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cadmium: an alternative structure
for a thermally stable cadmium carbonyl
compound†

Erika Amemiya, Aaron Loo, Daniel G. Shlian and Gerard Parkin *

An alternative description is provided for the previously reported novel tetranuclear cadmium carbonyl

compound, [Cd(CO)3(C6H3Cl)]4. Specifically, consideration of single crystal X-ray diffraction data

indicates that the compound is better formulated as the rhenium compound, [Re(CO)3(C4N2H3S)]4.

Furthermore, density functional theory calculations predict that, if it were to exist, [Cd(CO)3(C6H3Cl)]4
would have a very different structure to that reported. While it is well known that X-ray diffraction may

not reliably distinguish between atoms of similar atomic number (e.g. N/C and Cl/S), it is not generally

recognized that two atoms with very different atomic numbers could be misassigned. The

misidentification of two elements as diverse as Re and Cd (DZ ¼ 27) is unexpected and serves as an

important caveat for structure determinations.
Introduction

The early discoveries that carbon monoxide can coordinate to
a metal center paved the way for many important industrial
applications, as exemplied by the Monsanto acetic acid
process and olen hydroformylation.1 This area of chemistry,
however, has been dominated by transition metals, a fact that
may be attributed to the stabilization of the M–CO interaction
by p-backbonding due to the availability of occupied metal
d orbitals.2 As such, main group metals that are devoid of
occupied valence d orbitals do not typically form stable metal
carbonyl compounds.3 For this reason, the report of a structur-
ally characterized thermally stable cadmium carbonyl
compound is of particular signicance.4 Therefore, we have
investigated this issue and provide herein an alternative expla-
nation for the proposed structure.
Results and discussion

We are currently interested in the use of main group metal
compounds for catalytic conversions of organic carbonyl
compounds. For example, we have employed zinc compounds
as catalysts for the reduction of CO2 to the formic acid and
formaldehyde oxidation levels, and also the reduction of alde-
hydes and ketones.5 In addition to CO2 chemistry, zinc
ersity, New York, 10027, USA. E-mail:
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eometry optimized structures. CCDC
ystallographic data in CIF or other
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compounds also catalyze reactions involving CO, as illustrated
by the fact that zinc oxide (and also Cu/ZnO) is a catalyst for the
synthesis of methanol from CO and H2.6 As such, the interac-
tion between CO and ZnO has been investigated by a variety of
techniques, which include IR spectroscopy,7,8 solid state 13C
NMR spectroscopy,9,10 ultraviolet photoelectron spectroscopy,11

and scanning tunneling microscopy.12 Zinc carbonyl
compounds have also been generated under matrix isolation
conditions13–15 and in the gas phase,16 but there are no reports of
such compounds that have been structurally characterized by X-
ray diffraction. Cadmium carbonyl compounds have received
even less attention than their zinc counterparts, and were rst
observed by IR spectroscopic studies in an argon matrix.17,18 In
view of the transient nature of these Group 12 metal carbonyl
compounds, the report of the synthesis of a thermally stable
cadmium carbonyl compound, [Cd(CO)3(C6H3Cl)]4,4 which has
been highlighted in a review,19 would be considered to be an
important advance, especially given the novel synthetic
approach. Specically, [Cd(CO)3(C6H3Cl)]4 was reported to be
obtained via the reaction of an aqueous methanol solution of
Cd(O2CCCl3)2 with o-vanillin (Scheme 1), which was described
as a green pathway since the formation of this carbonyl
compound did not involve the use of carbon monoxide.

The formation of [Cd(CO)3(C6H3Cl)]4 from Cd(O2CCCl3)2 and
o-vanillin is an unusual transformation and was considered to
involve two separate sequences (Scheme 2).4 First, the carbonyl
ligands were proposed to originate from decomposition of the
trichloroacetate anion to give chloroform, which converted in
sunlight to CO via phosgene. In turn, the chloroaryl ligands
were proposed to derive by a sequence that involves: (i) initial
oxidation of o-vanillin to o-vanillic acid, (ii) reaction of the o-
vanillic acid with the aforementioned phosgene and CO to
Chem. Sci., 2020, 11, 11763–11776 | 11763
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Scheme 1
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afford 2-chlorobenzene-1,3-dicarboxylic acid upon hydrolysis,
and (iii) decarboxylation of the 2-chlorobenzene-1,3-
dicarboxylic acid to generate the (C6H3Cl)

2� dianion which, in
the presence of Cd2+ and CO, forms [Cd(CO)3(C6H3Cl)]4.

The carbonyl compound [Cd(CO)3(C6H3Cl)]4 attracted our
attention because, if it were to be extended to zinc, the system
could provide novel chemistry relevant to catalysis involving
CO. However, prior to embarking on such a study, we consid-
ered it pertinent to evaluate the nature of [Cd(CO)3(C6H3Cl)]4
in more detail. Since the structural characterization of
[Cd(CO)3(C6H3Cl)]4 relied on single crystal X-ray diffraction,
which is a technique that may be subject to misinterpreta-
tion,20,21 we retrieved the data for [Cd(CO)3(C6H3Cl)]4 that were
deposited in the Cambridge Structural Database (CSD)22 for
further investigation.

Atom displacement parameters are an important aspect of
assessing the correctness of atom assignments, and so we eval-
uated the parameters both visually via an atomdisplacement plot
(Fig. 1) and quantitatively in terms of their absolute and relative
values (Table 1). Examination of the atom displacement plot
(Fig. 1) indicates that the displacement parameters for the
cadmium atoms are exceptionally small by comparison to the
Schem

11764 | Chem. Sci., 2020, 11, 11763–11776
other atoms; alternatively, the displacement parameters for
the outer atoms are much larger than those for cadmium. For
example, the average Ueq value for the cadmium atoms is
0.020 �A2, while those for the carbonyl carbon, carbonyl oxygen
and ring carbon atoms are 0.098 �A2, 0.122 �A2 and 0.074 �A2,
respectively. If normalized to a value of 1.00 �A2 for cadmium,
these correspond to values of 4.96 �A2, 6.19 �A2 and 3.73 �A2,
respectively. Although it is not unusual for the central atom in
a molecule to have smaller displacement parameters than the
outer atoms, the magnitude of the difference is not usually this
large.

As an illustration, the displacement parameters for some
binary carbonyl compounds are summarized in Table 1.23–26

Thus, relative to a value of 1.00�A2 for Ueq of the metal atom,
the carbonyl carbon atoms of the binary carbonyl
compounds range from 1.41 �A2 to 1.53 �A2, while the values
for the oxygen atoms range from 2.16 �A2 to 2.46 �A2. The very
large relative values of 4.96�A2 and 6.19�A2 for the carbon and
oxygen atoms of the carbonyl ligands of [Cd(CO)3(C6H3Cl)]4,
therefore, clearly indicate that the relative Ueq values for the
cadmium atoms of [Cd(CO)3(C6H3Cl)]4 are anomalously
small; it must be emphasized, however, that it is the relative
e 2

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Atom displacement plot for [Cd(CO)3(C6H3Cl)]4 with data taken
from CCDC #185365 (40% displacement parameters).
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value of Ueq for Cd that is anomalous, because the absolute
value is not exceptionally unusual. For example, the value of
Ueq for Cd (0.020�A2) is within the range (0.009�A2 to 0.029�A2)
Table 1 Average values for equivalent isotropic displacement paramete

Ueq(M) Ueq(C) Ueq(O)

Cr(CO)6 0.009 0.014 0.020
Mo(CO)6 0.018 0.025 0.041
W(CO)6 0.029 0.041 0.067
Fe(CO)5 0.014 0.022 0.035
Ni(CO)4 0.016 0.023 0.035
[Cd(CO)3(C6H3Cl)]4 0.020 0.098 0.122

a Ueq(X)rel ¼ Ueq(X)/Ueq(M)

Fig. 2 DFT geometry optimized structure of [Cd(CO)3(C6H3Cl)]4 (left) an

This journal is © The Royal Society of Chemistry 2020
reported for the metals in the binary carbonyl compounds
(Table 1).

The unusually small displacement parameters for the
cadmium atoms relative to the other atoms in [Cd(CO)3(C6H3Cl)]4
strongly indicate that the cadmium atoms have been mis-
identied and should be reassigned to a heavier atom.27 Support
for the proposal that the metal atoms are not cadmium is
provided by the fact that the density functional theory (DFT)
geometry optimized structure of [Cd(CO)3(C6H3Cl)]4 (Fig. 2),
using the coordinates of the experimental structure, failed to
converge to a similar structure to that reported (Fig. 1).4

Key differences between the geometry optimized structure
(Fig. 2, le) and that derived by X-ray diffraction (Fig. 1) are
summarized in Table 2. Specically: (i) the CAr–Cd–CAr bond angles
in the experimentally reported structure of [Cd(CO)3(C6H3Cl)]4 are
very bent (84.4�), whereas the geometry optimized values are
almost linear (162.2�); (ii) the Cd–Cl distances in the experimen-
tally reported structure of [Cd(CO)3(C6H3Cl)]4 are asymmetric
(2.53 �A and 3.68 �A), with there being a much closer interaction
between each chlorine and one of the cadmium atoms, whereas
each chlorine in the geometry optimized structure is located
symmetrically between two Cd centers, with distances (3.19�A and
3.21�A) that are beyond normal bonding interactions; (iii) the three
carbonyl ligands possess a fac disposition in the experimental
structure (CCO–Cd–CCO bond angles in the range 86.4�–88.9�) but a
mer disposition in the geometry optimized structure (CCO–Cd–CCO
rs (�A2) for some metal carbonyl compoundsa

Ueq(M)rel Ueq(C)rel Ueq(O)rel Ref.

1.00 1.45 2.20 23
1.00 1.41 2.28 24
1.00 1.42 2.34 25
1.00 1.53 2.46 26
1.00 1.41 2.16 26
1.00 4.96 6.19 4

d [Cd(C6H3Cl)]4 (right).

Chem. Sci., 2020, 11, 11763–11776 | 11765
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Table 2 Comparison of average metrical data for each Cd center of the experimentally reported structure of [Cd(CO)3(C6H3Cl)]4 and the DFT
geometry optimized structures of [Cd(CO)3(C6H3Cl)]4 and [Cd(C6H3Cl)]4

[Cd(CO)3(C6H3Cl)]4 [Cd(CO)3(C6H3Cl)]4 [Cd(C6H3Cl)]4

Experimentala DFT DFT

d(Cd–CO)/�A 1.855 2.901 —
d(Cd–CAr)/�A 2.194 2.217 2.200
d(Cd–Clshort)/�A 2.526 3.187 3.113
d(Cd–Cllong)/�A 3.680 3.211 3.121
CAr–Cd–CAr/� 84.44 162.15 169.98
CCO–Cd–CCO/� 86.35 76.00 —
CCO–Cd–CCO/� 88.17 76.06 —
CCO–Cd–CCO/� 88.90 151.54 —
Cd–C–O/� 174.64 163.42 —

a Data taken from ref. 4.

Fig. 3 Covalent bond classification of potential bridging ligands
derived from 2-mercaptopyrimidine (top) and 2-mercaptopyridine
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bond angles of 76.0�, 76.1� and 151.5�); (iv) the Cd–C–O bond
angles in the experimentally determined structure are close to
linear (174.6�) but become much more bent in the geometry
optimized structure (163.4�); and (v) nally, andmost signicantly,
the average Cd–CO distance increases considerably from 1.86�A in
the experimental structure to 2.90 �A in the geometry optimized
structure. The latter two observations indicate that Cd–CO inter-
actions in [Cd(CO)3(C6H3Cl)]4 are not signicant. Therefore, we
also geometry optimized the counterpart with no carbonyl ligands,
and, importantly, the structure of [Cd(C6H3Cl)]4 is very similar to
the same moiety in [Cd(CO)3(C6H3Cl)]4 (Fig. 2 and Table 2).

While both (i) the atom displacement parameters and (ii) the
deviation of the geometry optimized structure from the experi-
mentally determined structure clearly indicate that the identity
of the metal atom needs to be reassigned, consideration should
also be given to the possibility that the identities of other atoms
may also need to be reevaluated, especially since it is well
known20,21 that atoms that have similar atomic numbers (e.g. B/
C,28,29 B/N,30 C/N,31 C/O,32 N/O,28,33,34 O/F,35,36 Si/Cl36 and Cl/S37,38)
are oen difficult to differentiate by X-ray diffraction.

In this regard, analysis of compounds listed in the CSD
indicates that, other than [Cd(CO)3(C6H3Cl)]4, there are no
structurally characterized compounds that feature a bridging
C6H3Cl ligand. Moreover, there are only two examples of
compounds that have a related C6H4Cl ligand coordinated to
a single metal center, namely a zirconium compound39 and an
iridium compound.40–42 Although the paucity of compounds
with a k2-chloroaryl ligand is not a reason to exclude them from
consideration, it does suggest that other possibilities should be
considered. Since there are occurrences of Cl/S misidentica-
tion in the literature,37,38 the possibility that the substituent on
the aromatic ring is sulfur merits serious consideration, as does
the possibility that the other atoms coordinated to cadmium are
not carbon, but nitrogen. Indeed, analysis of the CSD indicates
that six-membered heterocyclic nitrogen ligands with sulfur
coordinated to a metal are common. Specically, there are 255
structurally characterized examples of compounds with a k2-
pyridine thiolate ligand,43 and 134 examples of compounds with
k2-pyridimine thiolate ligands.44,45
11766 | Chem. Sci., 2020, 11, 11763–11776
Assuming that the compound proposed to be
“[Cd(CO)3(C6H3Cl)]4” is a carbonyl compound, chemical
bonding considerations, as discussed earlier, dictate that the
cadmium should be replaced with a transition metal. In this
regard, while cadmium is located closer to the second than the
third transition metal series, the fact that the displacement
parameter is anomalously small relative to the other atoms
requires that the new metal be selected from the third tran-
sition series. The most likely candidates are W, Re and Os,
which are well known to form six-coordinate tricarbonyl
compounds; of these, rhenium derivatives are the most
common.46 Recognizing that transition metal carbonyl
compounds typically adopt 18-electron congurations, it is
evident that, according to the covalent bond classication,47

the purported “(C6H3Cl)” moiety must be reassigned to an L3
donor for W, an L2X donor for Re, and an LX2 donor for Os.
Focusing on the above heterocyclic nitrogen ligands derived
from 2-mercaptopyridine and 2-mercaptopyrimidine, the
possible bonding situations are illustrated in Fig. 3.

Of these possibilities, the L2X coordinationmode afforded by
the pyrimidine thiolate ligand (Fig. 3) is appealing because it is
evident that potential compounds can be straightforwardly
obtained from commercially available 2-
(bottom).

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 A tetranuclear rhenium tricarbonyl pyrimidine-2-thiolate
compound.

Fig. 5 Atom displacement plot for [Re(CO)3(C4N2H3S)]4 (40%
displacement parameters).

Fig. 6 Atom displacement plot for [Cd(CO)3(C6H3Cl)]4-Re using
experimental data for [Re(CO)3(C4N2H3S)]4 (40% displacement
parameters).
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mercaptopyrimidine.44,48 Indeed, pyrimidine-2-thiolate
compounds are well known and the rhenium compound
[Re(CO)3(C4N2H3S)]4 (Fig. 4) has been reported.44a The critical
issue, however, is whether the X-ray diffraction data for
[Re(CO)3(C4N2H3S)]4 could reproduce the structure reported for
[Cd(CO)3(C6H3Cl)]4, not only in terms of metrical details and
atom displacement parameters, but also in terms of providing
reasonable renement parameters such that the results could
be considered publishable. In view of the fact that cadmium (Z
¼ 48) and rhenium (Z ¼ 75) differ by the substantial value of 27
in terms of their atomic numbers, such that they have very
different X-ray scattering powers, it is not at all obvious that it is
possible to misassign these elements and yet still achieve
a publishable structure. To provide an answer to this issue, it is
necessary to rene a dataset for [Re(CO)3(C4N2H3S)]4 as the
cadmium compound, [Cd(CO)3(C6H3Cl)]4. While the positional
parameters of the former are available,44a the required structure
factors have not been reported,49 and so we collected X-ray
diffraction data on [Re(CO)3(C4N2H3S)]4.

As is evident from Fig. 5, the molecular structure of
[Re(CO)3(C4N2H3S)]4 shows a striking resemblance to that for
[Cd(CO)3(C6H3Cl)]4 (Fig. 1).4 The crystallographic data for
[Re(CO)3(C4N2H3S)]4 were, therefore, subsequently rened as
[Cd(CO)3(C6H3Cl)]4 (Fig. 6), which hereaer will be referred to
as “[Cd(CO)3(C6H3Cl)]4-Re” to indicate that the cadmium structure
is based on the rhenium data set. Signicantly, there is
excellent agreement between the respective bond lengths
of [Cd(CO)3(C6H3Cl)]4-Re and the published structure of
[Cd(CO)3(C6H3Cl)]4, as illustrated in Fig. 7, with the average devi-
ation in all bond lengths being only 0.039�A. In addition to similar
bond lengths, the relative atom displacement parameters of the
two structures are also comparable (Table 3). The body of evidence,
therefore, indicates that the reported structure of the novel
cadmium carbonyl compound, [Cd(CO)3(C6H3Cl)]4, is actually that
of the rhenium compound, [Re(CO)3(C4N2H3S)]4.

The fact that the X-ray diffraction data for a rhenium
compound can be interpreted as a cadmium compound is most
consequential because this would not at all be expected due to
This journal is © The Royal Society of Chemistry 2020
the signicantly different scattering powers of these elements.
As such, it merits further discussion, and one factor that needs
to be considered is the R value,50 since this is typically used as
a criterion to evaluate the reliability of a structure determina-
tion. In this regard, while the R value for the cadmium rene-
ment (6.78%) is, as would be expected, higher than that for the
rhenium renement (3.43%), it is certainly acceptable for
publication since structures with much higher R values appear
Chem. Sci., 2020, 11, 11763–11776 | 11767
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Fig. 7 Comparison of the bond lengths of [Re(CO)3(C4N2H3S)]4,
refined as [Cd(CO)3(C6H3Cl)]4-Re, with those of the published data for
[Cd(CO)3(C6H3Cl)]4,4 demonstrating an excellent correspondence.

Table 3 Relative average Ueq values
a for [Re(CO)3(C4N2H3S)]4, refined

as [Cd(CO)3(C6H3Cl)]4-Re, together with those of the published data
for [Cd(CO)3(C6H3Cl)]4

[Cd(CO)3(C6H3Cl)]4-Re [Cd(CO)3(C6H3Cl)]4
b

Ueq(Cd)rel 1 1
Ueq(CCO)rel 4.80 4.96
Ueq(O)rel 6.43 6.19
Ueq(Cl)rel 4.47 3.87
Ueq(CCdC)rel 2.89 2.29
Ueq(Cring)rel 4.25 3.73

a Ueq(X)rel ¼ Ueq(X)/Ueq(Cd).
b Data taken from ref. 4.

Table 4 AverageUeq values for [Re(CO)3(C4N2H3S)]4 and the structure
refined as [Cd(CO)3(C6H3Cl)]4-Re

X [Re(CO)3(C4N2H3S)]4 [Cd(CO)3(C6H3Cl)]4-Re Ueq(X)rel
a

M 0.021 0.015 0.71
S/Cl 0.024 0.066 2.75
CCO 0.029 0.070 2.41
O 0.044 0.094 2.14
N/C 0.020 0.042 2.10
Cring 0.023 0.062 2.70

a Ueq(X)rel ¼ Ueq(X)[Cd(CO)3(C6H3Cl)]4-Re]/Ueq(X)[Re(CO)3(C4N2H3S)]4].

Fig. 8 Comparison of Ueq values for [Re(CO)3(C4N2H3S)]4 and the
structure refined as the cadmium compound, [Cd(CO)3(C6H3Cl)]4-Re.
The solid line has a slope of unity and depicts the boundary that
indicates whether the Ueq values for the incorrectly refined structure
are larger or smaller than the correct structure. The dashed line is
drawn through all atoms that have the same assignments in both
structures. Note that the misidentified Re/Cd and N/C pairs are in
distinct locations, in contrast to the S/Cl pairs which cannot be
distinguished on this basis.
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commonly in the chemistry literature. For example, of the
structurally characterized cadmium compounds listed in the
CSD, 20.4% have R values greater than 6.00%.51 In fact, the CSD
contains structures of cadmium compounds with R values as
high as 30.1%.52 Thus, the R value for [Cd(CO)3(C6H3Cl)]4-Re
cannot be used in the present case as a denitive gauge of an
incorrect structure.

Although the R value for [Cd(CO)3(C6H3Cl)]4-Re does not
necessarily indicate an incorrect structure, the small value of
Ueq for cadmium relative to the other atoms does indicate that
there is a problem. To illustrate in more detail the impact of the
incorrect atom assignment on the derived displacement
parameters, the Ueq data for [Re(CO)3(C4N2H3S)]4 and its
renement as the cadmium complex, [Cd(CO)3(C6H3Cl)]4-Re,
are compared in Table 4 and Fig. 8. These data indicate that not
only is Ueq for the cadmium smaller than the value for rhenium
in the correct renement, but the values for the other atoms are
all signicantly larger, as indicated by the fact that they lie
above the correlation line with a slope of unity (Fig. 8). More
specically, whereas Ueq(Cd)/Ueq(Re) is 0.71, the average ratios
for the other groups of atoms are in the range 2.10–2.75 (Table
4).

Examination of the trendline through the atoms that have
the same assignments in both renements (i.e. the carbonyl
groups and ring carbon atoms) illustrates that there is a distinct
11768 | Chem. Sci., 2020, 11, 11763–11776
shi of the nitrogen atoms that are incorrectly rened as carbon
atoms (Fig. 8). This anomaly is of note because even close visual
inspection of the atom displacement plots (Fig. 6) does not
signal an obvious error in the assignment of the N/C pairs of
atoms.

In contrast to the shi observed for the N/C pairs of atoms
(Fig. 8), the S/Cl pairs are not discernably displaced from the
trendline because the proportional difference in atomic
numbers53 between S and Cl (6.25%) is less than that between N
and C (16.67%). Therefore, it is not surprising that visual
inspection of the atom displacement plots (Fig. 6) likewise
provides no clear indication that the chlorine atoms are mis-
assigned. In many cases, incorrect atom assignments are indi-
cated by the observation of unusual “cigar” or “disk” shaped
ellipsoids or by renements that result in atoms becoming
“non-positive denite”.21a–d However, in the present case, the
incorrect atom assignments result in none of the atoms either
becoming “non-positive denite” or exhibiting particularly
unusual shapes. Instead, the assignment of rhenium as
cadmium causes the Ueq values for all other atoms to increase in
This journal is © The Royal Society of Chemistry 2020
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an approximately uniform manner, such that if one were to
focus on the nonmetal atoms, the structure could appear to be
normal. Indeed, the enlarged atom displacement parameters
could also have been interpreted in terms of thermal motion.

In addition to the discrepancy in the magnitudes of the atom
displacement parameters, another indication that there is
a problem with atom assignments may be obtained by evalu-
ating the results of a Hirshfeld “rigid-bond” analysis.54–56

Specically, since vibrations involving bond stretching are of
higher energy than those involved in other vibrational modes,
the components of the displacement parameters of two bonded
atoms should be of similar magnitude along the direction of the
bond. Thus, for two atoms (A and B), where zA

2 and zB
2 are the

mean-square amplitudes along the bond, the difference DAB ¼
zA

2 � zB
2 is expected to be approximately zero.54,55 Indeed, the

C–C, C–N and C–O bonds in organic compounds are typically
characterized by values of DAB less than 0.001 �A2.54,55 However,
for metal compounds, in which there is a large difference in
mass between the metal and the coordinating atom, values of
DAB of approximately 0.003 �A2 (i.e. ODAB z 0.05 �A) are typical
(with the lighter atom having the larger value of z2),57 although
much larger values ofDAB have been reported for metal carbonyl
compounds, e.g. 0.0148 �A2 (i.e. ODAB z 0.12 �A) for [(PPh3)-
RuCo(CO)6(m-PPh2)].58 In this regard, application of the Hirsh-
feld analysis to [Cd(CO)3(C6H3Cl)]4-Re indicates that the ODAB

values for the Cd–X bonds of [Cd(CO)3(C6H3Cl)]4-Re are partic-
ularly large and range from 0.14 �A to 0.26 �A, with an average
value of 0.21 �A.59,60 As such, it is clear that this test provides
further evidence that the cadmium center of [Cd(CO)3(C6H3Cl)]4
-Re is misassigned.

Since the displacement parameters do indeed provide
evidence for the atom misassignment, some consideration
needs to be given as to why it went unnoticed. With respect to
this issue, it appears that the structural determination of
coordination compounds oen seems to focus on the atoms
associated with the ligands, rather than the central metal, a bias
that is presumably a consequence of the belief that the metal is
not usually in doubt. However, there are certainly rational
means by which a compound analyzed may not contain the
presumed metal, which include (i) accidentally selecting an
incorrect container of a reagent for the synthesis of the
compound, (ii) unnoticed metal contamination resulting from
an earlier step in the reaction sequence, and (iii) accidentally
selecting the incorrect vial of crystals while preparing the
sample for data collection.61 If possibilities such as these are not
considered, it is understandable how, without careful scrutiny,
the true identity of the central atom may go unrecognized. The
present example serves as a reminder that exceptional care is
oen required to verify the identity of a compound, which is
especially necessary when the proposed structure is novel;62,63

furthermore, in addition to spectroscopic and analytical data,
a computational analysis of the proposed structure could also
be used to provide useful corroborating data.

Single crystal X-ray diffraction plays a critical role in the
chemical sciences,64,65 such that it is important to appreciate
how misinterpretations may occur. The present example is of
particular note because the ability to rene successfully
This journal is © The Royal Society of Chemistry 2020
a compound that contains rhenium as one that contains
cadmium, two metals that differ substantially in their atomic
numbers (DZ ¼ 27), is unexpected. Other reports of misidenti-
cation in ordered structures typically involve atoms that
possess similar atomic numbers,66–69 and so the example
described here indicates that the problem may be more wide-
spread than realized; it also emphasizes the importance of
paying close attention to the displacement parameters of all
atoms when evaluating a structure renement model.
Summary

In conclusion, the structure reported for the cadmium carbonyl
compound [Cd(CO)3(C6H3Cl)]4, with bridging chloroaryl ligands,
is actually that of the rhenium compound [Re(CO)3(C4N2H3S)]4,
with bridging pyrimidine-2-thiolate ligands. As such, three pairs
of atoms, namely Re/Cd, S/Cl and N/C, have been misidentied.
Of these, the misidentication involving Re and Cd is most
consequential because of the signicant disparity in their X-ray
scattering powers due to their large difference in atomic
numbers (DZ ¼ 27). Thus, while it is well known that X-ray
diffraction may not reliably distinguish between atoms with
similar atomic number (e.g. C and N), the ability of pairs of atoms
with very different atomic numbers to bemisidentied is not well
appreciated. The ability to rene [Re(CO)3(C4N2H3S)]4 as
[Cd(CO)3(C6H3Cl)]4, with an R value that is of publication quality,
is remarkable and serves as a caveat, especially when reporting
the structures of novel compounds.
Experimental section
X-ray structure determination

Crystals of previously reported [Re(CO)3(C4N2H3S)]444a suitable
for X-ray diffraction were obtained from CH2Cl2.70 X-ray
diffraction data were collected on a Bruker Apex II diffractom-
eter, and the structure was solved by using direct methods and
standard difference map techniques, and was rened by full-
matrix least-squares procedures on F2 with SHELXTL (version
2014/7).71 The asymmetric unit contains two molecules of
CH2Cl2, one of which is disordered over two positions and was
modeled by using SADI and EADP restraints. The structure was
also rened as [Cd(CO)3(C6H3Cl)]4 to illustrate the impact of
incorrect atom assignments on the atom displacement param-
eters and renement parameters. The Hirshfeld test was per-
formed with PLATON.56a,b,72 Crystallographic data have been
deposited with the Cambridge Crystallographic Data Centre
(CCDC 2024180-2024181).
Computational details

Calculations were carried out using DFT as implemented in the
Jaguar 8.9 (release 15) suite of ab initio quantum chemistry
programs.73 Geometry optimizations were performed with the
B3LYP density functional using the LACVP** basis sets and
Cartesian coordinates are provided in the ESI.†
Chem. Sci., 2020, 11, 11763–11776 | 11769

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc04596a


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
D

ite
li 

20
20

. D
ow

nl
oa

de
d 

on
 0

7/
09

/2
02

4 
12

:0
2:

59
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Conflicts of interest

There are no conicts to declare.

Acknowledgements

This research was supported by the U. S. Department of Energy,
Office of Science, Office of Basic Energy Sciences, Catalysis
Science Program, under Award DE-SC0019204.

References

1 J.-B. Peng, H.-Q. Geng and X.-F. Wu, The chemistry of CO:
Carbonylation, Chem, 2019, 5, 526–552.

2 (a) R. H. Crabtree, Organometallic Chemistry of the Transition
Metals, Blackwell Science Publ, Oxford, 6th edn, 2014; (b)
G. L. Miessler, P. J. Fischer and D. A. Tarr, Inorganic
Chemistry, Pearson, Boston, 5th edn, 2014; (c) J. F. Hartwig,
Organotransition Metal Chemistry: From Bonding to
Catalysis, University Science Books, Sausalito, 2009.

3 A. J. Lupinetti, V. Jonas, W. Thiel, S. H. Strauss and
G. Frenking, Trends in molecular geometries and bond
strengths of the homoleptic d10 metal carbonyl cations
[M(CO)n]

x+ (Mx+ ¼ Cu+, Ag+, Au+, Zn2+, Cd2+, Hg2+; n¼1-6):
A theoretical study, Chem.–Eur. J., 1999, 5, 2573–2583.

4 S. K. Dey, S. Shit, S. P. Dey, S. Mitra and K. M. A. Malik, First
report on thermally stable cadmium carbonyl complex
containing an interesting chloroaryl bridge: Isolation and
characterization, Chem. Lett., 2011, 40, 810–812.

5 (a) W. Sattler and G. Parkin, Zinc catalysts for on-demand
hydrogen generation and carbon dioxide functionalization,
J. Am. Chem. Soc., 2012, 134, 17462–17465; (b) M. Rauch
and G. Parkin, Zinc and magnesium catalysts for the
hydrosilylation of carbon dioxide, J. Am. Chem. Soc., 2017,
139, 18162–18165; (c) W. Sattler, D. G. Shlian and
D. Sambade, Synthesis and sructural characterization of
bis(2-pyridylthio)(p-tolylthio)methyl zinc complexes and the
catalytic hydrosilylation of CO2, Polyhedron, 2020, 187,
114542; (d) W. Sattler, S. Ruccolo, M. R. Chaijan,
T. N. Allah and G. Parkin, Hydrosilylation of aldehydes and
ketones catalyzed by a terminal zinc hydride complex, [k3-
Tptm]ZnH, Organometallics, 2015, 34, 4717–4731.

6 (a) J. Frenzel and D. Marx, Methanol synthesis on ZnO(000�1).
IV. Reaction mechanisms and electronic structure, J. Chem.
Phys., 2014, 141, 124710; (b) J. Kiss, J. Frenzel, B. Meyer
and D. Marx, Methanol synthesis on ZnO(000�1). II.
Structure, energetics, and vibrational signature of reaction
intermediates, J. Chem. Phys., 2013, 139, 044705; (c)
J. P. Hindermann, H. Idriss and A. Kiennemann, Adsorbed
species on ZnO in CO-H2 and CO2-H2 reactions, Mater.
Chem. Phys., 1988, 18, 513–532; (d) M. Bowker,
H. Houghton and K. C. Waugh, Mechanism and kinetics of
methanol synthesis on zinc-oxide, J. Chem. Soc., Faraday
Trans. 1, 1981, 77, 3023–3036; (e) M. Kurtz, J. Strunk,
O. Hinrichsen, M. Muhler, K. Fink, B. Meyer and C. Woll,
Active sites on oxide surfaces: ZnO-catalyzed synthesis of
methanol from CO and H2, Angew. Chem., Int. Ed., 2005,
11770 | Chem. Sci., 2020, 11, 11763–11776
44, 2790–2794; (f) S. A. French, A. A. Sokol, S. T. Bromley,
C. R. A. Catlow and P. Sherwood, Identication and
characterization of active sites and their catalytic
processes—the Cu/ZnO methanol catalyst, Top. Catal.,
2003, 24, 161–172.

7 (a) J. C. Lavalley, J. Saussey and T. Räıs, Infrared study of the
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K. Schaffner, K. Angermund, C. Krüger, C. W. Lehmann
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