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Abstract

A theoretical study of the beryllium bonded clusters of the (iminomethyl)beryllium
hydride and (iminomethyl)beryllium fluoride [HC(BeX)=NH, X = H, F] molecules has
been carried out at the B3LYP/6-311++G(3df,2p) level of theory. Linear and cyclic
clusters have been characterized up to the decamer. The geometric, energetic, electronic
and NMR properties of the clusters clearly indicate positive cooperativity. The
evolution of the molecular properties, as the size of the cluster increases, is similar to

those reported in polymers held together through hydrogen bonds.
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Introduction

Among the increasing number of weak interactions described in the recent years, the
beryllium bond corresponds to strong interaction energies.' As conventional hydrogen
bonds, beryllium bonds are stabilized by the concomitant contribution of both electrostatic
and covalent-like effects." The electropositive character of Be and its relatively high net
positive charge favors significantly strong electrostatic interactions with the basic site of the
Lewis base, which bears a negative net charge; but the most important contributor to the
stability of these closed-shell interactions is the charge donation from the lone-pairs of the
Lewis base towards the empty p orbitals of beryllium and the og.x™ antibonding orbitals.
Accordingly, two of the signatures of beryllium bonds is the bending of the BeX, Lewis
acid and the lengthening of its BeX bonds.! The aforementioned charge donation deeply
affects also the intrinsic properties of the Lewis base, through a significant electron density
redistribution, which usually have dramatic effects in its electron donor-acceptor capacity
and accordingly on its intrinsic basicity and acidity.'"' For instance, typical bases as
aniline or formamide can be changed in stronger acids than phosphoric or chloric acids,
through the formation of beryllium bonds with BeCl,. Similarly, water, methanol and
SH, become stronger acids than sulfuric acid, pyridine becomes a C acid almost as
strong as acetic acid, and unsaturated hydrocarbons such as ethylene and acetylene
become as strong an acid as nitric or sulfuric acids, respectively.® The complexation
with BeCl, of hydrogen bonded dimers can produce the spontaneous proton transfer.'®
" In addition, the complexes where the beryllium bond is present can be considered as
a model for some of the interactions responsible of the stabilization in the so called
metal-organic-frameworks (MOFs). 12

Cooperativity effects are one of the signatures of weak interactions, especially
hydrogen bonds, HBs.'*™*® These effects are manifested by a strengthening of the HB
between the HB donor and the HB acceptor, when one of them or both, interact with a
third HB donor or HB acceptor. The possibility of having cooperative effects among
HB and other different non-covalent interactions have been reviewed recently.*’

The question that we want to address in this article is whether cooperativity can be
found in chains of complexes attached via beryllium bonds and, in case it is found, if
they show similar characteristics to those described for other weak interaction clusters.

For that purpose, the linear and cyclic polymeric structures of 1H and 1F (Scheme 1)
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including up to 10 monomers have been characterized by means of B3LYP density

functional theory (DFT) method.

Scheme 1. Molecules considered in the present study.

Computational methods

The B3LYP density functional approach,” * which combines the three-parameter
hybrid exchange functional of Becke with the non-local LYP correlation functional
have been used for all the calculations. For the geometry optimizations a 6-31+G(d,p)
basis set has been used,”® whereas to obtain more reliable final energies a larger 6-
311++G(3df,2p) basis set’' expansion was employed. Harmonic vibrational frequencies,
obtained at the B3LYP/6-31+G(d,p) level were used to classify the stationary points
found as local minima of the potential energy surface. This theoretical model has been
shown to adequately reproduce the characteristic of conventional inter- and intra-
molecular HBs and Beryllium bond in comparison with the results obtained through
high-level ab initio CCSD(T) calculations.” ** ** These calculations have been carried
out with the Gaussian-09 program.54

There are different procedures to analyze the non-covalent interactions, most of
them based on an analysis of the electron density. In this study we will use two
complementary approaches, namely the atoms in molecules (AIM) theory,”™ *® and the
natural bond orbital (NBO) approach.”” AIM, permits to define the molecular graph of
the investigated systems as the ensemble of maxima of the electron density, p,
associated with the position of the nuclei, saddle points, in which p, has two negative
and one positive curvatures, the so called bond critical points (BCPs) and the zero

gradient lines connecting them, or bond paths. The value of the electron density at the
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33868 and for beryllium bonds, as well, is a

BCP, py, for inter and intramolecular HBs
good quantitative measure of the strength of the bond. The AIMAII program® has been
used for the AIM analysis.

The NBO method is based on the use of localized atomic hybrids, obtained as
block eigenvectors of the one-particle density matrix, which are characterized by their
occupation numbers. Once these molecular orbitals are obtained, it is possible to
evaluate the second order interaction energies between occupied and empty orbitals,
which would be a measure of the charge transfer from the former to the latter, and to
calculate the Wiberg bond order,” which is another useful way of quantitatively define
the strength of a linkage. The NBO-6"" connected to the Gaussian09 program has been
used for these calculations. The NBO orbitals have been plotted with the Jmol
program’” using the tools developed by Marcel Patek.”

The NMR absolute chemical shielding has been calculated with the GIAO method”* ™

using the facilities of the Gaussian-09 program.
Results and Discussion
Structure and Bonding

A minimum structure has been found for all the linear chains while maintaining Cj
symmetry. In the case of the cyclic structures, S4 symmetry is found in the tetramer, C;
in the pentamer and C,y for the rest of the clusters (n = 6-10).

The optimized geometries of the linear and cyclic hexamer of 1H, as
representative examples, are show in Figure 1 while those of all the remaining clusters

are included in the Supporting Information Material.

et {;\,i 3 ﬁ/;j ¥
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Figure 1. Optimized geometries of the linear and cyclic hexamer of 1H.

The N--‘Be and C-Be interatomic distances for all the systems have been gathered
in Tables S1 of the Supporting information material. The longest N---Be interatomic
distances are found in the (1H), and (1F), dimers with values of 1.738 and 1.750 A,
respectively, while the shortest distance is obtained in the central N---Be interaction of
the decamer, with values of 1.670 and 1.672 A for the H and F series, respectively,
already pointing to significant cooperative effects. For comparative purposes, the N---Be
distances in all the linear complexes of 1H have been represented in Figure 2, as a
function of the position of the interacting monomers along each chain. The evolution of
the N---Be interatomic distances obtained for the linear clusters of 1F is similar to those
of 1H (see Figure S1 of the Supporting Information Material). Figure 2 clearly shows
that the shortest intermolecular distances are those between the monomers in the center
of the chain and the longest between the monomers at the two ends of the chain. This
shortening effect is more important the longer is the chain. A similar behavior has been

76-79

described for hydrogen and dihydrogen bonds chains and it has been correlated with

the cooperativity effect observed in those systems.
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Figure 2. Evolution of the Be---N distance (A) in the linear chain of the 1H clusters.

These clear cooperative effects lead to the strengthening of the Be--*N bond between the
central monomers when the length of the chain increases. Indeed, the NBO analysis
indicates that the bonding between the two monomers in the dimer arises from a
significant charge transfer from the lone pair of the imino nitrogen atom towards the
empty orbitals of the beryllium atom (Be-C o*, Be-H o* and Be p*), reflected in very
large second order orbital interaction energies (See Figure 3). However, these
interaction energies, which for the (1H), dimer amount 53.9, 54.1 and 60.6 kJ mol™',
respectively, increases dramatically when the length of the chain increases, being as
large as 72.6, 58.3 and 83.6 kJ mol ' between the central monomers of the decamer
(1H),0, due to two concomitant effects, the increase of the intrinsic basicity of the imino
nitrogen and the enhancement of the intrinsic acidity of the BeX group. These charge
transfers make that in the dimer the imino molecule acting as electron donor is
positively charged (+ 0.046 e¢) whereas the one acting as electron acceptor is negatively
charged. In the case of longer chains, the charge of the inner monomers is nearly zero
because they act as electron donors and electron acceptors, simultaneously. However,

the charge of the extreme molecules increased reaching values of +0.068 e in (1H);,.

Similar interactions are also found in the cyclic polymers with the difference that their

values are obviously the same for each pair of monomers. Although the values of the
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interaction energies are not significantly different from those obtained for the linear

analogues, the stabilization effect is smaller due to a less effective overlap between the

interacting systems, due to the cyclic arrangement of the overall structure.

J

N(lp) — Be-C o*
53.9 kJ/mol

N(lp) — Be-H o*
54.1 kJ/mol

N(Ip) — Be p*
60.6 kJ/mol

Figure 3. NBO orbitals involved in the beryllium bond of (1H),. The stabilization due to

the charge transfer is indicated.

The significant charge transfer to the ocp.* antibonding orbital results in an

elongation of the C-Be distances (See Figure 4 for the linear 1H clusters), being this

effect more pronounced in the center of the chain and in the larger clusters, as

mentioned above.
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Figure 4. Evolution of the C-Be distance (A) in the linear chain of the 1H clusters.

(Figure S2 represents the evolution of the C-Be distance for the linear 1F clusters).
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These structural changes are also reflected in the force field of the polymers
investigated. For instance, for the (1H), dimer the BN and the CBe stretching
vibrational modes are estimated to appear at 687 and 880 cm ', respectively. On going
to the decamer (1H);o, these vibrational modes appear coupled, but whereas the BN
stretching of the central monomers is significantly blue-shifted (from 187 to 201 cm )
that involving the extreme monomers is slightly red-shifted (8 cm™). Similarly the CBe
stretching for the central monomers is significantly shifted to the red by ca. 90-115 cm™
! whereas for that involving the extreme monomer this shifting is only 8 cm ™.

It is then obvious that the greater the strength of the Be::-N interaction the longer
the C-Be bonds. Actually, it is possible to obtain linear correlations between the N---Be
and the C-Be bond distances, but it is necessary to group the points in different families
according to their relative position within the polymer, as shown in Figure S3 of the SI
for the 1H clusters. Consistently, the bond orders of the Be-N interaction parallel the
interatomic distances previously discussed and range from 0.12 in (1H), to 0.15 in the
shortest Be-N bond of (1H);¢. In the same way, the Be-C bonds are weakened going
from 0.37 in (1H), to 0.28 in (1H);,.

In the cyclic systems, both the Be-C and Be'-*N interatomic distances tend to be
smaller as the size of the ring increases. This effect is larger in the Be--*N distances than
in the Be-C ones.

The charge transfer towards the empty p orbital of Be leads to a change in the
hybridization of Be atom and accordingly to a bending of the C-Be-X group which is
strictly linear in the isolated monomer and bents up to 120° in some of the complexes.

These cooperative effects will also be observed in the interaction energies, in the
topology of the electron density and in the magnetic properties of the polymers as

discussed in forthcoming sections.
Energies
The interaction energies for the linear and cyclic clusters have been calculated at the

B3LYP/6-311++G(3df,2p)//B3LYP/6-31+G(d,p) computational level using Eq. 1 and

they have been gathered in Table 1. The energetic results obtained with the smaller
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basis set, B3LYP/6-31+G(d,p) (see Table S2 of the Supporting Material) are always
slightly larger than those obtained with the larger basis set but both set of values show
an almost perfect linear relationship (R’=0.999). In the rest of the article only the
energetic values obtained at the B3LYP/6-311++G(3df,2p)//B3LYP/6-31+G(d,p)

computational level will be considered.

In all the cases studied here, the cyclic configuration is more stable than the
corresponding linear one, both in terms of electronic energies and in terms of free
energies. It should be noted that the gap between cyclic and linear polymers decrease
when evaluated in terms of free energies because the cyclic structures are entropically
disfavored. However, the extra beryllium bond present in the cyclic structures more than
compensate the entropic stability loss. Second order polynomial relationships are found
between the energetic differences in the linear and cyclic complexes (Fig. 5). The
maximum difference is observed in the heptamer for X=H if energies are used and for
the hexamer if free energies are employed. For the fluorinated derivative both energetic

magnitudes predict the octamer to be most stable in relative terms.
Ei = Ecompiex(1X)n — n*E(1X) Eq. 1

Table 1. E; Interaction energy (kJ mol™") of the linear and cyclic structures calculated at
the B3LYP/6-311++G(3df,2p) computational level. AE;, (kJ mol_l)a stands for the

energy difference between the cyclic and the linear isomers.

X=H X=F
System Linear Cyclic AE| Linear Cyclic AEj.
(1X), -119.0 -115.3
(1X)3 -274.0 -268.4
-190.3 -173.7
(1X)4 -441.3 -631.6 (-161.3) —434.0 -607.7 (-149.8)
-235.6 -222.5
(1X)s -614.4 -850.0 (-208.0) —-605.6 -828.1 (-194.6)
-257.8 -254.4
(1X)s -790.1 -1047.9 (-226.8) -780.2 -1034.6 (-225.4)
-267.1 -269.3
(1X), -967.5 -1234.6 (-223.5) -956.2 -1225.5 (-231.0)
-263.2 -271.7
(1X)g —-1145.6 -1408.8 (-214.2) -1133.0 -1404.7 (-238.6)
-252.1 -266.5
(1X)o -1324.5 -1576.6 (-210.0) -1311.2 -1577.7 (-221.1)
-235.5 -256.9
(1X)10 -1503.5 -1739.0 (-222.6) -1489.2 -1746.1 (-222.9)

10
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* The values within parenthesis correspond to the differences in terms of free energies.

-100
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-200

-300 - T - T - T - | - |
0 2 4 6 8 10

Number of Monomers

Fig. 5. Energetic difference between the linear and cyclic complexes (kJ/mol) vs. the
number of monomers. The fitted second order polynomial relationships show R*= 0.998

for both X=H and F.

The cooperativity effects on the interaction energy can be evaluated in several
different ways. Here we have calculated the interaction energy per monomer (Eq. 2) and

the incremental interaction energy AE; as defined in Eq. (3) (See Table 2)

E; per monomer = Ej/n Eq.2

AEi: Ecomplex(lX)n_Ecompex(IX)n—l - E(IX) Eq 3

Table 2. Interaction energy per monomer (Eq. 2) and increment of interaction energy

(Eq. 3) (kJ mol ") in the (1H), and (1F), linear and cyclic clusters.

X=H X=F
Linear Cyclic Linear Cyclic
System Ei/n AEi Ei/n AEi Ei/n AEi Ei/n AEi
(1X)2 -119.0 -119.0 -1153 -1153
(1X)3 -137.0 -155.1 -134.2 -153.1
(1X)4 -147.1 -167.3 -157.9 -144.7 -165.6 -151.9
(1X)s -153.6 -173.1 -170.0 2184 -151.4 -171.7 -165.6 -220.4

11
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(1X)e -158.0 -175.7 -174.6 -197.9 -156.0 -174.5 -172.4 -206.4
(1X); -161.2 -1774 -1764 -186.7 -159.4 -176.0 -175.1 -191.0
(1X)s -163.7 -178.1 -176.1 -174.2 -161.9 -176.8 -175.6 -179.1
(1X)o -165.6 -179.0 -175.2 -167.8 -163.9 -178.2 -1753 -173.0

(1X)10 -167.1 -179.0 -175.6 -173.9 -162.5 -178.0 -174.6 -168.4

From the values in Table 2 it is clear that the largest cooperative effect is observed
on going from the dimers to the trimers. Also, both the energy per monomer and the
incremental interaction energy (Table 2 and Figure 6) in the linear clusters show that
cooperative effects are practically saturated in the decamer. A graphical representation
of the evolution of the average interaction energy per monomers with the cluster size is
shown in Figure 6.

In contrast, the interaction energy per monomer in the cyclic structures presents a
maximum in the heptamer for the parent and in the octamer for the fluorinated
derivative. Interestingly, however, in contrast with the linear complexes, for the cyclic

clusters the variation of the interaction energy with the size of the cluster steadily

decreases.
-110
-120 4 .
—e— (1H)n linear
-130 —a— (1F)n linear
1H li

_ 140 - —o—(1H)n cyclic
= —a— (1F)n cyclic
" 150 -

-160 -

-170 -

-180

2 3 4 5 6 7 8 9 10
Cluster size

Figure 6. Evolution of the average interaction energy per monomer (Eq. 2) in the linear

and cyclic clusters.

AIM analysis

12
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The topological analysis of the electron density of the systems shows the presence of
intermolecular bond critical points (BCP) and the corresponding bond path between the
Be and N atoms, in agreement with the NBO description discussed in previous sections.
The values of the electron density at the BCP, ppcp, which range between 0.082 and
0.063 au, and those of the Laplacian at the BCP, ranging between 0.477 and 0.370 au,
are characteristic of closed-shell interactions as those expected between two groups
which behave as a Lewis base and a Lewis acid, respectively. The representation of the
values of the ppcp vs. the corresponding interatomic distances shows a clear dependence
of the values with the substituent attached to the beryllium atom (H or F) (Figure 7).
Thus, two independent correlations are obtained. A similar feature is observed for the
C-Be bonds, but in this case the differences between the ppcp due to the substitution in
the beryllium atom are not as important as in the B--N bonds.

The exponential relationships found between the ppcp and the interatomic

distances are similar to those described for other weak interactions.****
0.085
0.08 m (1H)n
' y = 19.400¢3-2719% a (1F)n
S
o 007 1 y = 23.1149_3'389X
Q
R? = 0.9999
0.065 -
0.06 -
0-055 T T T T T T T T T
1.66 1.67 1.68 1.69 1.7 1.71 1.72 1.73 1.74 1.75 1.76
N--Be Distance

Figure 7. ppcp (au) vs. N---Be interatomic distance (A) in the clusters here studied.

NMR properties: absolute chemical shieldings.

The "°C, °N and °Be absolute chemical shieldings of the different complexes have been
calculated. The "*C shieldings range between —10.5 to —50.8 ppm in the 1H series and
between —0.7 and —41.9 ppm in the 1F one. Like in the case of the bond distances, the

13
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chemical shielding depends on the size of the cluster examined and the position of the
atom (monomer) along the chain (Figure 8 and S4 of the SI). Thus, the shielding of the
carbon atoms in the extreme of the chain is clearly different to that of the carbon atoms
in the central monomers. In addition, a size effect is observed and the shielding of the
carbon atoms in larger chains is more negative than similar ones in smaller chains. All

these findings are in nice agreement with the charge redistribution discussed in previous

sections
-5
-10 4 . —o—1H
-15 - —m— (1H)2
o 20 - S (1H)3
=
5 25 A (1H)4
'.QE, 30 | —x— (1H)5
(7]
o 35 - —e—(1H)6
B
45 | (1H)
(1H)9
-50 -
(1H)10
'55 T T T T T
0 2 4 6 8 10
Position of the monomer along the chain

Figure 8. Absolute chemical shieldings of the C atoms vs. the position of the monomers
in the chain for the 1H series. The corresponding figure for the 1F series is reported in

the SI (Figure S3).

The complexation has an important influence in the '°N chemical shielding. Thus,
those nitrogen atoms not involved in the beryllium bond (terminal monomer) show
shielding between —171.8 and —150.7 ppm in the 1H series (between —183.4 and —146.4
ppm in the 1F series) while those involved in the interaction between —57.5 and —30.2
ppm (between —60.1 and —15.4 ppm in the 1F series). In this case, the larger size of the
cluster and the central position of the monomer favor a less negative shielding of the
nitrogen atoms.

Finally, the absolute chemical shielding range for the beryllium atoms are only 5
ppm (between 98.2 and 93.1 ppm in the 1H series and between 111.3 and 106.3 ppm in

the 1F one). In the 1H series, the smallest value corresponds to the beryllium atom that

14
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is not involved in the interaction (terminal BeH monomer) while the largest one
corresponds to the monomer locate in the opposite side of the chain (terminal NH
monomer) (Figure 9). In the 1F series the evolution of the chemical shielding is similar

to that discussed for the *C atoms.

99
——1H
o 98 1 —=— (1H)2
(=
£ 1H)3
3 97 | (
2 (1H)¢4
= % % (1H)5
E 95 | —e—(1H)6
% o4 —— (1H)7
2 | ——(1H)8
@ 93 (1H)9
1H)10
92 T T T T T ( )
0 2 4 6 8 10
Position of the monomer along the chain

Figure 9. Evolution of the *Be chemical shielding in the 1H series vs. the position along

the chain.

Conclusions

A theoretical study of the cooperativity in beryllium bonds has been carried out by
means of DFT computational methods. The structures of linear and cyclic cluster of two
series of (iminomethyl)beryllium derivatives up to the decamer have been considered.
The geometry, energy, electronic and NMR properties have been characterized and
analyzed in order to obtain insight on the potential cooperativity in these clusters. All
the results obtained indicate a positive cooperativity and its profile is similar to those
described previously for hydrogen-bonded chains also with positive cooperativity.
These results open also the possibility of generating new ditopic systems by introducing
groups acting as Lewis bases as substituents in beryllium compounds, which behave as

very strong Lewis acids, favoring the formation of new polymeric structures.
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