a situation where the OS method offers
clear advantages over the alternative CBC approach.

Negative oxidation state complexes

Complexes, such as those discussed in the previous section, in
which the metal is in a formal negative oxidation state are not

This journal is © The Royal Society of Chemistry 2022

uncommon and these can be divided into two categories: (i)
complexes containing non-innocent ligands (e.g. bipy, dithio-
lates) where the coordinated ligand is the site of the added
electrons that produce the formal negative oxidation state; (ii)
complexes containing ligands that are considered innocent
(e.g. CO) where the metal is the site of the added electrons."’
In reality, this division is somewhat blurred because the elec-
tron density will be delocalised to a greater or lesser extent
over the metal and ligands in both categories, but the focus
here is on the second category.

Collman’s reagent, Na,[Fe(CO),] (9), is made by the
reduction of [Fe(CO)s] with Na metal; it is a widely used, com-
mercially available reagent whose chemistry is dominated by
the high reactivity of the anion [Fe(CO),]>~ with electrophiles.
It is generally considered to be an Fe(-II) complex which there-
fore has a d'* configuration, consistent with its tetrahedral

Dalton Trans., 2022, 51, 400-410 | 405
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Fig. 4 A CBC analysis for two examples, [Fe(CO),]*~ and [Co(CO),]~, of
metal carbonylates [M(CO),]°~ which are known for M in groups 4-9
and where Q can be 1-4.

shape and diamagnetism. As shown in Fig. 4 however, and as
explicitly set out in ref. 6, the CBC treatment of [Fe(CO),J*~
leads to its classification as ML,X, (in terms of its equivalent
neutral class since L~ corresponds to LX) which places it,
rather incongruously, in the same equivalent neutral class as
[FeCl,(OH,),] (10). However, according to how d" configur-
ations are calculated within the CBC method (m - VN; see
Chart 1), both 9 and 10 would be assigned a d® configuration
and therefore tetrahedral [Fe(CO),]*~ would be predicted, erro-
neously, to be paramagnetic.*’

Moreover, a similar CBC analysis of any complex of a metal
in a formal negative oxidation state, —x, will always lead to a
valency number of x if the complex is represented as its equi-
valent neutral class, and hence a difference between the d”
configurations assigned by the OS and CBC methods of 2x.
This is a serious discrepancy in the value of d” which stems
from the incompatibility of the valence number (which can
only be positive) with negative oxidation states.”' This discre-
pancy matters because, as illustrated for [Fe(CO),]*~ above, the
d” configuration can be used to predict and rationalise the
structure and properties of a complex.

Indeed, one of the most useful applications of the d” con-
figuration in the teaching of transition metal chemistry is the
prediction of the geometry of four-coordinate metal complexes
and especially in the distinction between the expected geome-
tries for d'® (invariably tetrahedral) and d® (square planar with
strong-field ligands). Consider the anion [Co(CO),]” which is
prepared by the reduction of [Co,(CO),] with Na metal and has
been widely studied, in part due to its role in homogeneous
catalysis. It is diamagnetic and the geometry around the Co
centre is tetrahedral, both of which are expected from the oxi-
dation state of the Co being -1 and it therefore having a d'°
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configuration. The CBC method applied to [Co(CO),]” leads to
an equivalent neutral class of ML,X (see Fig. 4) corresponding
to a valency number of 1 from which a d® configuration is
derived. The problem with this assignment is that four-coordi-
nate d® complexes are either square planar and diamagnetic
or, if tetrahedral, paramagnetic. The CBC method thus fails
to account for the tetrahedral, diamagnetic nature of
[Co(CO),] 2%

Compounds containing metal-metal bonds

Consider the two mercury compounds HgCl, and Hg,Cl,. In
the latter (whose redox properties are the basis of the calomel
electrode), the presence of a Hg-Hg bond leads to both com-
pounds being classified as MX, species under CBC rules. Both
certainly contain divalent mercury but the oxidation state in
each is different; in the former, the mercury is in oxidation
state II whilst in the latter it is I. The obvious difference in the
chemistry of these two compounds is that HgCl, does not react
with chlorine whereas Hg,Cl, does, being oxidised to HgCl,
[see Scheme 1(a)]. Likewise, treatment of HgCl, with a redu-
cing agent gives Hg,Cl,. This redox chemistry is entirely to be
expected based on the oxidation states involved whereas no
such insight is gained from the recognition that both species
are classified as MX,.

Furthermore, this is a general problem within the CBC
approach when considering compounds that contain element-
element bonds. Consider the three manganese compounds
shown in Scheme 1(b): Na[Mn(CO)s], a Mn nucleophile; [MnCl
(CO)s], a Mn electrophile; [Mn,(CO),0), a source of Mn(CO)s5
radicals and which can be oxidised by Cl, or reduced by Na
metal. The CBC method classifies each of them as MLsX with
a d°® configuration (wrongly, we maintain, for Na[Mn(CO)s])
whereas the oxidation state of the Mn would be assigned as -I,
I and O respectively. The different oxidation states in these
three compounds leads to an expectation of them having the
different chemistries they exhibit, in contrast to the CBC
approach which obscures their differences. This is one of the
reasons why we disagree with the following statement made in
comparing CBC with OS:® ‘Specifically, because the oxidation
state approach reduces the description of a covalent molecule to
the value of the charge on an isolated atom, with no ligands
attached, it is evident that the oxidation state assignment can
provide only very limited insight into the nature of the molecule
itself’ [original emphasis].

Having made the points outlined above, it should be recog-
nised that oxidation states can only be assigned to individual
atoms in molecules. For mononuclear metal complexes, the
utility of the OS method and the derived d” configuration for
rationalising and predicting structural, physical and chemical
properties lies at the core of much of the teaching of transition
metal chemistry. For binuclear compounds, however, the situ-
ation regarding the assignment of d” configurations requires
some discussion. For example, in [Mn,(CO);,] the oxidation
state of the Mn centres is 0 with a derived d” configuration for
each Mn, according to the OS method for calculating d” set
out in Chart 1 and shown in Scheme 1(b). However, if the
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Scheme 1 An illustration of how the OS method is useful for rationalising the redox chemistry associated with compounds containing metal-metal

bonds.

value of n in d" is the number of essentially non-bonding d
electrons associated with the metal centre (albeit recognising
that they will be involved to some degree in both o- and
n-bonding interactions), then the presence of the Mn-Mn o-
bond in [Mn,(CO),,], which clearly involves the use of one d
electron from each Mn centre, means that a d® assignment for
each Mn in [Mn,(CO),,] would be more appropriate.>®> The
CBC method, which classifies each Mn in [Mn,(CO),c] as
ML;X, means that a value of d® is arrived at directly and this is
clearly an advantage of the CBC approach over that of the OS
method (this point is made explicitly in ref. 5). Nevertheless,
this must be set against the CBC assigning the same
equivalent neutral class to all three manganese species
in Scheme 1(b) which thereby obscures the conspicuous
differences in their chemistry.

Homogeneous catalysis

One of the great success stories of organometallic chemistry
over the last half century or more has been its application in
homogeneous catalysis. Oxidation states are of such widespread
use in understanding the mechanisms of organometallic cataly-
sis that they are embedded in all textbook discussions of the
topic. In many catalytic cycles, the metal interchanges between
two oxidation states, often separated by two units, via oxidative
addition and reductive elimination steps. Some notable
examples: are Rh(1)/Rh(m) or Ir(1)/Ir(u) in alkene hydrogenation,
methanol carbonylation, hydroformylation and hydroborylation;
Ni(0)/Ni(1) in hydrocyanation; Pd(0)/Pd(u) in a plethora of C-C,
C-N and C-O coupling reactions (Scheme 2); Pt(0)/Pt(u) in
alkene and alkyne diboration, hydrosilylation and hydrophos-
phination. The oxidation state changes are unambiguous, and
the geometries of the intermediates can be understood in terms
of the derived d” configurations. Using the CBC method to
reclassify the various species in the catalytic cycle with a MLXZ
designation does offer an alternative approach. However,
although (as noted earlier for polyhydrides) some care should
always be exercised in interpreting chemical behaviour in terms
of oxidation states, it is frequently intuitively clear why strongly

This journal is © The Royal Society of Chemistry 2022

R—Y R—X
[Pd©)]
reductive oxidative
elimination addition
[Pc|j(”)]—R [P<|1(")]—R
Y X

transmetallation

=~

M—X M—Y

Scheme 2 An outline generic mechanism for Pd-catalysed cross-
coupling reactions (Y can be a C-, N- or O-nucleophile) showing the
critical role of the oxidative addition and reductive elimination steps.
Electron-rich phosphines are often the ligands of choice for these reac-
tions which can be rationalised by recognising that the oxidative
addition is the turnover-limiting step.?®

electron-donating ligands and strongly electron-accepting
ligands might preferentially stabilise higher and lower oxidation
state species respectively and thereby modulate the rates of par-
ticular steps or even arrest them completely (see caption to
Scheme 2 for an example). Again, such insight does not so
easily follow from a CBC classification of the species present in
the cycle.**

Z ligands

As noted in Chart 1 and described in detail in ref. 4-6, the
CBC method classifies Z ligands as electron-pair acceptors (i.e.
as a Lewis acid) with the metal centre acting as an electron-
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pair donor (i.e. as a Lewis base). Although not a common class
of ligand, many complexes have now been characterised which
incorporate a multidentate boratrane ligand which comprises
a Z-type boron centre along with usually two or three S- or
P-donor sites, each one of which can be labelled as an L
ligand.?® There has been much discussion and some disagree-
ment about how to treat boratranes (and indeed Z ligands gen-
erally) in terms of assigning an oxidation state to the metal to
which they are bound. One approach®” favours treating the boron
as neutral, both in the sense of formal charge and its effect on
determining an oxidation state, whereas the other approach,®®
based on the rules of the CBC method, effectively assigns a 2—
charge to the boron centre. This, of course, has implications for
the d” configuration assigned to the metal centre: d” in the
former and d"? in the latter (see Fig. 5). Here is not the place to
reprise the arguments set out in ref. 27 and 28 in detail and it is
accepted that ligands of this type are problematic when it comes
to assigning an oxidation state. Electronegativity is of little help
since boron’s electronegativity is within the range seen for many
transition metals. In terms of partitioning according to a closed-
shell approach, then BX; does not have a closed shell whereas
BX;>~ does; however, [BX;]*~ dianions are very rare boron(i)
species outside of this context and it appears to be equally valid
to consider a metal-BX; complex to be a conventional Lewis
acid-base adduct. It is worth noting that there is a parallel
between BX; and H' (the other common Z ligand); once co-
ordinated, H' can be treated as H™ (hydride being a well-known
chemical species) making protonation of a metal centre an
example of oxidative addition.

It should be pointed out that, in addition to the issues with
c-acceptor Z ligands discussed above, complexities arise where

[
— [ \
’ \ 1 \
/ \ 1 \
Z — \ I 1
1 \ 1 \
\ \ 1 \
1 \ 1 \
1 \ 1 \
1 \ 1 )
1 \ 1 Z
1 \ M 1 !
\ \ 1 1
1 \ 1 !
\ \ 1 "
! 1
I‘ L’ 1 \ K
, \ 1
IV
\ 1
\ 1
\ 1
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M—Z

MX,
(b)

Fig. 5 The bonding of Z ligands to metals will depend on the matching
of the relative energies of the HOMO on M and the acceptor orbital
(LUMO) on Z which in turn will depend on the oxidation state and
ligands bonded to the metal as well as the substituents on the Z ligand.
The nature of the M-Z bond will vary from a Lewis Acid—Base inter-
action (a) with only a small perturbation of the M non-bonding electrons
(giving a d” configuration) to a more covalent interaction (b) which
would lead to an effect on the M non-bonding electrons similar to the
attachment of an X, ligand (giving a d"~2 configuration).
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the Z formalism is applied to m-acceptor ligands. Consider car-
benes, for example. These are classified within the CBC frame-
work as X, in the case of Schrock alkylidenes or as L in the
case of Fischer carbenes.” Schrock alkylidenes (which are
nucleophilic carbenes) can be considered as complexes of
CR,>~ whereas Fischer carbenes (which are electrophilic car-
benes) are neutral, ie. CR,. However, in Table 6 in ref. 6,
Fischer carbenes are classified as LZ' for which the following
explanation of Z' is provided (for CR, as well as for CO, bent
NO, C¢Hg, C4Hg and C,H, which are also classified with a Z'
component): ‘The Z' backbonding component is undetermined. As
such, it is neglected for the purpose of determining the [ML/X,Z,]
classification...’. Further on in the same article,® it is proposed
that the Z’' component can be neglected for CO but not for NO
which requires extensive backbonding to coordinate to a metal
centre; this relates in part to the discussion noted earlier
about NO being classified as a LXZ ligand and the reason for
the Z component being explicitly included. However, are CO
and NO that different? CO is universally considered to be an
excellent n-acceptor when coordinated to electron-rich metals
and could quite reasonably be denoted as an LZ ligand in such
cases. However, LZ is equivalent to X, (Chart 1) and so a term-
inal CO could be considered to be an X, ligand and species
such as [W(CO)s] would then be classified as MX;,! The point
here is that if the Z' component is significant then LZ’ effec-
tively becomes LZ and LZ is equivalent to X,. At some stage,
therefore, a judgement has to be made about how to treat a
ligand such as CR, (or for that matter C,H, vs. C,F,) according
to the substituents the ligand carries. Moreover, this is no idle
judgement since the choice of LZ or X, affects the metal d-elec-
tron count in much the same way as does the argument over
the 6-Z ligands outlined above. A nuanced and considered dis-
cussion about Z interactions (and particularly n-Z interactions)
is set out in some detail in ref. 6. However, the point remains
that if it is accepted that judgements have to be made in the
designation of common ligands within the CBC method (i.e. L
vs. X, according to how much Z component there is), it is not
unreasonable to make a judgement in terms of boratranes and
that it might be the case that one or other of the descriptions
is more appropriate in different cases. Indeed, computational
studies for two particular boratranes are considered in ref. 27
for which it seems that precisely such a judgement should be
made in terms of the nature of the M-B bond and the result-
ing d-electron count.

Concluding remarks

Arguments about the usefulness or otherwise of oxidation
states are nothing new’ and we can highlight a robust and rela-
tively recent exchange of views concerning oxidation states and
calculated charges on metals in a range of solid-state tran-
sition metal compounds.>® Chemistry is a complicated subject
and like all complicated subjects, whilst we strive for and value
simple models to help us rationalise what we observe, we must
accept that there will sometimes be exceptions to even the
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most useful of them. Consider for example, Crystal Field
Theory and VSEPR Theory in inorganic chemistry, or the use
of curly arrows in organic chemistry. These are tremendously
valuable heuristics, but there are limitations to their appli-
cation, and we should not judge them too harshly as a result
when those limitations are exposed. In the context of this
article, we contend that there will never be a simple and easily
taught model that will work in every case when it comes to
counting electrons and assigning their distribution within a
molecule because any such model will always be an approxi-
mation for MO theory. We are minded to quote Frenking,
Schwerdtfeger and co-workers who, in a recent review article,
offer the following aphorism: ‘Chemical bonding models are not
right or wrong, they are more or less useful’.>° This is sometimes
stated even more succinctly as, ‘All models are wrong but some
are useful’.*!

There is no doubt that the CBC approach has considerable
merit in the teaching of chemistry, and of organometallic
chemistry in particular, but the same can also be said for oxi-
dation states. Neither is without its difficulties in certain
cases, but both should be part of the toolbox of any chemist
intent on understanding the endless variety of chemical com-
pounds and the reactions they undergo. We argue that the two
approaches should be seen as complementary. In many cases,
either will suffice whilst in other situations one or other may
offer some advantage. Inasmuch as a plurality of models offers
a challenge to us as educators, then that is a challenge we
must embrace rather than seek to avoid.
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