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The “cyanide” salts of the group 2 (alkaline earth) metals exhibit remarkable structural variations: CN- binds to
the metals via the carbon, via the nitrogen, and via bridged arrangements. The most stable geometries of the
beryllium and the magnesium salts are linear (CNBeNC and NCMgCN, respectively), but CaC2N2, SrC2N2, and
BaC2N2 prefer twisted, bridged structures. However, several stationary points of the bridged complexes are close
in energy, and considerable fluxionality is to be expected. These theoretical predictions (MP4SDTQ/6-311+G-
(2d)//MP2(fu)/6-31+G*, Ca, Sr, Ba: 5s5p3d1f//5s5p3d basis sets and 10 valence electron pseudopotentials) invite
experimental verification.

Introduction

In contrast to the alkali metal cyanides,1 little is known about
the corresponding alkaline earth metal compounds2 although
they have some importance in organic synthesis3 and in technical
chemistry.4 While the patent literature in the last decade
concerning the industrial uses of alkaline earth metal cyanides
is extensive, comprehensive theoretical or experimental studies
have not been undertaken. The solid state structure of beryllium
cyanidesfirst purely synthesized in 1963swas assumed to be
polymeric with tetracoordinated beryllium atoms.5 Computa-
tions on a hypothetical Be(CN)2 solid state structure were
performed to evaluate the material properties,6 while calculations
of linear Be(NC)2 and Mg(CN)2 molecules gave geometries,
ionization potentials, and heats of formation.7,8 However, no
complete investigations of the potential energy surfaces at high
theoretical levels have been reported and the heavier alkaline
earth metal cyanides have not been considered.
Some compounds of the heavier group 2 metals (Ca, Sr, Ba)

adopt nonlinear geometries,9 contrary to the VSEPR rules. The
influence of core polarization on the coordination chemistry of
calcium, strontium, and barium is now well established,10 as
well as the increasing importance of d-orbital participation in

the small covalent contributions to the metal-ligand bonds.9a-c
These two explanations are complementary; detailed discussions
of the alkaline earth metal coordination are given by Bytheway
et al.10 and Kaupp et al.11 While barium compounds are rather
strongly bent, strontium analogs possess smaller linearization
barriers, and calcium derivatives are linear or almost so (quasi-
linear). The bending is increased by greater substituent elec-
tronegativity but decreases byπ donation. Consequently, CH3
groups result in the largest bending.9c

Furthermore, the different structures of the alkali metal
cyanide complexes are also noteworthy. The minima can be
bridged (3) as well as linear nitrile (2) and linear isonitrile (1)
forms (Chart 1). The preferred geometry of these ionic
complexes depends on the alkali metal.1 Lithium nitrile (2) is
favored over the bridged form (3) and lithium isonitrile (1),
but neither the sodium nor the potassium nitrile is a minimum.
Instead, the bridged isomers3 (M ) Na, K) have the lowest
energies.
Consequently, complexes of CN- anions and alkaline earth

metal cations can be expected to have many structural pos-
sibilities, e.g. linear or bent forms corresponding to1-3. Hence,
we computed the potential energy surfaces of the M(CN)2

compounds of all group 2 elements at high ab initio levels in
order to locate the global minima.

Computational Details

All structures were fully optimized within the chosen symmetries,
first at Hartree-Fock and then at the electron-correlated MP2 level of
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theory.12 Frequency calculations at both levels gave zero-point
vibrational energies and the number of imaginary frequencies (which
characterize the nature of the stationary points). The GAUSSIAN series
of programs was employed using the 6-31+G* standard basis set for
the elements C, N, Be, and Mg.13,14 Quasirelativistic pseudopotentials
(ECP) replaced the core electrons of heavier group 2 elements:15 10
valence electron ECP together with 6s6p5d basis sets contracted to
5s5p3d.11 MP4SDTQ single-point calculations were performed at the
stationary points to include higher level electron correlation.16 The
6-311+G(2d) basis set was used for C, N, Be, and Mg,17 while the Ca,
Sr, and Ba basis sets were augmented by an additional f function.11

The natural atomic charges and bond orders discussed are based on
Reed and Weinhold’s natural population analysis (NPA).18

Three main types of CN- coordination to the alkaline earth metals
are possible: both ligands may be coordinated via the nitrogen atoms
(NN), via the carbon atoms (CC), and via mixed C/N coordination
(CN). These linear structures were chosen as starting points of the
potential energy hyperface scan (D∞h andC∞V). Analysis of the negative
eigenvectors then helped to locate other stationary points (Figure 1).

Results

BaC2N2 and SrC2N2. The energy differences between the
structures are greatest and the largest variety of isomers occurs
for the heaviest group 2 metal compounds. An overview of
the BaC2N2 and SrC2N2 hyperfaces is given in Figure 1 (see
Table 1 for the bond lengths). All linear structures (CC-1,NN-
1, CN-1) are second-order saddle points (NIMAG) 2); the
molecules bend towardC2V symmetry. These findings are in
line with extensive previous investigations of other alkaline earth
metal derivatives.9,11 The bent end-on isomers (CC-2, NN-2,
CN-2) are minima at the Hartree-Fock levelsbut at the
electron-correlated MP2 level this is true only forCC-2. The
MP2 geometry optimization ofNN-2 led to a bridged complex
in C2V symmetry, which is denotedBB-3. The N-coordinated
CN- moiety of CN-2 also bent resulting inCB-3 with Cs

geometry.
However, theseplanar side-on coordinated complexes are

not minima! BB-3 is a second-order saddle point andCB-3 a
transition state. Instead, the side-on ligands prefer to twist out
of the molecular plane: theC1 minimum with the mixed C/N
coordination has no symmetry (CB-4), while the minimum of
the double side-on coordinated complex adopts point groupC2

(BB-4). In theCs transition stateBB-5, both cyanide substit-
uents bend from the molecular plane in the same direction. A
second possible path from the linearNN-1 towardBB-4 involves
theC2h symmetricBB-6, but this is a second-order saddle point
rather than a true transition structure.
The differences in energy between the various structures of

BaC2N2 and SrC2N2 are quite similar.19 Two trends are clear
(Table 2): First, coordination via nitrogen atoms is preferred
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Figure 1. Schematic representations of the MC2N2 (M ) Be, Mg, Ca, Sr, Ba) structures considered.
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in linear structures. For BaC2N2, each N coordination is favored
by about 2.8 kcal/mol over C coordination (Sr:∼2.3 kcal/mol).
Second, the most stabilizing effect involves side-on coordinated
CN- fragments; out-of-plane twisting is of minor importance.
The side-onBB-3 is 5.9-6.7 kcal/mol more stable than the
linear end-onNN-1 for both metals. The side-on coordination
of a single CN- anion is stabilized by 4.5 kcal/mol (Ba) and
by 3.1 kcal/mol (Sr), respectively (CB-1 f CB-3). However,
the energy differences among the second-order saddle points
BB-3 andBB-6, the transition stateBB-5, and the minimum
structureBB-4 are very small: 0.0-0.8 kcal/mol for BaC2N2

and 0.2-0.3 kcal/mol for SrC2N2. The same is true for the

isomers with mixed C/N coordination: theC1 symmetricCB-4
is 0.4 kcal/mol more stable than the planarCB-3 (Ba), while
both conformers have almost the same energy for the strontium
compound.
Bending, e.g. in going from end-onCC-1 (D∞h) to end-on

CC-2 (C2V), results in only a small energy gain; this is found
generally.9,11 The linearization barrier of the barium compound
is larger than that of the strontium compound (Ba, 2.8 kcal/
mol; Sr, 0.3 kcal/mol).
CaC2N2 and MgC2N2. Although there are significant

differences in the structural chemistry of calcium and magne-
sium compounds,20 the same stationary points occur in both the

Table 1. Selected MP2 Geometry Parameters (Å; deg) (See Figure 1)
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Ca and Mg potential energy surfaces (Figure 1, Table 1).
However, the relative energies of the stationary points are
completely different (Table 2).19

All linear CaC2N2 and MgC2N2 structures are minima, even
at the MP2 level of theory (CC-1, NN-1, CN-1). Bent minima
NN-2, CN-2, andCC-2 do not exist; optimization led to linear
geometries. Nevertheless, a few species with side-on coordi-

nated CN- ligands could be located at MP2, but the number of
stationary points was less compared with BaC2N2 and SrC2N2.
TheC2h BB-6 and theC2V BB-3 are transition states (instead of
second-order saddle points for M) Ba, Sr), andBB-5 is not a
stationary point. However, theC2 BB-4 again is the “side-on
minimum”. The diminished out-of-plane twisting also is
reflected in the structures with mixed C/N coordination:CB-3
is a minimum (Cs); no C1 CB-4 isomer exists.
CaC2N2 behaves like its heavier congeners. N coordination

is preferred by about 2.1 kcal/mol for each CN- group. Side-
on coordination sharply lowers the energy by about 2.3 kcal/
mol for a single CN- (CN-1 f CB-3), and 4.2 kcal/mol for
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ed.; Wiley: New York, 1988; p 143. (b) Huheey, J. E.Inorganic
Chemistry, 3rd ed.; Harper: Cambridge, MA, 1983. (c) Greenwood,
N. N.; Earnshaw, A.Chemistry of the Elements; Pergamon Press:
Oxford, U.K., 1984.

Table 2. MP4SDTQ//MP2 Total and Relative Energies, MP2 Zero-Point Vibrational Energies (ZPE), and Number of Imaginary Frequencies
(NIMAG) (au; and kcal/mol) (See Figure 1)
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two CN-’s (NN-1 f BB-3). Again the energy differences
between the side-on complex (BB-3, BB-4, BB-6) stationary
points are small (0.2 kcal/mol).
The preferences reverse completely for MgC2N2 (Table 2):

coordination to the carbon atoms is about 0.3 kcal/mol for each
CN- group more favorable than N coordination, and linear
structures are more stable than side-on complexes. Accordingly,
CC-1 is the absolute minimum. However, the stationary points
with side-on coordinated ligands are only somewhat higher in
energy (CB-3, ∼0.9 kcal/mol;BB-4, ∼2.4 kcal/mol), and the
same is true for the transition statesBB-3 andBB-6 (C2V and
C2h, respectively).

BeC2N2. The least complex hyperface was found for BeC2N2

(Figure 1, Tables 1 and 2).19 All starting geometries optimized
to the linear minima. The CN-Be-NC isomer (D∞h) NN-1 is
1.75 and 3.9 kcal/mol more stable thanCN-1 and CC-1,
respectively.

Discussion

The nitriles follow the patterns for other derivatives of the
group 2 metals investigated earlier.9,11 Bent (Sr, Ba) or linear
(Ca, Mg, Be) end-on geometries are foundsbut only at the
Hartree-Fock level. Upon MP2 optimization, the N-coordi-
nated CN- groups favor side-on arrangements not only for Sr

Table 3. Natural Atomic Charges (NAC) and Bond Orders (NPA/NLMO) of the MP4SDTQ//MP2 CI One-Particle Density (See Figure 1)
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and Ba but also for Ca and Mg. On the other hand, the bent
CC-2 form is a minimum for Sr(CN)2 and for Ba(CN)2, although
the end-on N-coordinated isomers (with NIMAG) 2!) are more
stable. What is responsible for the different behavior of the
nitriles at Hartree-Fock and the electron correlated levels?
Polarization of the CN- ligands by the alkaline earth metal

cations leads to significant changes in the atomic charges. The
natural charges of a “free”, uncoordinated CN- anion are-0.20
(C) and-0.80 (N). Complexation with a heavy group 2 metal
cation shifts 0.3-0.4 electron towards the coordinating atom
(Table 3 and Figure 2).
For example, the CN- nitrogen atoms in the N-coordinated

ligands are highly negatively charged (N∼ -1.15), while the
carbon atoms are positively charged (C∼ +0.20). Due to this
charge polarization, the C-N natural bond order (NPA)
decreases from∼2.2 in free CN- to ∼1.8 (Table 3). At
electron-correlated levels, geometries with such strong charge
separations are not favored. Ligand bending to side-on orienta-
tions leads to charge distributions and C-N bond orders similar
to those of the free CN- anion (e.g.: NAC-C-0.09 to-0.11,
NAC-N -0.83 to-0.90, NPA CN 2.07 to 2.11; Table 3 and
Figure 2). Metal cation core polarization twists the side-on
ligands out of plane. Small covalent d-orbital contributions for
M ) Ca, Sr, and Ba might contribute to this behavior.9-11

In C-coordinated cyano groups the natural charge distribution
is more homogeneous (N∼ -0.30 to-0.50, C∼ -0.45; Table
3 and Figure 2), and the NPA C-N bond orders even exceed
those of the free anion (∼2.5 to∼2.7). These end-on structures
(bent or linear) are local minima although motion of the ligands

would lead to the more stable side-on complexes. Interestingly,
the end-on C‚‚‚M NPA bond orders are not larger than those
of the side-on complexes (e.g. C-Ca NPA bond orders 0.064
for CC-1 vs 0.065 forBB-4; Table 3). Hence, these weak
covalent interactions do not determine the side-on vs end-on
coordination preference.
BeC2N2 and MgC2N2 also are ionic complexes, although the

metal charges are less and the ligand-metal bond orders are
slightly higher than in the Ca-Ba compounds (Table 3).
However, both metal cations are smaller and side-on coordina-
tion is less effective (Mg) or does not occur (Be). While end-
on C coordination is preferred for Mg(CN)2 (stronger covalent
M‚‚‚C interactions, “normal” charge distribution in the CN-

ligand), the distance-dependent electrostatic interactions deter-
mine the energy preferences of the isomers of the small BeC2N2

molecule. Therefore, beryllium cation coordination is best via
the strongly negatively charged nitrogen atoms of the CN-

ligands.

Conclusions

Remarkably, the heavier alkaline earth metal MC2N2 com-
plexes are neither nitriles nor isonitriles. The global minimum
geometries of Ca, Sr, and Ba compounds are side-on complexes
with C2 symmetry, but several transition structures are extremely
low in energy (0.0-0.3 kcal/mol). Therefore, the side-on CN-

ligands orbit around the central metal.21 Nevertheless, side-on
coordination of the CN- groups is favored; the other geometries
are far less stable.
The first member of this series, CN-Be-NC, forms a linear

complex with N-coordinated CN- groups. MgC2N2 also adopts
a linear minimum geometry. However, all three possibilities
of ligand orientationsnitrile, isonitrile, and mixed coordina-
tionsare within 0.7 kcal/mol, and a side-on structure is only
0.9 kcal/mol less stable. These somewhat surprising theoretical
results challenge experimental investigations.
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Figure 2. Natural atomic charges (bold) and NPA bond orders (italic)
of free CN- and average values for calcium, strontium, and barium
isonitriles, nitriles, and bridged complexes at MP4SDTQ//MP2.

2252 Inorganic Chemistry, Vol. 35, No. 8, 1996 Kapp and Schleyer


