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Heavy pnicogen atoms as electron donors
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DFT calculations evaluate the strength of o-hole bonds formed by ZHz and ZMesz (Z = N, P, As, Sb)
acting as electron donor. Bond types considered include H-bond, halogen, chalcogen, pnicogen, and
tetrel bond to perfluorinated Lewis acids FH, FBr, F,Se FzAs, F,Ge, respectively, as well as their
monofluorinated analogues. All of the Z atoms can engage in bonds of at least moderate strength,
varying from 3 to more than 40 kcal mol™. In most cases, N forms the strongest bonds, but the falloff
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from P to Sb is quite mild. However, this pattern is not characteristic of all cases, as for example in the
halogen bonds, where the heavier Z atoms are comparable to, or even stronger than N. Most of the
bonds are strengthened by replacing the three H atoms of ZHs by methyl groups, better simulating
the situation that would be generally encountered. Structural and NMR shielding data ought to facilitate
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Introduction

Not only is the H-bond (HB) the oldest of the assortment of
noncovalent bonds, but this phenomenon has fostered what is
perhaps the largest body of research over the last century' >
This AH-B bridging interaction was originally conceived as
connecting A and B atoms that are highly electronegative,
viz. O, N, and F. But this definition has broadened immensely
over ensuing years, to include quite a few atoms of the
periodic table, many of which would not be thought of as
electronegative.”>™'® The HB owes its stability in part to a
certain amount of charge transfer from the base atom B to a
o*(AH) antibonding orbital, which leads in turn to the usual
finding of a stretched A-H bond, with a lowered vibrational
stretching frequency. Although the source of electrons on B was
originally considered to be a lone pair, this idea has also
broadened over the years. It is now recognized that the donated
density may come from a m-electron cloud on the base mole-
cule, whether localized as for acetylene, or delocalized over an
aromatic phenyl ring."*>* Another, albeit less common, source
is a o-bonding orbital in a molecule such as H,.****

One of the more interesting directions in which HB research
has encompassed atoms other than the original first-row O, N,
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the identification of these bonds within crystals or in solution.

F set is the enlargement to atoms lower in the periodic table. In
the chalcogen column, for example, the heavier S, Se, and Te
atoms are now all recognized to participate in HBs, as both
proton donor and acceptor, in a wide range of systems span-
ning both chemistry and biochemistry.'***° The same can
be said of the neighboring pnicogen and halogen families of
elements.

A second area of growth of the HB concept is the general-
ization to atoms other than H. That is, the bridging proton can
be replaced by any of a large set of atoms, generally drawn from
the right side of the periodic table. The halogen bond, for
example, may be written AX-B where X refers to Cl, Br, or I. Even
though these electronegative atoms carry an overall partial
negative charge within the AX molecule, they retain a small
restricted area of positive potential along the extension of the
AX covalent bond. This so-called c-hole can attract a nucleo-
phile in much the same way as the proton in the HB.>*™*?
The remainder of the bonding components of the HB are left
essentially unchanged, i.e. the charge transfer from base to acid
and dispersive attraction. This same idea extends to atoms
from families other than halogen: chalcogen, pnicogen, and
tetrel bonds replace the proton by atoms drawn from that
particular periodic table column.>”*3"¢®

Just as larger atoms have been shown to participate in HBs,
one might anticipate the same to be true of these other c-hole
bonds. And indeed, it has been shown that each step in the
growth of the bridging atom strengthens the incipient bond.
For example, I forms stronger halogen bonds than does Br,
which is in turn stronger then Cl. This pattern is largely
attributed to the growing polarizability and electropositivity of
the larger X atom, both of which manifest as a deeper c-hole.
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Quite unlike what has been established for the Lewis acid atom,
the vast bulk of previous work has centered on base atoms
drawn from the first row, i.e. F, O, and N. There is surprisingly
little information concerning the capability of the larger base
atoms to act as electron donors in this class of o-hole
bonds.®**”? Given the growing consensus on their participation
within HBs, this neglect leaves a large hole in our understand-
ing of these other sorts of related bonds.

The current work represents an attempt to remedy this
deficiency in the literature. The entire repertoire of c-hole
bonds is explored, encompassing halogen, chalcogen, pnico-
gen, and tetrel bonds, as well as HBs as a point of comparison.
The Lewis acid atoms are taken from the 3rd row of the periodic
table: Br, Se, As, and Ge, which ought to provide deep enough
c-holes to facilitate bond formation. These Lewis acid mole-
cules contain an F substituent whose electronegativity is strong
enough to foster the appearance of a c-hole on the atom to
which it is bound. Not only monofluorinated molecules were
considered but also perfluorinated to cover the full range of
substituent effect. The base atoms were all drawn from the
pnicogen family as representing good electron donors. The size
was varied from N, which is the one that appears in most
previous studies, up to larger P, As, and Sb. The first series of
bases were purely hydrogenated ZH;, where Z represents the
pnicogen atom. Since many of the relevant systems of interest
would place the Z within the context of a larger unit, bound to
several C atoms, the study was expanded to include the tri-
methyl ZMe; series of bases.

Methods

Quantum chemical calculations were carried out with the aid of
the Gaussian 16’* program. The MO06-2X functional” was
applied in the context of the def2-TZVP basis set which includes
a triple-{ foundation. This functional has been repeatedly
assessed to be one of the most accurate for interactions such

as those considered here.”®"®* Geometries were fully optimized,
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and verified as true minima by the lack of any imaginary
vibrational frequencies. The interaction energy Ej,; is formu-
lated 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 maxima and minima of the
molecular electrostatic potential (MEP) on the p = 0.001 a.u.
isodensity surface of each monomer. NMR chemical shielding
calculations applied the GIAO approximation.?®%” A pseudopo-
tential was not considered adequate for purposes of assessing
the shielding of Sb as this approach would not offer sufficient
flexibility to the inner electrons near the nucleus. Consequently,
the NMR calculations of the systems containing SbH; employed
the all-electron Sapporo-DKH3-TZP-2012 basis set®®* which was
calibrated to include certain relativistic effects.

Results
Monomer potentials

With regard to the molecular electrostatic potential (MEP) of
each monomer, each of the Lewis acids contains a positive
region which interacts favorably with the negative area on the
base. This MEP is illustrated in Fig. 1 for each acid monomer
where the blue region to the right of the central atom repre-
sents the o-hole that can interact with a base. The magnitude of
this positive region is quantified as the maximum of the MEP
on the p =0.001 a.u. isodensity surface, Vi,ax, which is displayed
in Table 1. The most intense maximum of 69 kcal mol occurs
on the H of the HF molecule. The values for the various other
acids all lie in the range between 41 and 53 kcal mol~". In the
case of the perfluorinated acids in the first row of diagrams in
Fig. 1, the c-hole is most intense on Ge, followed in order by Br,
Se, and then As. (The lighter blue color surrounding Ge, as
compared to the As, Se, etc. atoms is due to its larger vdwW
radius which is taken as the basis of the surfaces in Fig. 1.)
Removing one or more F atoms to reach the monofluorinated

Fig. 1 Molecular electrostatic potential (MEP) surrounding each of the Lewis acid molecules. Surface represents 1.5 x vdW radius. Blue color indicates

+25 kcal mol™2, and red represents —20 kcal mol™.
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Table 1 V., of acids, kcal mol™t

FH FBr F,Se F;As F,Ge

68.7 50.3 46.2 40.7 52.5
FHSe FH,As FH;Ge
47.0 42.0 41.8

acids has a mixed effect. Although the removal of three F atoms
from GeF, drops Vpax significantly, such F to H substitutions
exert only a marginal influence for Se and As, actually raising it
a small amount. But in a larger view, all of these acids contain a
healthy positive region, ready to attract a negative base.

The minimum of the MEP on each base coincides with its C;
symmetry axis, i.e. the lone pair. This minimum is evaluated,
again on the p = 0.001 a.u. isodensity surface, and is reported in
Table 2 as Vi,in. Whether ZH; or ZMe; (where Z represents the
central pnicogen atom), Vi, is largest in magnitude for N,
dropping along with the size of the Z atom. With the exception
of N, the replacement of the three H atoms on ZH; by methyl
intensifies this minimum by a substantial amount. NH; is the
outlier here, in that V,,;, is smaller for NMe; than for NH;. This
less negative quantity may be due in part to the precise location
of the minimum on the p = 0.001 a.u. surface. This minimum

Table 2 V., of bases, kcal mol™

NH, PH, AsH, SbH,
—40.1 —16.3 —12.5 —7.41
NMe; PMe; AsMe; SbMe;
—32.0 —26.9 —22.4 —16.7
Laa
-
E S —8
H
—E
H
H
3.250
— & |
1722 "
H
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lies closer to the N in NMe; than in NH; by some 0.046 A.
The shorter distance places the point of reference closer to the
highly positively charged N nucleus, thereby making the
potential less negative. The weakening trend associated with
the heavier Z atom casts into question whether Sb can serve as
an effective nucleophilic atom.

Energetics

Upon pairing each Lewis acid with a base, the resulting dyad
places the base Z atom roughly along the extension of the F-A
covalent bond where A represents the central atom of the acid.
Several representative structures are depicted in Fig. 2; coordi-
nates of all optimized structures are contained in the ESI.{ The
interaction energy of each acid-base dyad combination is listed
in Table 3, where it may be seen to scan a wide range from less
than 3 all the way up to 49 kcal mol . There are certain easily
distinguished patterns that characterize these complexes. Ejy is
largest for the N-bases, then takes a big step down to P, after
which there is a slower decline as the base atom grows larger.
Adding the three methyl groups to the base produces a sizable
rise in the interaction energy, even for N where Vi, is smaller
in magnitude for NMe; than for NH;. In most cases, the
halogen bond (XB) with FBr is the strongest type, followed by
the chalcogen bond (YB) with Se. In many but not all cases, the
YB and tetrel bond (TB) are slightly weaker. An obvious excep-
tion occurs for some of the TBs with Ge that are very strong
indeed, particularly with the methylated bases. The F,Ge-NH;
interaction energy is 37 kcal mol™ ", and nearly 50 kcal mol "
with NMe;. F,Ge forms very strong TBs with heavier methylated
bases PMe; and AsMe;, both over 30 kcal mol™*.

With regard to the fluorination level of the acid, recall from
Table 1 that the reduction to monofluorination of Se and
As yielded a small increase in V., while this quantity was

g 2.501
. 164.8 .
' @
H
—u
H
E
H

Fig. 2 Optimized geometries of several sample dyads. Distances in A, angles in degs.
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Table 3 Interaction energies —Ein (kcal mol™?) for acid—base complexes
Perfluoro

FH FBr F,Se F3As F,Ge FH FBr F,Se F3As F,Ge
NH; 13.81 15.12 13.24 10.24 36.80 NMe; 16.72 23.71 21.38 15.83 49.42
PH; 5.08 15.08 5.95 3.72 6.30 PMe; 9.04 40.42 23.95 8.42 43.99
AsH; 4.24 11.59 5.00 3.09 4.71 AsMe; 7.36 29.49 13.46 6.67 32.56
SbH; 3.29 11.00 4.30 2.64 3.57 SbMe; 5.48 23.76 9.86 4.98 8.13
Monofluoro

FH FBr FHSe FH,As FH;Ge FH FBr FHSe FH,As FH;Ge
NH; 13.81 15.12 11.45 8.77 8.64 NMe; 16.72 23.71 17.81 13.03 14.34
PH; 5.08 15.08 7.17 4.55 3.51 PMe; 9.04 40.42 20.63 9.03 6.28
AsH; 4.24 11.59 5.92 4.12 3.06 AsMe; 7.36 29.49 13.99 6.95 5.08
SbH; 3.29 11.00 5.44 3.64 2.56 SbMe; 5.48 23.76 10.22 5.42 3.81
Table 4 Deformation energy Eger (kcal mol™) involved in geometry changes within each subunit during complexation
Perfluoro

FH FBr F,Se F;As F,Ge FH FBr F,Se F;As F,Ge
NH; 0.80 1.18 1.35 0.82 16.21 NMe; 2.15 2.71 2.96 1.96 23.18
PH; 0.27 2.97 0.67 0.80 1.86 PMe; 0.59 14.62 9.10 0.94 27.09
AsH; 0.19 2.77 0.41 0.10 0.99 AsMe; 0.31 10.48 3.80 0.55 22.36
SbH; 0.15 2.62 0.31 0.10 0.59 SbMe; 0.28 8.04 2.42 0.31 3.23
Monofluoro

FH FBr FHSe FH,As FH;Ge FH FBr FHSe FH,As FH;Ge
NH; 0.80 1.18 0.57 0.29 0.02 NMe; 2.15 2.71 1.63 0.89 2.75
PH; 0.27 2.97 0.73 0.13 0.12 PMe; 0.59 14.62 5.37 0.84 0.46
AsH; 0.19 2.77 0.39 0.10 0.08 AsMe; 0.31 10.48 2.92 0.44 0.29
SbH; 0.15 2.62 0.25 0.09 0.06 SbMe; 0.28 8.04 1.62 0.20 0.10

diminished for Ge. This pattern is partially predictive of the
energetics. First with respect to the unmethylated bases,
the removal of an F atom from F,Se and F;As does raise the
interaction energy (with the exception of the opposite trend
for NH;), while FH;Ge engages in a weaker tetrel bond than
does F,Ge, all consistent with V., trends. When the base
is trimethylated, these patterns largely remain, except for an
obvious apparent anomaly for the Ge tetrel bonds in the last
column of Table 3, which drop drastically when three of the F
atoms of GeF, are replaced by H.

E;n: represents the interaction between the two subunits
after they have adopted their geometries within the fully
optimized dyad. The deformation required to morph from the
optimized structure of the monomer to that within the dimer
can be significant. As one example, the fully optimized GeF,
monomer is fully tetrahedral with a r(GeF) bond length of
1.690 A. However, when complexed with NMe;, the 0(F-Ge-F)
angle involving the F lying opposite the N is reduced by 14°
to 95.3°% as the molecule converts partially toward a trigonal
bipyramid shape, and the 7(GeF) bondlength stretches by
0.034 A to 1.724 A. This particular deformation raises the energy
of the GeF, molecule by 21.7 kecal mol™*. When combined with a
smaller distortion within the NMe; base, the total deformation
energy of this complex is equal to 23.18 kcal mol . (Deformation
energies of both the acid and base within each dyad are reported

This journal is © the Owner Societies 2023

in Table S1, ESIt). This quantity, along with the deformation
energies of the other complexes, is displayed in Table 4. The actual
energy change in going from a fully separated acid + base pair to
the complex, AE, would then be the interaction energy minus this
deformation energy Eq4.r. Again taking GeF,-NMe; as the example,
this reaction energy would be 49.42-23.18, or 26.24 kcal mol .
This difference still represents a strongly bound structure, but
only half as much as might be deduced from the interaction
energy alone.

Perusal of Table 4 suggests GeF,-NMe; is not the norm, as
most deformation energies are rather small, so the interaction
energies are not far off the mark as a measure of AE. The
exceptions that involve substantial E4s are the complexes
of GeF, with NHj;, NMe;, PMe;, and AsMe;, all exceeding
20 kcal mol™'. Other substantial deformations occur for the
halogen bonded complexes of FBr with PMe; and AsMej;, with
Ege¢ between 10 and 15 keal mol ™.

Geometries and NMR spectra

One would normally expect a strong relationship in that
stronger noncovalent bonds ought to be associated with a
shorter intermolecular distance. These distances are listed in
Table S2 (ESIt) for each of the dyads. It is difficult to relate
these distances themselves directly to the energetics, since
there are different size atoms from one pair to the next.

Phys. Chem. Chem. Phys., 2023, 25, 23530-23537 | 23533
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Table 5 Normalized intermolecular distances, expressed as ratio R/> ryaw
Perfluoro

FH FBr F,Se F3As F,Ge FH FBr F,Se F3As F,Ge
NH; 0.587 0.671 0.704 0.750 0.537 NMe; 0.550 0.639 0.662 0.694 0.536
PH; 0.760 0.665 0.822 0.909 0.774 PMe; 0.722 0.614 0.677 0.841 0.589
AsH; 0.803 0.713 0.876 0.949 0.822 AsMe; 0.772 0.664 0.763 0.894 0.630
SbH; 0.727 0.650 0.799 0.859 0.767 SbMe; 0.710 0.618 0.712 0.830 0.713
Monofluoro

FH FBr FHSe FH,As FH;Ge FH FBr FHSe FH,As FH;Ge
NH; 0.587 0.671 0.726 0.770 0.691 NMe; 0.550 0.639 0.675 0.706 0.625
PH; 0.760 0.665 0.772 0.871 0.824 PMe; 0.722 0.614 0.676 0.773 0.780
AsHj 0.803 0.713 0.842 0.902 0.855 AsMe; 0.772 0.664 0.735 0.833 0.818
SbH; 0.727 0.650 0.758 0.817 0.788 SbMe;, 0.710 0.618 0.689 0.784 0.768

For example, as one moves down any column the electron
acceptor atom is growing larger, which would of course tend
to elongate the intermolecular distance, thus masking changes
induced by stronger or weaker bonding. It perhaps makes more
sense to normalize each of these distances by dividing it by the
sum of vdW radii of the two atoms involved. This quotient, is
commonly assessed in crystal studies where it is sometimes
referred to as contact distance, and would better express the
penetration of each atom into the electron cloud of its partner,
where a smaller ratio would be indicative of a stronger bond.

These normalized distances are listed in Table 5 where
clearer trends than those seen in Table S2 (ESIt) emerge
immediately, some of which parallel the energetic trends in
Table 3. In most cases, the N base approaches the acid more
closely than do the heavier base atoms. It is the heaviest Sb that
is next in this list, followed by P and then As. With respect to the
acidic electron acceptor atom, in most cases, this follows the order
Br < Ge < Se < As. The addition of methyl groups to the base
shortens this distance, in line with the strengthening energetics.
The exceptions to these trends generally coincide with the surpris-
ingly large TB energies for some of the Ge acids, each of which
results in a particularly close distance of approach.

Due in large part to the transfer of a certain amount of
density from the base to the o*(AF) antibonding orbital of the
acid, the associated A-F bond tends to stretch. This elongation

Table 6 Change in internal A—F bond length (A) upon forming complex

is quantified in Table 6 for each of the acid-base dyads. The
trends generally reflect a reduced stretch as the base atom
becomes heavier, but the XBs with FBr are an exception in that
NH; induces the smallest stretch. In general, the XBs cause the
largest bond stretch, followed by the YB, and then pnicogen
bond (ZB) and TB. Removing the F atoms from the acid other
than the one that causes the c-hole with which the base reacts
usually raises the degree of A-F stretch.

Several earlier works have suggested that within the context of
c-hole noncovalent bonds, the property of the NMR spectrum
which is most heavily connected to the bond energy is the change
in the chemical shielding of the base atom that arises upon
complexation. This quantity is thus reported in Table 7 for each
of the acid-base complexes and reflects certain patterns. In the first
place, and perhaps most important, the shielding changes on these
base atoms are quite substantial. With few exceptions, the shield-
ing diminishes upon forming the noncovalent bond, so the NMR
spectra ought to serve as a signpost of such bond formation. This
sort of change is verified by recent measurements® that noted a
drop in the experimental electron density surrounding an electron—
donor N atom when participating in XBs, and that the magnitude
of this drop correlates with XB strength.

Whether N, P, As, or Sb, the largest deshielding occurs
within the XB with FBr, followed by the YB, with HB, TB, and
ZB taking up the rear. This trend more or less conforms to the

Perfluoro

FH FBr F,Se F3As F,Ge FH FBr F,Se F3As F,Ge
NH; 0.0349 0.0598 0.0385 0.0218 0.0282 NMe; 0.0559 0.0870 0.0564 0.0322 0.0342
PH; 0.0105 0.0978 0.0200 0.0062 0.0083 PMe; 0.0209 0.2065 0.0857 0.0170 0.0322
AsH; 0.0086 0.0757 0.0150 0.0059 0.0061 AsMe; 0.0154 0.1644 0.0546 0.0111 0.0299
SbH; 0.0073 0.0786 0.0126 0.0042 0.0043 SbMe; 0.0115 0.1466 0.0380 0.0059 0.0111
Monofluoro

FH FBr FHSe FH,As FH;Ge FH FBr FHSe FH,As FH;Ge
NH; 0.0349 0.0598 0.0395 0.0270 0.0228 NMe; 0.0559 0.0870 0.0610 0.0395 0.0327
PH; 0.0105 0.0978 0.0354 0.0128 0.0083 PMe; 0.0209 0.2065 0.1080 0.0332 0.0155
AsH; 0.0086 0.0757 0.0220 0.0109 0.0069 AsMe; 0.0154 0.1644 0.0755 0.0231 0.0116
SbH; 0.0073 0.0786 0.0206 0.0090 0.0053 SbMe; 0.0115 0.1466 0.0568 0.0166 0.0080
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Table 7 Change in base atom isotropic shielding (ppm) upon forming complex
Perfluoro

FH FBr F,Se F3As F,Ge FH FBr F,Se F3As F,Ge
NH; —14.6 —22.0 —32.6 —32.9 —45.1 NMe; —8.6 —28.6 —31.3 —22.8 —38.4
PH; —20.5 —100.0 —43.6 —22.5 —23.9 PMe; —5.4 —80.9 —66.2 —10.2 —36.6
AsHj; —16.5 —149.4 —54.5 —25.7 —25.3 AsMe; —-2.5 —156.9 —101.6 —-17.4 —67.3
SbH; —46.1 —305.1 —103.7 —30.5 —40.5 SbMe; +8.4 —219.7 —91.4 +0.9 +26.2
Monofluoro

FH FBr FHSe FH,As FH;Ge FH FBr FHSe FH,As FH;Ge
NH; —14.6 —22.0 —15.3 —12.3 —18.3 NMe; —8.6 —28.6 —19.1 —19.0 —10.5
PH;3 —20.5 —100.0 —48.3 —18.2 —-13.0 PMe; —-5.4 —80.9 —54.0 -17.7 —-3.2
AsHj; —16.5 —149.4 —54.8 —22.5 -9.7 AsMe; —2.5 —156.9 —96.3 —25.4 —4.9
SbH; —46.1 —305.1 —138.2 —45.5 —18.5 SbMe; +8.4 —219.7 —136.3 —6.4 —6.5
energetic data in Table 3. The effect of adding methyl groups to the References

base atom has a variable effect, sometime less and sometimes
more deshielding. There is a general trend for the deshielding to
rise along with the size of the base atom, but again not without
exceptions. This pattern is contrary to the interaction energies
which are clearly largest for N. As a bottom line, the connections
between these shielding changes and the interaction energy are
tenuous.

Conclusions

Not only can the heavier pnicogen atoms act as electron donor
within the context of HBs, but the same capability extends to the
full variety of c-hole noncovalent bonds. In fact, the latter sorts of
bonds are comparable in strength to the HB, exceeding it in some
cases. The halogen bond, for example, is particularly strong, in
some cases with 3 to 4 times the interaction energy of the
corresponding HB. In most but not all cases, N forms the strongest
bonds, with the heavier pnicogens not far behind, weakening only
slowly as the Z atom grows larger. Certain of the tetrel bonds to
F,Ge have a particularly large interaction energy, but this comes at
the expense of a large deformation energy of this Lewis acid
molecule. When the Z atom is trimethylated, simulating the
situation within many molecules where it is bonded to three C
atoms, the noncovalent bonds are quite strong, some with inter-
action energies exceeding 40 kcal mol . The optimized intermo-
lecular distances are quite a bit smaller than the sum of atomic
vdW radii, which should facilitate identification of these bonds via
diffraction data of crystals. NMR spectroscopy would also be a
useful tool as the noncovalent bond formation induces a substan-
tial drop in the NMR shielding of the base atom.
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