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Copper(I) and silver(I) carbonyls. To be or not to be nonclassical
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The traditional, or classical, picture of M–CO bonding is
not a good model for more than 200 metal carbonyl species
with average �(CO) values greater than 2143 cm�1. These
“nonclassical” complexes, exemplified in this Perspective
by the cations Cu(CO)n

� and Ag(CO)n
� (n � 1–4), possess

M–CO interactions that are best described as M←CO
� bonds having a significant electrostatic component.
There is relatively little M→CO � backbonding. However,
despite the similarity in �(CO) values, homologous
Cu(CO)n

� and Ag(CO)n
� complexes behave differently

when subjected to perturbations such as stretching the
metal–carbon bonds or adding a pair of weak ligands to
the metal center.

Introduction
Metal carbonyl chemistry is a mature discipline. The first metal
carbonyl complex, cis-PtCl2(CO)2, was reported in 1870 1 and
the first homoleptic metal carbonyl, Ni(CO)4, in 1890.2 It is
impossible to know how many compounds and materials con-
taining M–C���O linkages have been prepared since then, but the
total is likely to be in the tens of thousands. As any scientifically
interesting collection grows over time, it is inevitable that
scholars will want to systematize that collection, and some
scholars will disagree with others over the degree the systemiz-
ation that is appropriate.3 Biology, for example, has its taxon-
omists, who are sometimes known as “splitters” or “lumpers”.
As far as metal carbonyl chemistry is concerned, we find our-
selves on the side of the splitters, acknowledging the similarities
between compounds but choosing to dwell on their differences.

For those chemists who design and synthesize new molecules
with specific properties, an understanding of the differences is
of vital importance.

Listed below are five pairs of statements that students of
inorganic chemistry are usually taught about transition metal
carbonyls. Although it may seem at first that each pair of
statements is merely two ways of expressing the same concept,
there are important distinctions that will become obvious
shortly.

1a. CO is a σ donor and a π acceptor ligand;
1b. M–CO bonds have a significant M←CO σ component and

a significant M→CO π component;
2a. The π component (π backbonding) involves the transfer

of electron density from metal dπ orbitals to CO π*
orbitals;

2b. C–O distances (R(CO)) are longer and ν(CO) values are
lower for metal carbonyls than for the free CO molecule
(1.1282 Å and 2143 cm�1, respectively);

3a. Adding a donor ligand L to a metal carbonyl complex
increases the electron density at the metal center and
enhances M→CO π backbonding;

3b. Adding a donor ligand L to a metal carbonyl complex
results in a stronger, shorter M–CO bond and a weaker,
longer C–O bond;

4a. Substituting an ancillary ligand L with one that is a
stronger σ donor enhances M→CO π backbonding;

4b. Substituting an ancillary ligand L with one that is a
stronger σ donor results in a stronger, shorter M–CO bond
and a weaker, longer C–O bond;
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5a. The transformation LM(CO)n→LM(CO)n � 1 � CO results
in fewer π-acceptor CO ligands competing for the same
metal dπ electron density;

5b. The transformation LM(CO)n→LM(CO)n � 1 � CO results
in weaker, longer C–O bonds and lower ν(CO) values.

Statements 1a, 2a, 3a, 4a, and 5a (1a–5a) are universally true.
Unbeknownst to most students (and perhaps some instructors),
however, there is a growing class of transition metal carbonyls
that violate one or more of Statements 1b, 2b, 3b, 4b, and/or 5b
(1b–5b). For example, there are now more than two hundred
metal carbonyl species with average ν(CO) values higher than
2143 cm�1.4 In three cases for which very precise X-ray diffrac-
tion data are available, these have been shown to have R(CO)
values shorter than 1.1282 Å at the ±3σ level of confidence.5,6

Furthermore, in at least one case, dissociation of CO from a
tricarbonyl complex resulted in a dicarbonyl complex with a
higher, not a lower, ν(CO) value.7 There are several recent 4 as
well as older reviews 8 of the chemistry of these unusual metal
carbonyls.

Discussion
We will now highlight the similarities and differences between
the vast majority of metal carbonyls and the ones that
violate one or more of Statements 1b–5b by comparing two
homologous sets of metal carbonyl cations, Cu(CO)n

� and
Ag(CO)n

� (n = 1–4). A wealth of information has been pub-
lished about these complexes. The mono- and di-carbonyls were
previously studied theoretically by several investigators;9 more
recently, all eight complex cations were studied by Frenking and
co-workers at the CCSD(T) level of theory.4g,10 All eight com-
plexes can be generated in the gas phase, and sequential M–CO
bond energies have been measured with good precision by
Armentrout and co-workers.11 Seven of the eight complexes
have been generated in condensed phases.12 Using strong protic
acids such as BF3�H2O and HSO3F, Souma and co-workers
generated Cu(CO)�, Cu(CO)2

�, Cu(CO)3
�, Cu(CO)4

�,
Ag(CO)�, and Ag(CO)2

�.12a,b Zhou and Andrews recently
reported IR spectra of the four Cu(CO)n

� cations isolated in
Ne/CO matrices at 4 K.12c Using highly fluorinated anions,
Passmore and co-workers prepared the solid compound
[Cu(CO)][AsF6]

13a and we prepared the solid compounds
[Cu(CO)2,3][AsF6],

13b [Cu(CO)4][1-Et-CB11F11],
6 [Ag(CO)]-

[SbF6],
14 [Ag(CO)2][B(OTeF5)4],

15 and [Ag(CO)3][Nb(OTeF5)6].
7

Both [Ag(CO)2][B(OTeF5)6] and [Cu(CO)4][1-Et-CB11F11]
have been structurally characterized. As far as crystalline com-
pounds containing the eight cations Cu(CO)n

� and Ag(CO)n
�

are concerned, the above list includes those that have
only weak M � � � F bonds in addition to the M–CO bonds.
Related compounds that contain stronger metal–ligand bonds
and have been structurally characterized include Ag(CO)-
(B(OTeF5)4) (two Ag–O(B,Te) bonds),15 Cu(CO)2(N(SO2CF3)2)
(one Cu–N bond),16 Cu(CO)2(1-Bn-CB11F11) (one η2 copper–
arene bond),6 and (Cu,Ag)(CO)(Tp�) (three Cu–N or Ag–N
bonds; Tp� = hydridotris(3,5-bis(trifluoromethyl)pyrazol-1-yl)-
borate).17 In addition, there is an extensive literature on the
generation of Cu(CO)n

� and Ag(CO)n
� species in a variety of

zeolites.18

How are the cations Cu(CO)n
� and Ag(CO)n

� similar to each
other but different than the vast majority of metal carbonyls? It
was predicted that all eight cations would have ν(CO) values
greater than the value for free CO,10,12c in harmony with
experimental data for the seven cations studied in condensed
phases with fluoroanions or in Ne/CO matrices. For example,
the sets of cm�1 values {νasym(CO), νsym(CO)} for the D∞h

Cu(CO)2
� and Ag(CO)2

� cations in [Cu(CO)2][AsF6]
14 and

[Ag(CO)2][Nb(OTeF5)6]
16 are {2164, 2177} and {2196, 2220},

respectively. The average values, 2171 and 2208 cm�1, are 28
and 65 cm�1 higher than 2143 cm�1. As another example, the

νasym(CO) value for the Td Cu(CO)4
� cation in [Cu(CO)4][1-Et-

CB11F11] is 2184 cm�1.6 In contrast, the νasym(CO) values for
the isoelectronic species Ni(CO)4, Co(CO)4

�, Fe(CO)4
2�, and

Mn(CO)4
3� are 2058, 1883, 1729, and 1670 cm�1, respectively,

all lower than 2143 cm�1.19 Relevant IR and Raman data for
Cu(CO)n

� and Ag(CO)n
� are listed in Table 1.

The CO triple bond is one of the strongest known chemical
bonds. Because of the depth of its potential energy well, even
a dramatic change in CO bond energy upon coordination to a
metal center would result in only a modest change in R(CO). In
the past, crystal structures of metal carbonyls were rarely of
sufficient precision that derived R(CO) values were significantly
different than 1.1282 Å (i.e., significant at the ±3σ level of con-
fidence). However, R(CO) values for [Cu(CO)4][1-Et-CB11F11],
1.110(3), 1.114(3), 1.109(4), and 1.111(4) Å,6 and for Cu(CO)2-
(1-Bn-CB11F11), 1.109(3) and 1.115(3) Å,6 are all significantly
shorter than 1.1282 Å (a related example is Pd(CO)2(SO3F)2,

5

in which one of the two R(CO) values, 1.102(6) Å, was found to
be significantly shorter than 1.1282 Å). Compare, for example,
the significantly longer R(CO) values in two recently published
metal carbonyl structures, [HL][Co(CO)4] (L = quinuclidine),
with R(CO) = 1.150(2)–1.153(2) Å,20 and [NEt4][Cr(CO)4(NH-
MeCH2CO2)], with R(CO) = 1.154(3)–1.165(3) Å.21 These and
other relevant data are displayed in Fig. 1.

The data just presented highlight the fact that the diatomic
molecule CO can respond in two completely different ways when
it binds to a metal center. In the vast majority of cases, the
response is that R(CO) increases and ν(CO) decreases. This
large category of metal carbonyls could be called common,
ordinary, or usual; we have chosen to call it classical. Strictly
speaking, we should say that metal carbonyls in this category
are classical with respect to Statement 2b. The other response is
that R(CO) decreases and ν(CO) increases, and we call metal
carbonyls in this category nonclassical with respect to State-
ment 2b. The reason for the nonclassical response, which has
been discussed at length in several recent reviews 4 and will be
summarized below, is that π backbonding is severely limited
when the metal center has no dπ electrons, has a high effective
nuclear charge, is very electronegative, and/or has an unusually
long M–CO distance due to σ repulsion. Fig. 2 displays some of
the relevant experimental and theoretical data illustrating the
classical (down) and nonclassical (up) responses, with respect to
free CO, in a series of one-dimensional graphs. The graph on
the right demonstrates that some copper() carbonyls are non-
classical and some are classical with respect to Statement 2b.
Fig. 3 shows the convolution of σ-bonding, π-bonding, and
metal-ion charge effects on ν(CO) or R(CO).4e Note that π
backbonding is less important at long M–CO distances than

Table 1 Carbon–oxygen stretching frequencies

ν(CO), cm�1

Complex Counter ion IR Raman Ref.

Ag(CO)�

Ag(CO)�

Ag(CO)2
�

Ag(CO)3
�

Cu(CO)�

Cu(CO)2
�

Cu(CO)3
�

Cu(CO)4
�

Ni(CO)4

Co(CO)4
�

Fe(CO)4
2�

Mn(CO)4
3�

SbF6
�

Nb(OTeF5)6
�

Nb(OTeF5)6
�

Nb(OTeF5)6
�

1-Et-CB11F11
�

AsF6
�

Ne/CO matrix
AsF6

�

Ne/CO matrix
AsF6

�

Ne/CO matrix
1-Et-CB11F11

�

Ne/CO matrix
None
Na�

Na�

Na�

2185
2204
2196
2191
2175
2178
2234
2164
2230
2183
2211
2184
2202
2058
1883
1729
1670

2206
2220

2177

2179, 2206

14
15
15
7
6

13(b)
12(c)
13(b)
12(c)
13(b)
12(c)
6

12(c)
19(a)
19(b)
19(b)
19(c)
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σ bonding and metal-ion charge. The turning point on the
resultant curve (ν(CO)max or R(CO)min) represents the M–C dis-
tance at which the opposing effects of π backbonding and
σ bonding plus charge are equal in magnitude. Every metal
carbonyl complex has a unique resultant curve, and the equi-
librium M–CO distance for a given complex, R(MC)eq, may be
to the left or to the right of the turning point. A metal carbonyl
that is classical with respect to Statement 2b is not only to the
left of the turning point on its curve, it is below the horizontal
line that represents free CO. Metal carbonyls that are non-
classical with respect to Statement 2b lie above this line on
their respective curves.

Having highlighted above the similar, nonclassical nature of
the eight complexes Cu(CO)n

� and Ag(CO)n
� with respect to

Statement 2b, it is instructive to point out their differences with
respect to Statements 1b, 3b, and 5b. As far as Statement 5b is
concerned, the transformation [Ag(CO)3][Nb(OTeF5)6] →
[Ag(CO)2][Nb(OTeF5)6] � CO resulted in an increase in νasym-
(CO) (2191 → 2198 cm�1; nonclassical behavior) 7 but the
transformation [Cu(CO)3][AsF6] → [Cu(CO)2][AsF6] � CO
resulted in a decrease in νasym(CO) (2183 → 2164 cm�1;

Fig. 1 Top: carbon–oxygen distances (±3σ) for selected compounds:
a, [Cu(CO)4][1-Et-CB11F11] (ref. 6); b, Cu(CO)2(1-Bn-CB11F11) (ref. 6); c,
Pd(CO)2(SO3F)2 (ref. 5); d, Ag(CO)(B(OTeF5)4) (ref. 16); e, [(CH3)2CH-
CO][SbCl6] (ref. 16); f, [HL][Co(CO)4] (ref. 20); g, [NEt4][Cr(CO)4(NH-
MeCH2CO2)] (ref. 21). Middle: structure of the Cu(CO)4

� cation in
[Cu(CO)4][1-Et-CB11F11]. Selected interatomic distances (Å) and angles
(�): Cu–C, 1.961(3)–1.968(3); C–Cu–C, 104.3(1)–112.1(6); Cu–C–O,
174.8(3)–178.4(3). Bottom: structure of Cu(CO)2(1-Bn-CB11F11).
Selected interatomic distances (Å) and angles (�): Cu–C1, 1.916(3);
Cu–C2, 1.915(3); Cu–C9, 2.218(2); Cu–C10, 2.303(2); C1–Cu–C2,
124.1(1); Cu–C1–O1, 177.7(2); Cu–C2–O2, 177.4(3).

classical behavior).† ,14 As far as Statement 3b is concerned, the
addition of two F� ions at 3 Å along a perpendicular to the C∞

molecular axis of Ag(CO)2
� and Cu(CO)2

� was predicted to
cause an increase in R(AgC) (∆R(AgC) = 0.036 Å; nonclassical
behavior) but a decrease in R(CuC) (∆R(CuC) = �0.034 Å;
classical behavior).10a As far as Statement 1b is concerned, an
infinitesimal lengthening of R(MC) from its equilibrium value
(i.e., from R(MC)eq) was predicted to cause an increase in
R(CO) for Ag(CO)� but a decrease in R(CO) for Cu(CO)�, as
shown in Fig. 4.22 According to one possible definition, “signifi-
cant” π backbonding for a metal carbonyl occurs whenever
R(MC)eq is to the left of the R(MC)/R(CO) curve maximum
for that complex, regardless of whether R(CO)eq is shorter or
longer than the value for free CO. Therefore, Ag(CO)� is non-
classical while Cu(CO)� is classical with respect to Statement
1b.4e,22

In these three cases, a single perturbation, dissociation of one
CO ligand, addition of F� ligands at 3 Å, or a small extension
of the M–C bond, led to two different responses, nonclassical
for the silver() complex in question and classical for the corre-
sponding copper() complex. We are left then, with an interest-

Fig. 2 One-dimensional graphs showing ∆R(CO), ν(CO), and ∆ν(CO)
as a function of metal complex relative to the free CO molecule. All of
the values are experimental except the ∆R(CO) values for Ag(CO)2

�,
Pd(CO)2, and Rh(CO)2

�, which are theoretical values from ref. 10(a).
The ∆ν(CO) value for Cu(CO)� is for the neon-matrix-isolated species
(ref. 12(c)). Abbreviations: X� = 1-Et-CB11F11

�; Y� = 1-Bz-CB11-
F11

�; Z� = Nb(OTeF5)6
�; (Tp�)� = hydridotris(3,5-bis(trifluoromethyl)-

pyrazol-1-yl)borate); Tp� = hydridotris(pyrazol-1-yl)borate).

Fig. 3 Plots of ν(CO) or R(CO) vs. R(MC) for a generic metal
carbonyl complex. The middle curve is the resultant of the upper and
lower curves.

† νsym(CO) also decreased for the pair of copper complexes, from 2206
to 1977 cm�1. νsym(CO) has not yet been reported for [Ag(CO)3]-
[Nb(OTeF5)6].
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ing dilemma. Are Cu(CO)n
� cations classical or nonclassical?

The answer is that it depends on which statement about metal
carbonyls is being considered. All four Cu(CO)n

� complexes are
nonclassical with respect to Statement 2b, but at least one of the
four complexes is classical with respect to Statements 1b, 3b, or
5b. This potential confusion does not diminish the usefulness of
the classical/nonclassical distinction. That the phrase “with
respect to” is needed to answer the question should be no more
disconcerting than the fact that this three-word phrase is also
needed to answer questions unambiguously about the stability
of compounds. For example, is TaF4, an as-yet-unknown com-
pound, stable at 25 �C? It depends on which type of stability is
being considered. Thermochemical cycles have been used to
predict that TaF4 should be stable with respect to metallic tanta-
lum and diatomic fluorine in their standard states and to predict
that TaF4 should be unstable with respect to disproportionation
to the known compound TaF5 and elemental tantalum.23 There-
fore, it is stable with respect to the elements but unstable with
respect to disproportionation. As far as a simple question of
“stability” is concerned, the most sensible approach is to desig-
nate a compound as “unstable” if it is unstable with respect to
at least one set of products, even if it is stable with respect to
other possible sets of products. Accordingly, the most sensible
way to label metal carbonyls may be as follows: any metal
carbonyl complex that violates at least one of Statements 1b–5b
is a nonclassical metal carbonyl. Even if a complex violates
only one of the five statements, its designation as nonclassical
serves to alert other scientists that it is an unusual compound
and that careful scrutiny of it might lead to new chemical
insights and discoveries.

Interestingly, the IR ν(CO) trend for Cu(CO)4
� → Cu-

(CO)3
� → Cu(CO)2

� in their crystalline fluoroanion salts,
2184 cm�1 → 2179 cm�1 → 2164 cm�1,6,13b is reversed for
the neon-matrix-isolated cations, 2202 cm�1 → 2211
cm�1 → 2230 cm�1,12c as shown in Fig. 5. In other words, the
isolated cations Cu(CO)4

� → Cu(CO)3
� → Cu(CO)2

� are
intrinsically nonclassical with respect to Statement 5b. It is the
set of compounds containing these cations and weakly coordin-
ating fluoroanions that is classical with respect to Statement 5b.
Our interpretation of the different trends shown in Fig. 5 is that
Cu � � � F contacts with AsF6

� and 1-Et-CB11F11
� fluoroanions

lower the effective positive charge on the copper() center and
induce additional π backbonding relative to the isolated
Cu(CO)n

� cations. This is supported by the predicted effect,
mentioned above, of the addition of two F� ions at 3 Å along a
perpendicular to the C∞ molecular axis of Cu(CO)2

�.10a Not
only was the Cu–C bond distance predicted to be 0.034 Å
shorter in Cu(CO)2

��2F� (1.850 Å) than in Cu(CO)2
� (1.884 Å),

Fig. 4 Theoretical R(MC) vs. ∆R(CO) curves for the monocarbonyl
cations Cu(CO)� and Ag(CO)�. The open data points indicate the equi-
librium R(MC) values.

but the νsym(CO) value was predicted to be 32 cm�1 lower in
Cu(CO)2

��2F� (2164 cm�1) than in Cu(CO)2
� (2196 cm�1).

Both results are clear manifestations of additional π back-
bonding induced by the presence of weak Cu � � � F contacts in
[Cu(CO)2][AsF6] and [Cu(CO)3][AsF6]. Note that the choice of
3 Å for the Cu � � � F distance in the computational study was
dictated by the observation of Ag � � � F distances of 2.75(1)–
3.19(1) Å in the structure of [Ag(CO)2][B(OTeF5)4].

15 A drawing
of one of the Ag(CO)2

� cations in that structure, with its seven
Ag � � � F contacts, is shown in Fig. 6. The difference between
the neon-matrix IR ν(CO) value and the fluoroanion salt IR
ν(CO) value is 66 cm�1 for Cu(CO)2

�, 28 cm�1 for Cu(CO)3
�,

and 18 cm�1 for Cu(CO)4
�. This suggests that there are fewer

and longer Cu � � � F contacts as the number of CO ligands
increases, a perfectly sensible result. In fact, there are only two
Cu � � � F contacts shorter than 3.2 Å in [Cu(CO)4][1-Et-CB11F11]
(3.14 and 3.19 Å); the next two Cu � � � F contacts in this salt are
3.48 and 3.55 Å.6

Let us see what chemical insights are provided by a closer
examination of copper() and silver() M(CO)n

� complexes. The
experimental M–CO bond dissociation energies for Cu(CO)�

and Ag(CO)� are 36 and 21 kcal mol�1, respectively 11 (the
CCSD(T) predicted values are 31 and 21 kcal mol�1, respec-
tively 10b). The Cu�–CO bond is 70% stronger than the Ag�–CO
bond, a difference much larger than commonly observed for 3d
vs. 4d metal–ligand bond energies within a triad. Furthermore,
Ag–C distances in silver() carbonyls are ca. 0.2 Å longer than

Fig. 5 Plots of ν(CO) values for Cu(CO)4
�, Cu(CO)3

�, and Cu(CO)2
�

vs. number of CO ligands. Note that the trend for the fluoroanion salts
is the same whether IR ν(CO) or average ν(CO) values are considered.

Fig. 6 One of the three unique Ag� coordination spheres in
[Ag(CO)2][B(OTeF5)4]. Selected distances (Å) and angles (�):
Ag–C, 2.16(4), 2.20(4); C–O, 1.07(5), 1.09(5); Ag � � � F, 2.75(1)–3.19(1);
Ag–C–O, 173(3), 178(3); C–Ag–C, 169(1).
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Cu–C distances in similar compounds. Compare, for example,
the Ag–C distance in Ag(CO)(B(OTeF5)4), 2.10(1) Å,15 with the
Cu–C distance in Cu(CO)Cl, 1.86(2) Å,24 or the Ag–C distance
in Ag(CO)(Tp�), 2.037(5) Å, with the Cu–C distance in
Cu(CO)(Tp�), 1.808(5) Å.17 One might therefore ask, are Ag�–
CO bonds long and weak because there is negligible π back-
bonding or is there negligible π backbonding because Ag�–
CO bonds are long and weak? The answer is that Ag�–ligand σ
bonds are intrinsically long and weak relative to Cu�–ligand
σ bonds because of greater σ repulsion in Ag� complexes. For
one- or two-coordinate d10 metal complexes, σ repulsion is due
to the interaction of filled ligand σ MOs with the filled metal dz2

(dσ) atomic orbital. For these complexes, sdσ mixing results in a
shift of metal electron density from the z axis (the metal–ligand
axis) to the xy plane, decreasing the σ repulsion and allowing
for shorter, stronger metal–ligand σ bonds.25 The amount of sdσ

mixing depends on the s–dσ energy gap, and although this can-
not be measured directly, others have estimated it to be equal to
the lowest energy d9s1←d10 electronic transition energy.25 The
s–dσ energy gaps 26 and d-subshell energy levels for Cu� and Ag�

are depicted in Fig. 7 (the d-subshell energies correspond to
the second ionization potentials of the neutral atoms). Note
that there would be no corresponding 4dz2 σ repulsion for two-
coordinate d8 Rh� complexes. For example, ab initio calcu-
lations have been used to predict that the Rh�–CO bonds
in Rh(CO)2

� are ≈50% stronger than the Ag–CO bonds in
Ag(CO)2

�, a consequence of stronger σ bonding as well as sig-
nificant π backbonding for Rh� (see below).27 The Ag� ion,
with a larger s–dσ energy gap than Cu�, forms considerably
weaker metal–ligand σ bonds than Cu�. This explanation is
consistent with the Ag(CO)� plot in Fig. 4, which suggests that
the Ag� ion is, in principle, capable of as much π backbonding
to a CO ligand as the Cu� ion for equal M–CO distances. The
lack of significant backbonding in Ag(CO)� is primarily
because the equilibrium Ag–CO distance is too long to allow
for effective Ag–C π overlap.

Fig. 7 reveals a second reason why there is little π backbond-
ing in Ag(CO)�. In addition to a long Ag–C bond, which is not
conducive to effective π backbonding, the second ionization
energy of silver atoms is 21.5 eV, the highest value for any metal
in the periodic table with the exception of the alkali metals.
For comparison, the second ionization energies of copper and
rhodium atoms are 20.3 and 18.1 eV, respectively. It is now
abundantly clear why CO binds so weakly to Ag� in Ag(CO)�.

Fig. 7 Orbital energy diagram for monovalent copper and silver.
The d-subshell energies correspond to the second ionization potentials
for the neutral atoms. The s–d energy gaps correspond to the lowest
energy d9s1←d10 electronic transition energies for the gas-phase M�

cations.

This metal ion has three strikes against it: (i) the relatively large
s–dσ energy gap leads to significant σ repulsion and a weak
σ bond; (ii) the weak and long Ag–C bond prevents effective π
overlap; and (iii) the high second ionization energy of Ag� sig-
nals a very high effective nuclear charge, which also precludes
effective π backbonding.

Another important chemical insight concerns Cu(CO)n
�

complexes and related copper() carbonyl complexes containing
ancillary ligands. The right-hand graph in Fig. 2 demonstrates
convincingly that Cu� is capable of π backbonding to CO and
that the extent of π backbonding is determined by the basicity
of the ancillary ligands. By forming moderately strong bonds to
CO with some π backbonding, but not too much π backbond-
ing, several copper() salts are well suited for the reversible
binding of CO. This property has led to the widespread use of
supported CuCl and related salts for the industrial purification
of CO by reversible pressure-swing or vacuum-swing adsorp-
tion/desorption processes.28 In all known adsorbents involving
CuCl, the limiting Cu :CO stoichiometry is 1 :1. An under-
standing of the structure and bonding of nonclassical
Cu(CO)nX compounds has recently led to the design of
improved copper()-containing CO adsorbents with Cu :CO
stoichiometries of 1 :2, 1 :3, and even 1 :4.29 A possible design
criterion for new reversible adsorbents for CO is the position
of a compound on its R(MC) vs. ∆R(CO) curve (see Fig. 4).
It is possible that good performance might be found for
carbonyls of other metals if they, like Cu(CO)�, have positions
on their respective curves that are to the left of the curve
maximum but above the horizontal line that represents free
CO.

How can the position of a complex relative to its curve
maximum be determined? In addition to theoretical calcu-
lations, there are two potential, if difficult, experimental
approaches. The first approach is to determine the sign of the
M–C/C–O bond-stretch interaction force constant, F(MC,CO).
This should be positive to the left of the curve maximum and
negative to the right of the curve maximum. As an example
using metal cyanide complexes, F(MC,CN) is 0.31(5) mdyn Å�1

for [Au(CN)2]
� but only 0.02(3) mdyn Å�1 for Hg(CN)2, and

the difference has been attributed to less π backbonding for
the Hg2� complex than for the Au� complex.30 A problem with
the F(MC,CO) approach is that such interaction force con-
stants are generally small and have relatively large experimental
errors. The second approach would involve high-pressure
spectroscopy. Compressing a solid sample leads to compres-
sion of all bonds in a compound, but M–CO bonds would be
especially susceptible to compression since they have relatively
low force constants and consequently relatively shallow
potential energy surfaces. Compressing the M–C bond or
bonds should lead to a negative value of ∂(ν(CO))/∂P to the
left of the curve maximum and a positive value of ∂(ν(CO))/
∂P to the right of the curve maximum. Of course there are
also potential problems with this approach. It will be interest-
ing to see if either approach leads to results that are consist-
ent with theoretical calculations.

Conclusion
We have identified five ways that a metal carbonyl species can
deviate from the classical behavior of most metal carbonyls.
Accordingly, we have suggested that a metal carbonyl be con-
sidered nonclassical if it is shown to violate any one of State-
ments 1b–5b listed above. Semantics aside, the more important
purpose of this Perspective is to highlight the unusual spectro-
scopic and structural properties of a small but growing class of
metal carbonyls, to suggest that unusual (and perhaps useful)
chemical properties might be found for new metal carbonyls
with limited π backbonding, and to encourage more synthetic
chemists to turn their attention to these reactive and fascinating
compounds.
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