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ABSTRACT: DFT calculations consider the interactions between linear MR, and a series of
N-bases, where M is Hg or Zn and its R substituents are CCH, CN, or NO,. NCH, NHj, and
NMe; were considered as three different N-bases. Zn forms stronger bonds with the N bases
than does Hg, and they strengthen along with the electron-withdrawing power of the R
substituent, varying over a wide range from 3.4 to 43.9 kcal/mol. Another factor contributing to
the bond strength is the nucleophilicity of the base: NCH < NH; < NMe;. All MR, Lewis acids
can bind at least two bases, which are situated along the R-M-R bisecting plane, fairly close to
one another, with (N-M-N) angles between 67° and 117°. The presence of a more electron-
withdrawing substituent R and more powerful nucleophile allows up to 4 bases to bind to M.
The properties of these bonds place them along a continuum, some clearly noncovalent, while

other contain a good deal of covalent character.

B INTRODUCTION

The H-bond is arguably the most important of all noncovalent
interactions, figuring prominently in a diverse range of
chemical and biological phenomena such as solvation, genetic
replication, and enzymatic activity.l_9 Recent years have
brought to the fore a class of closely related noncovalent
bonds wherein the bridging proton is replaced by any of a large
set of other atoms, mainly drawn from the right side of the
periodic table."’”"” Although these interactions do not have
the advantage of a positive H atom to attract a nucleophile,
they rely instead on a restricted region of positive electrostatic
potential that lies along the extension of the covalent bond
which connects this bridging atom to the Lewis acid molecule.
This region of positive charge, attributed to a deficiency of
electron density, has been termed a oc-hole and thus the
associated bonds are classified as o-hole bonds. In a more
general sense, there are situations where the positive region lies
not along a bond axis, but rather above the plane of the
molecule, and is thus referred to as a z-hole.

It is common to subclassify these bonds according to the
family of the periodic table from which the bridging atom is
derived, thus leading to the halogen, chalcogen, pnicogen,
tetrel, and triel bonds that have found their way into common
chemical parlance. Their importance is undeniable, as their
strength is comparable to the H-bond, exceeding it in many
instances. Like the H-bond, these bonds too are major players
in widespread chemical phenomena such as catalysis, supra-
molecular structure, self-assembly, and ion transport."*™>°
Intensive study of these interactions in recent years has led to a
great deal of information and insights concerning their
fundamental nature, their strength, and the way in which
they are modified by both the identity of the bridging atom
and any of its substituents.
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spodium bonds

There is of course no reason that these bridging atoms must
be limited to the p-block elements on the right side of the
periodic table. One might conjecture that the transition metals
of the d-block, with their greater electropositivity, ought to
present ¢ and m-holes that are even more positive than the
nonmetallic atoms to their right, and perhaps then stronger
interactions with a nucleophile. And in fact, the recent
literature has sprung to life with a rapidly increasing number
of tentative observations of interactions that have all the
markings of bonds of this sort. In the spirit of the p-block
family, these bonds are often named after the particular
column of the periodic table. Those involving Group 12 metals
have been christened spodium bonds*®*™* and those including
Group 11 go by the moniker of either regium or coinage metal
bonds.”*~*" Osme bonds encompass Group 8,**’ matere
bonds arise from Group 7,"*~* wolfium bonds denote Group
6,"7" and erythronium bonds correspond to Group 5.

It is to the spodium bonds formed by the Group 12 atoms
that the current work is directed. Their s’d'® electron
configurations make them a particularly interesting set of
atoms, especially with regard to their potential to present ¢ or
7-holes when covalently bonded to various substituents. The
term spodium bond was first coined several years ago for the
noncovalent interactions in which a Group 12 atom serves as
electron acceptor’ where it was clearly differentiated from an
ordinary coordinate covalent bond. These workers studied the
o-holes found in tetrahedral tetracoordinated monomers,
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which was soon followed by a number of other observations of
such bonding patterns that included Hg****>* and Cd,”**~>*
as well as Zn,******° some in biological environments.®°’
There has even been some examination of the idea of a
spodium bond to an inert gas atom.®>

A good deal of our understanding of the nature of this type
of bond is derived from theoretical studies that can elucidate
its interaction energy, as well as analyze the electronic structure
that underpins the forces that hold it together. To this point,
most calculations have been devoted to crystal structures,
either individually or through CSD surveys,”*%3>3%600376¢ o
concerned themselves with intramolecular spodium bonds
whose geometry is dictated by steric issues within the
molecule.”” As such, these studies have not included the
geometry optimizations that would be required to learn the
preferred geometry of this bond in the absence of other
intermolecular interactions and crystal packing forces. Nor are
these calculations of frozen geometries able to determine the
full extent of the bond energy possible within an optimized
structure.

Some recent work has presented an opportunity to examine
the essential qualities of spodium bonding without risk of steric
hindrance. Building on prior findings that disubstituted Hg, as
in Hg(CF3)268 or Hg(C6F5)269 can engage with nucleophiles in
what would appear to be a noncovalent binding fashion, Onn
et al.”’ have very recently noted that the Hg center placed
between a pair of alkynyl groups engages in an interaction with
fluoride. The Hg--F distance of 2.69 A is longer than would be
expected for a covalent bond, with a similarly long pair of Hg--
N distances to the two N atoms of phenanthroline. Their
survey of the CSD suggested this to be a common attribute of
such coordinated Hg centers.

These findings present a number of interesting questions
that would have implications for spodium bonding in general.
In the first place, is there something unique about the alkynyl
group, and how might the spodium bonds respond to other
substituents of differing electron-withdrawing capability? How
might these conclusions be affected by replacing Hg by a
lighter spodium atom with the same valence electron
configuration such as Zn. It would be interesting as well to
examine how these interactions are modulated by dialing up
the nucleophilicity of the bases that approach this metal atom.
What is the limit to the number of bases that might engage in a
spodium bond with the central metal, and how does the
spodium bond strength react to an increasing number of such
bonds? From a more fundamental perspective, what is the full
range of spodium bond strengths, and do they stray from the
noncovalent domain to bonds that might be better described as
coordinate covalent?

These questions are approached here from the perspective of
quantum chemical calculations. A number of different systems
are designed systematically to cover a wide range of both
substituents on the spodium atom and attacking nucleophiles.
Group 12 metal atoms are considered from both the top and
bottom of the d-block of the periodic table. Specifically, Zn
from the third period and Hg from the fifth period are
expected to bracket and cover the full range of behavior of this
group. Bases are added to the system one by one so as to
determine how the presence of one affects the others, and to
find the maximum number of such spodium bonds that each
Lewis acid can sustain. These bonds are analyzed from several
perspectives so as to establish the border beyond which a weak
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noncovalent bond passes into the realm of a stronger covalent

bond.

B METHODS

Quantum chemical calculations were carried out with the aid
of the Gaussian 16”" program. The M06-2X functional”” was
applied in the context of the def2-TZVP basis set which
contains a triple-{ foundation and a pseuodopotential for Hg
that includes some relativistic effects. This functional has been
repeatedly assessed to be one of the most accurate for
interactions such as those considered here.”””*" Geometries
were fully optimized, and verified as true minima by the lack of
any imaginary vibrational frequencies. The interaction energy
E, is formulated as the difference between the energy of each
complex and the sum of the energies of the two subunits in the
geometry they adopt within the complex. E;;, was corrected for
basis set superposition error by the counterpoise procedure.®'
The Multiwfn program®” located the extrema of the molecular
electrostatic potential (MEP) on the p = 0.001 au isodensity
surface of each monomer and provided the AIM analytical
data.

Disubstituted MR, species considered include both Hg and
Zn as Group 12 M atoms, from the first and third rows of
transition metals of the periodic table so as to cover the full
range of their behavior. The R substituents start with the
C=CH group so as to mimic the recent studies of alkynyl
groups and their effect on spodium bonding.””** The more
electron-withdrawing C=N group has also received some
attention in the past™ with which the calculated data can be
compared. Finally, the more potent electron-withdrawing NO,
was placed on the central spodium atom so as to examine an
extreme in this regard. As Group 13 atoms such as Hg have a
special affinity for N,°° the bases considered to interact with
the central spodium atom ranged from the weak NCH
nucleophile with its sp hybridization of N, to the sp* NH; and
NMe; whose electron-releasing methyl groups make it the
most powerful nucleophile in this set.

B RESULTS

Monomers. Each of the MR, monomers is fully linear in its
configuration around the central M. It is surrounded by a
molecular electrostatic potential (MEP) that features a belt of
positive potential encircling the central M atom, as exemplified
by Hg(CN), and Zn(CN), in Figure lab, respectively. The
magnitude of this band can be quantified as the maximum of
the MEP on a 0.001 au isodensity surface, thought to roughly
approximate a vdW surface. This quantity is defined as V,
and is presented in Table 1 for the six MR, monomers. These
values are fairly large, and are substantially increased on
reducing the size of the central M atom from Hg to Zn. There
is also an enlarging effect as the R substituent varies from CCH
to CN to NO,.

Three different N-nucleophiles were allowed to interact with
the MR, Lewis acid unit. The sp hybridization of the N in
NCH makes it a fairly weak base, while NHj is stronger in this
regard with its sp> hybridization. The replacement of the three
H atoms by electron-donating Me groups makes NMe; the
strongest nucleophile considered here.

Geometries. Some illustrative geometries adopted by the
structures including one or more nucleophiles are displayed in
Figures 2—4 for the Zn systems. (The coordinates of all
complexes are contained in the Supporting Information.) The
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Figure 1. Molecular electrostatic potential (MEP) surrounding a)
Hg(CN), and b) Zn(CN), on surface corresponding to 1.5X vdW
radius. Red and blue regions respectively indicate negative and
positive regions, = 30 kcal/mol.

Table 1. Depth of z-Hole Surrounding M Atom of MR,

Monomer, V. in kcal/mol
M CCH CN NO,
Hg 24.7 S1.S 50.9
Zn 38.2 70.3 76.4

first base settles into the positive region encircling the M atom.
Note also that the addition of this base causes the ZnR, unit to
bend from its monomer angle of 180°. This internal bend is
not limited to only one base, but occurs for any number of
nucleophiles, and the bend angle is designated as 6. Rather
than locate opposite the first base, a second base instead takes
up a position such that both bases lie in the plane
perpendicular to the bent MR, molecule. The angle separating

these two bases is defined as 6,. When a third base can be
accommodated by the system, all three bases occupy the same
perpendicular plane. However, these bases are not equally
separated, such that the 8, and 6, angles are generally different
from one another, and from 120°.

The specific angles of the various complexes are collected in
Tables 2 and 3 for the Hg and Zn systems, respectively. First
with regard to the internal structure of the MR, units, HgR,
suffers only a small amount of bending with @, angles of 174°
or higher when a single base is introduced. The bending is
enhanced a bit as additional bases are added, as for example
161° for Hg(NO,), + 2 NMe;. The degree of bending is much
enhanced when Hg is replaced by Zn. The 6, angles are
consistently below 160°, and some closer to 130°. The amount
of bending corresponds to both the strength of the base, and
its number.

Of perhaps greater interest is the disposition of the bases
around the central MR, molecule. The bases can lie
surprisingly close together. For example, the two NCH units
lie only 66.6° apart when added to Hg(CCH),. This 6, angle
describing their separation increases as the base grows stronger
in the NCH < NH; < NMe; sequence. A similar angle increase
arises as the R substituents become more electron-with-
drawing. Comparison of Table 3 with 2 shows also that these
separation angles are larger for Zn than for Hg.

In order to better understand the reason for the close
positioning of the bases, as opposed to locations diametrically
opposite to one another, the MEP of the complex containing a
first base was analyzed. In the example of Hg(CCH),,
association with a single NCH, resolves the full ring of
positive potential of the monomer into a pair of equivalent and
symmetric maxima, both making an angle of 90° with the N of
the base, each of which can be considered a z-hole above the

Figure 2. Molecular diagrams of Zn(CCH), bound to a) 1, b) 2, and c) 4 nucleophiles, defining pertinent angles.
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Figure 3. Molecular diagrams of Zn(CN), bound to a) 1, b) 2, ¢) 3, and d) 4 nucleophiles, defining pertinent angles.

Figure 4. Molecular diagrams of Zn(NO,), bound to a) 1, b) 2, and
c) 4 NH; nucleophiles, defining pertinent angles.

Hg. As another example, the angle between the N of NH; and
the V., of He(CCH),-NHj is also far less than 180°, at only
71°. One can conclude that the small angles between the first
and second base in these complexes can be attributed at least
in part to the perturbation that the first base exerts on the MEP
of the central MR, unit.

The spodium bond lengths that stretch between the central
M atom and each of the various N-bases are listed in Tables 4
and S for M = Hg and Zn, respectively. Several of the entries
are blank, which indicates that the central MR, unit was unable
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to accommodate the indicated number of bases. For example,
both M(CCH), and M(CN), are limited to no more than 2
NCH or NHj; bases. There are several trends that are readily
apparent from these tables. In the first place, these distances
get progressively shorter as the weak nucleophile is replaced by
NH,; and then by NMe;. The same contraction occurs as the R
substituents of MR, are altered to more electron-withdrawing
agents: CCH < CN < NO,. As the number of surrounding
nucleophiles 7 is increased, their distances from the M center
likewise lengthen. Perhaps the most dramatic pattern is the
much shorter M--N distances for Zn as compared to Hg.
Taking the M(CN), complex with NHj, as an example, R (Zn--
N) is equal to 2.154 A, as compared to 2.696 A for the Hg
analogue. To be sure, some of this compression can be
attributed to the smaller vdW radius of Zn, 2.39 A as compared
to 2.45 A for Hg. But this difference of 0.06 A is far less than
the 0.55 A shortening of R(M-N).

Energetics. These shorter spodium bond distances are
suggestive of stronger bonds. This supposition is confirmed by
the interaction energies contained in Tables 6 and 7 which
refer to the interaction between the central MR, and the
collection of n bases. For example, the interaction energy
between Hg(CCH), and a single NCH is 3.37 kcal/mol, which
is nearly doubled for a pair of such bases. But this ratio is not
characteristic of all these complexes: the average interaction
energy of E;./n does not necessarily diminish as n grows
larger. For example, adding a second NMe; unit to
Hg(NO,),"NMe,; raises this average from 20.6 to 22.3 kcal/
mol. It should be emphasized at this point that due to the

https://doi.org/10.1021/acs.jpca.4c05481
J. Phys. Chem. A 2024, 128, 8751-8761
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Table 2. Angles (degs) within Complexes Involving HgR,

1 2 3 4
Hg(CCH), B 0o, 6, 0y, 6,, 6, 0y, 6,, 6, 6;
NCH 177.1 178.1 - -
66.6
NH; 175.8 173.6 -
85.1
NMe; 175.8 173.5 176.3 173.2
94.6 97.6 93.4
99.1 75.1
76.3
Hg(CN),
NCH 176.4 176.4 -
74.6
NH; 174.5 171.7 -
87.3
NMe; 174.6 171.2 173.3 171.4
98.1 101.6 76.8
103.6 95.2
111.2
Hg(NO,),
NCH 177.6 173.3 173.7 178.2
78.8 77.2 79.0
77.2 79.2
119.8
NH; 176.0 168.1 163.9 179.5
111.3 97.0 92.2
122.8 92.2
92.2
NMe, 173.5 161.1 165.4
103.7 113.9
121.7

manner in which the interaction energy is calculated, any
forces, whether attractive or repulsive, between the ligands
themselves, will have little to no bearing on the interaction
energy between the central MR, unit and its constellation of n
surrounding ligands. However, it should also be understood
that interligand interactions may have an influence on the
geometries of certain multiligand structures. For example, a
C'N tetrel bond between the two NCH ligands in
Hg(CCH),2NCH probably contributes to the small 6,
angle in this complex.

Regarding the influence of base, metal, and substituent on
the bond strengths, the trends largely mirror the bond
distances in Tables 4 and 5. Zn forms much stronger bonds
than does Hg, by a factor between 2 and 4. This bond energy is
also enlarged in the NCH < NH; < NMe; sequence, in concert
with the shorter distances. And the rising electron-withdrawing
capacity of the R substituent is mirrored by the bond
strengthening CCH < CN < NO,. These bond energy patterns
largely reproduce the m-hole depths of the MR, monomers
exhibited in Table 1.

Analysis of the electron density topology via AIM reveals a
bond path between the central M and the N atom of each base.
The density at the bond critical point is compiled in Tables 8
and 9 for each complex and the patterns reinforce conclusions
drawn on the basis of geometries and energetics. All of these
densities are 0.04 au or below for the Hg systems in Table 8
which would place them in the noncovalent category. The Zn
parallels are larger, between 0.04 and 0.07 au, so a certain
degree of covalent character can be associated with them,
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Table 3. Angles (degs) within Complexes Involving ZnR,

1 2 3 4
Zn(CCH), 6, 6, 6, 6, 6, 6, 6y, 6,, 6,, 05
NCH 158.0 147.4 - -
88.7
NH; 154.2 142.7 - -
102.6
NMe;, 152.3 140.5 149.6 -
107.5 96.5
102.7
Zn(CN),
NCH 153.4 142.5 - -
93.5
NH; 150.9 139.8 - -
104.7
NMe, 149.8 138.0 153.4 139.0
110.6 103.6 65.7
103.6 78.4
108.9
Zn(NO,),
NCH - 133.7 131.8 180.0
109.7 95.4 90.0
131.8 90.0
90.0
NH; 153.6 136.8 175.7 180.0
141.6 97.5 87.0
129.2 87.1
94.0
NMe, 131.6 165.0 -
116.9 111.7
102.9

particularly those on the high end of this spectrum. Like the
geometrical and energetic markers, ppcp reiterates the bond
strengthening occurring as the substituent becomes more
electron-withdrawing, and as the base itself becomes more
potent. These densities are unambiguous as to the negative
cooperativity as the number of surrounding bases increases,
becoming smaller as one reads from left to right in these tables.

It is commonly thought that the sign of the total energy
density H is an indicator of bond type, in that negative values
signal a significant covalent component. These quantities are
collected in Tables S1 and S2 for the Hg and Zn dyads,
respectively, and confirm the conclusions from the bond
critical point densities, as well as energetic and geometric
aspects. The interactions between Hg and NCH lead to
positive values of H, albeit small ones. These quantities turn
negative for the stronger NH; and NMe; bases, more so as the
R substituents become more electron-withdrawing. The most
negative H quantities are —0.004 au for the Hg(NO,),-
(NMe;), systems. This pattern nicely coincides with the pgcp
values in Table 8 which exceed 0.04 au for the same set of
complexes, and with average interaction energies of 20 kcal/
mol, so are at least partially covalent.

Transition from Hg to Zn leads to similar trends in that H
becomes more negative with stronger nucleophiles and more
electron-withdrawing substituents. The principal difference lies
in the magnitudes which are much larger for Zn. For example,
H is negative even for the Zn(CCH),--(NCH), systems, and
becomes even more so for the more strongly bound complexes.
The most negative values again arise for the Zn(NO,),-
(NMe,), systems, which can exceed —0.013 au. In concert

https://doi.org/10.1021/acs.jpca.4c05481
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Table 4. Spodium Bond Lengths from Central Hg to N of
the Nucleophiles (R, A)

1 2 3 4
Hg(CCH),
NCH 2.982 3.237 - -
3.304
NH; 2.80S 2.817 - -
2.819
NMe, 2.752 2.753 2.773 -
2.753 2.902
2.903
Hg(CN),
NCH 2.836 2.868 - -
2.903
NH, 2.696 2706 - -
2.707
NMe, 2.642 2.648 2.676 2.722
2.648 2.766 2951
2.862 3.296
3.303
Hg(NO,),
NCH 2.732 2.740 2.733 2.782
2.740 2.790 2.782
2.791 2.810
2.810
NH; 2.567 2.551 2.492 2.546
2.551 2.543 2.546
2.572 2.547
2.548
NMe, 2.570 2.540 2.543 -
2.540 2.545
2.654

Table 5. Spodium Bond Lengths from Central Zn to N of
the Nucleophiles (R, A)

1 2 3 4
Zn(CCH),
NCH 2.282 2.278 - -
2.278
NH,; 2.204 2218 - -
2.21S
NMe, 2.195 2211 2.201 -
2211 2372
2.859
Zn(CN),
NCH 2.179 2.194 - -
2.194
NH, 2.154 2.177 - -
2.177
NMe; 2.136 2.165 2.170 2.169
2.165 2.460 2.248
2.460 3.403
3.959
Zn(NO,),
NCH - 2.111 2.151 2.236
2.111 2.235 2.236
2235 2.236
2.236
NH, 2.077 2.085 2.132 2223
2.085 2133 2.223
2.157 2.223
2223
NMe, - 2.114 2.140 -
2.114 2.197
2.206

with the BCP densities, interaction energies, and bondlengths,
these bonds clearly contain a high degree of covalency.

B DISCUSSION

The spodium bond between an atom of Group 12 and a N
base covers a wide range. In the first place, the Zn atoms from
the first transition state period form much stronger bonds than
do the heavier Hg which lies two rows below Zn. One can
attribute a qualitative difference as well, in that the bonds to
Hg appear largely if not exclusively noncovalent, while the Zn--
N bonds contain strong elements of covalency. The interaction
energies for the Hg--N bonds lie in the span between 3.4 and
20.6 kcal/mol, as compared to the 12.2—43.9 kcal/mol range
for Zn-N.

In geometrical terms, the Hg--N bondlengths span a range
between 2.57 and 2.98 A. While shorter than the sum of their
vdW radii®® of 4.11 A, this range is much longer than the
covalent radius sum®® of 2.04 A. The vdW and covalent radius
sums for Zn-N are 4.05 and 1.89 A, respectively. The
corresponding Zn--N distances in the various complexes vary
between 2.08 and 2.28 A, only a little longer than the covalent
sum. The stronger Zn--N spodium bonds also lend themselves
to a much higher degree of bending of the RZnR molecule, in
some cases to an angle less than 140°, whereas the smallest
RHgR angle is 161°.

The AIM parameters echo this distinction between Hg--N
and Zn--N bonds. While the bond critical point densities of the
former are 0.04 au and below, it is only the weakest Zn--N
bond with a density this small, some of them running all the
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Table 6. Interaction Energies (kcal/mol) Between Central
HgR, and the Collection of n Bases

1 2 3 4
Hg(CCH),
NCH 3.37 6.59 - -
NH, 771 1631 - -
NMe, 10.61 21.99 28.08
Hg(CN),
NCH 7.74 14.55 - -
NH; 13.28 27.09 - -
NMe, 16.52 33.02 41.95 46.23
Hg(NO,),
NCH 9.27 19.76 29.25 37.71
NH; 18.04 38.11 59.32 84.86
NMe, 20.65 44.57 62.77 -

way up to 0.07. As further confirmation, the total electron
densities are either positive for the Hg systems or slightly
negative. This behavior compares with the consistently
negative energy densities for Zn--N which are appreciable in
magnitude, as large as —0.013 au.

Whether Hg--N or Zn-N, the strengths of these bonds
follow rules characteristic of noncovalent bonds. A more
electron-withdrawing R substituent makes for a deeper z-hole
around the central M, and a stronger M:-N bond. A similar
pattern is observed as the base becomes stronger from sp to
sp.” It should also be noted that Zn has considerably deeper 7-
holes than do the Hg analogues, another factor contributing to
the stronger Zn--N bonds.
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Table 7. Interaction Energies (kcal/mol) Between Central
ZnR, and the Collection of n Bases

1 2 3 4
Zn(CCH),
NCH 12.23 27.13 - -
NH, 2333 49.42 - -
NMe, 28.52 58.94 64.42 -
Zn(CN),
NCH 21.51 43.36 - -
NH, 33.18 65.76 - -
NMe; 39.29 76.25 84.11 85.21
Zn(NO,),
NCH “ 56.64 74.49 85.25
NH; 4391 87.27 111.66 141.09
NMe, @ 95.44 - -
“NO, rearranges to Zn-ONO.
Table 8. Bond Critical Point Densities (au) on the Bond
Path Connecting Hg with N of Base
1 2 3 4
Hg(CCH),
NCH 0.0153 0.0092 - -
0.0103
NH; 0.0252 0.0242 - -
0.0243
NMe, 0.0293 0.0289 0.0193 -
0.0289 0.0240
0.0247
Hg(CN),
NCH 0.0206 0.0169 - -
0.0183
NH; 0.0315 0.0305 - -
0.0305
NMe; 0.0368 0.0359 0.0232 0.0111
0.0359 0.0293 0.0239
0.0344 0.0113
0.0357
Hg(NO,),
NCH 0.0257 0.0242 0.0219 0.0212
0.0242 0.0219 0.0212
0.0244 0.0222
0.0222
NH, 0.0412 0.0421 0.0402 0.0421
0.0421 0.0431 0.0422
0.0469 0.0423
0.0423
NMe, 0.0428 0.0448 0.0359 -
0.0449 0.0443
0.0445

Regarding the maximum number of spodium bonds in which
a given MR, molecule can participate, that number is 4, but
can only be achieved in certain circumstances. Only two NCH
or NHj; nucleophiles can interact simultaneously with most of
the MR, species. The exception occurs for the highly electron-
withdrawing NO, substituent where M can host 4 of these
bases, whether Hg or Zn. Although a stronger base, the large
size of NMej, leads to steric problems. Three such bases can be
accommodated by M(CCH),, and four by M(CN),. The
bulkier NO, ligands limit the coordination of M(NO,), to
only 3 NMe; ligands, despite the high strength of these bonds.
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Table 9. Bond Critical Point Densities (au) on the Bond
Path Connecting Zn with N of Base

1 2 3 4
Zn(CCH),
NCH 0.0403 0.0402 - N
0.0402
NH; 0.0533 0.0514 -
0.0514
NMe, 0.0574 0.0547 0.0155
0.0547 0.0391
0.0559
Zn(CN),
NCH 0.0514 0.0491 -
0.0491
NH; 0.0602 0.0564 -
0.0569
NMe, 0.0661 0.0611 0.0332 0.0062
0.0611 0.0332 0.0302
0.0603 0.0511
0.0606
Zn(NO,),
NCH 0.0603 0.0585 0.0442 0.0438
0.058S 0.0442 0.0438
0.0526 0.0438
0.0438
NH; 0.0725 0.0704 0.0630 0.0514
0.0704 0.0598 0.0514
0.0636 0.0514
0.0514
NMe, 0.0729 0.0691 0.0433
0.0691 0.0568
0.0576

The placement of the n ligands around the central molecule
is interesting. The first base bends the central RMR molecule
and takes up its desired location along the R-M-R bisector. In
doing so, it resolves the full z-hole ring encircling the linear
monomer to a pair of z-hole points, lying very roughly 90°
from the first ligand. As such, the second base is then attracted
to this location, rather than to a site directly opposite the first
ligand. Third and fourth bases follow similar guidelines, with
all of the resulting N-M-N angles quite a bit less than 180°.
The cooperativity between the bond strengths of multiple
ligands is generally negative, with average interaction energies
slightly less than the sum of n single bonds. But there are
several exceptions where there is actually a small amount of
positive reinforcement.

The recent literature is in accord with most of the
conclusions reached here. Dicoordinated HgCl, was optimized
in the presence of a set of molecules where Hg was allowed to
interact with atoms of various sorts.”” As in the work described
above, these ligands introduced small nonlinearities into the
HgCl, unit. Interaction energies were smallest for halogen,
larger for chalcogen, and larger still for pnicogens. The value of
16.08 kcal/mol for NMe; compares well with our own 16.52
kcal/mol for Hg(CN),-"NMe;. Energy decomposition of these
complexes by Xia et al. placed the electrostatic term as the
prominent contributor, followed by orbital interactions and
then dispersion. To test whether this pattern is valid for the
systems considered here, SAPT decomposition of the
interaction between NMe; and both Hg(CCH), and Hg(CN),
was carried out. Indeed, electrostatics accounted for slightly
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more than 50% of the total attractive energy, followed by
dispersion and induction.

Another set of dicoordinated Hg systems’® placed the Hg
between a pair of alkynyl groups. The measured Hg--N
distances when coordinated with the two N atoms of
phenanthroline were 2.69 A, similar to the bondlengths listed
above for the complexes of Hg(CCH), with a pair of NH; or
NMe; bases. Survey of the CSD noted that Hg--N distances for
pyridyl ligands typically lay between vdW and covalent radii
sums, as computed here. Also confirmed was the greater
bending of the Hg center as the interactions grew stronger. A
similar complex, also involving phenanthroline, had been
elucidated earlier within the solid state®® with similar findings:
R (Hg~N) = 2.68 A. The Hg atoms within a similar scaffold
with a pair of ethynyl ligands® engages in noncovalent
interactions with the N atoms of pyridine with Hg--N distances
of 2.73—2.80 A; a slightly shorter distance of 2.64 A emerged
from another study,8 all in the same range as the calculations
here.

In crystals where Hg(CN), is combined with a pair of N-
ligands,84 the N—Hg—N angles are less than 80°, and generally
in the 79°-89° range for similar complexes, confirming the
similarly small angles computed here. A comparable small
angle of 95° was observed when the two nucleophilic atoms
were S.”° Earlier work®®”" had confirmed the finding here that
a disubstituted Hg is capable of engaging with four separate N
atoms.

Tian et al.” had recently considered trisubstituted Hg with a
pair of CI substituents as well as a heterocyclic N. The
spodium bonding of its #-hole to a series of bases containing
chalcogen and pnicogen atoms, including NHj;, found the latter
to be the most tightly bound, with an interaction energy of
some 8.5 kcal/mol. As in the data computed here, the Hg--N
distance lay between the vdW and covalent radii sum, closer to
the latter.

In terms of higher coordination, Bauza et al.*® had noted
that Cd had the deepest o-hole in a set of tetrahedral
tetracoordinated monomers, followed by Zn and then by Hg,
with values in the 3—12 kcal/mol range. In complexes with a
series of bases, the strongest were with N=CMe, with
interaction energies that remained quite similar down Group
12 but these values did not exceed 9 kcal/mol. Other
calculations focused on Zn in a tetracoordinated framework,*’
finding interaction energies with N=CMe and NMe; in the 7—
12 kecal/mol range. Five-coordinated Zn within a porphyrin
setting’” interacts only weakly with NCH, with a binding
energy of 2—4 kcal/mol.

The results described above of third-row Zn and fifth-row
Hg are meant to cover the full range of Group 12 behavior. It is
anticipated that fourth-row Cd will display properties
intermediate between these two extremes. Indeed, an
optimization of the geometry of the complex formed between
Cd(CCH), and NH; verified this supposition. The inter-
molecular M"N distance is 2.507 A, intermediate between
2.805 A for Hg and 2.204 A for Zn. Likewise for the internal C-
M-C angle of 165°, again between the extremes of 176° and
151°, respectively. As for the interaction energy, that for Cd is
equal to 16.1 kcal/mol, as compared to 7.7 and 23.3 kcal/mol
for Hg and Zn.

Bl CONCLUSIONS

The linear MR, molecules contain a ring of positive potential
encircling the central M atom. This z-ring is capable of
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attracting one or more nucleophiles to engage in a M-N
spodium bond. It is possible for as many as four bases to
approach the central molecule in this way under certain
circumstances. The M:-N spodium bond grows stronger as the
nucleophilicity of the base and the electron-withdrawing power
of the R substituent is enhanced. The interactions with Zn are
far stronger than those with its heavier Hg congener. The
weakest interaction energy between Hg(CCH), and NCH is
3.4 keal/mol, and the strongest involving Zn(NO,), and NH,
as large as 44 kcal/mol. The total interaction between this
same central molecule and four surrounding NH; bases is 141
kcal/mol. The bonds to Zn, particularly those with the sp?
hybridized N-bases, contain an appreciable covalent compo-
nent, with Zn--N distances barely longer than 2.0 A, much
shorter than Hg--N which lie in the range between 2.57 and
298 A.

The bases position themselves directly above the R-M-R
axis, and induce a certain amount of bending of the MR,
molecule, particularly for Zn. In the case of multiple bases, they
do not seek positions as removed from one another as possible.
Rather, they tend to lie rather close together: some of the N--
M-N angles are 90° or even less. There is a generally negative
cooperativity between bond energies, but this is not always the
case, as the average bond energy increases a small amount with
n in certain cases.

It is to be stressed finally, that the calculations described
above convey the full potential of these interactions if the
various subunits are allowed to adopt their most favorable
positions with respect to one another. In the case of an
intramolecular spodium bond, the steric constraints attached
thereto would likely induce a strain into each such bond,
thereby weakening it. The same is true when placed within the
context of a crystal, where a host of intermolecular interactions
and crystal packing forces would generally restrain the
constituents of the spodium bond from their optimal
orientation, weakening it accordingly. Some of these same
issues pertain to supramolecular assembly, where external
considerations to achieve the optimal overall structure might
override some of the natural proclivities of each of these
spodium bonds, including the bending at the M center which
differs from one metal atom to the next.
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