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ABSTRACT: The three Z—X covalent bonds of a ZX; unit (Z = P,
As, Sb, Bi) are normally arranged in a pyramidal structure.
Quantum chemical calculations show that pnicogen bonds (ZBs) to
the central Z are weakened if ZX; is flattened, as in the opening of
an umbrella. The partial closing of the umbrella has the opposite
effect of substantially strengthening these ZBs, even amounting to a
2- or 3-fold magnification in certain cases. The strongest such
bonds, wherein Sb and Bi are in a strained configuration within a
ZO;CH model system, have interaction energies of 20 kcal/mol
with an NH; base. Most of these systems, whether flattened or
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more pyramidal, are capable of engaging in three ZBs simultaneously, despite a certain amount of negative cooperativity.

B INTRODUCTION

A number of close relatives of the intensively studied H-
bond'~° have been under intense scrutiny in recent years.
These noncovalent bonds replace the bridging proton with any
of a wide array of other atoms, many of which are more
electronegative than H.”~'° Although these atoms cannot be
characterized as carrying an overall partial positive charge as
does a bridging H, each such A atom nonetheless possesses a
region of positive molecular electrostatic potential (MEP) that
lies along the extension of the R—A covalent bond."”*” Since
it owes its existence to the depletion of electron density in this
area, this positive region is often denoted as a o-hole. Just as in
the case of the HB, this o-hole can attract a nucleophile,
leading to the classification of these interactions under the
general rubric of o-hole bonds. However, there is a tendency to
subclassify each such bond according to the family from which
is drawn the bridging atom that substitutes for H. So, for
example, halogen bonds utilize Cl, Br, and I, while S, Se, and
Te are involved in chalcogen bonds, and so on. > #8733

The pnicogen bond (ZB) is particularly interesting in that
the central Z atom is commonly trivalent, as in ZX;, where Z
represents a pnicogen atom (P, As, Sb, Bi) and X represents
any of a wide selection of substituents. The presence of three
Z—X covalent bonds, usually arranged in a pyramidal shape,
leads to three o-holes, all of which can potentially engage in a
ZB with an incoming nucleophile. This sort of bond has
generated a great deal of interest, and the ensuing
research'”**~** has led to a number of overarching principles
that guide the strength and properties of these bonds. In the
first place, the o-hole deepens as the Z atom moves down in
the periodic table (P < As < Sb < Bi) due to its growing
electropositivity and polarizability. A similar phenomenon
occurs as the X substituents grow more electron-withdrawing,
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again deepening the o-hole on the Z and strengthening the
ensuing ZB with a nucleophile. Like the other related
noncovalent bonds of this type, ZBs seldom contain a first-
row atom, in this case N, as the Lewis acid atom, due in large
measure to its high electronegativity, which resists o-hole
formation. Although the presence of one such ZB inhibits the
formation of a second such bond to the same Z atom due to
negative cooperativity, the tendency toward such bonding is
sufficiently compelling that two, three, and even more such
bonds have been observed.*' =

As mentioned above, the three covalent bonds around the
trivalent Z atom in a ZX; motif are typically disposed in a
pyramidal shape as in PCl,, for example. However, the precise
angle between these bonds can be heavily influenced by the
internal strains that are introduced when the Z atom is part of
a cage molecule.”*™>" In particular, Cozzolino and others have
synthesized and characterized systems where a heavy Z atom is
connected to three O atoms, which are in turn bonded to other
segments of an overall cage framework that places certain
strains on the ZO; connector.”” On one extreme lies the
atranes, which contain three five-membered rings, with Z
serving as a bridgehead atom. The overall structure pulls up on
the three O atoms, flattening the ZO; arrangement to some
degree. The opposite effect occurs with smaller rings that pull
down on the O atoms, making this motif more pyramidal.
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What is of special interest is the effect that this adjustable
degree of pyramidality might exert on the pnicogen bonds that
this central Z atom may form with nucleophiles. Previous work
has demonstrated that such ZBs are indeed possible and are
present in the crystalline forms of these molecules. Indeed, full
occupation of all three o-holes surrounding a given Z atom
seems to be the norm.*' ™ The large question then is whether
the flattening of the C;-symmetric ZO; unit exerts any effect
upon the strengths of these ZBs, and if so, to what extent. This
work attempts to directly address this question by quantum
chemical calculations of systems specifically chosen for this
purpose. Varying degrees of pyramidality are imposed on a
central pnicogen atom first artificially on small model
molecules and then by designing others in which the strain
is part and parcel of their internal structure.

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-TZVPP basis set, which includes a triple-
foundation, and designed so as to include certain relativistic effects.
This function 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, with the exception of
those systems where certain internal angles were imposed.

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
formalism.*® The Multiwfn program®” located the extrema of the
molecular electrostatic potential (MEP) on the p = 0.001 au
isodensity surface of each monomer. The density of each bond critical
point was measured in the context of the QTAIM protocol® using
the AIMALL program.”” The energetic effects of interorbital charge
transfer were evaluated by the NBO procedure.’”””" Symmetry
adapted perturbation theory (SAPT)”>”* evaluated various compo-
nents that contribute to the interaction energies via the PSI4

program.74

B RESULTS

Externally Imposed Deformations. As a first step in
understanding the connection between internal geometry and
pnicogen bond strength, a number of simple ZX; Lewis acids
were considered, where Z refers to P, As, Sb, and Bi, and X
designates F, Cl, or OH. Geometrical distortions were imposed
on each Lewis acid as described below.

Characterization of Lewis Acid Monomers. The definitions
of the umbrella angle 6 and the internal angle a of each ZX;
molecule are presented in Figure 1. The broken blue line
represents the C; rotation axis, in this case of SbCl;. As 6
increases, the molecule closes like an umbrella; therefore, 0 is
referred to here as the umbrella angle. The internal angles
between the two substituents and the central atom are defined
as a. In the extreme case of a fully planar molecule with 0 =
90°, a would be 120°, whereas both angles would be equal to
109.5° if the molecules were to adopt a fully tetrahedral
geometry as another extreme. The optimal umbrella angles for
the ZX; units chosen for study are contained in Table SI,
along with the associated internal angles, where it may be seen
that the umbrella angles all lie within a span of 2 of 120°,
leaving o in the 94—100° range. These computationally
optimized geometries are quite close to those that have been
experimentally determined in the gas phase” as is evident in
Table S2.

Figure 1. Definition of internal angles within ZX; molecules using
SbCl; as an example. The broken blue line refers to the C; rotation
axis.

The molecular electrostatic potential (MEP) of each of these
acids is exemplified by the Bi series in Figure 2 where the blue
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Figure 2. Molecular electrostatic potential surrounding the BiX;
series. Blue and red regions indicate positive and negative MEPs;
values are (a) + 38, =31, (b) + 31, —13, and (c) + 19, —13 kcal/mol.

and red regions, respectively, indicate the positive and negative
potentials. A positive blue region, or oc-hole, lies directly
opposite each of the substituents, lying within 10° of the
projection of the X-Bi axis. Inspecting the middle column of
Table 1, which refers to the fully optimized monomer, it is

Table 1. V,,, (kcal/mol) Computed for Deviations of 6
from Its Optimized Value

-20° -10° 0° +10° +20°
PF; 6.3 25.0 28.3 41.6 47.6
PCl, 7.4 13.6 214 30.0 38.1
P(OH)," -133 —4.5 6.6 34.6
AsF; 22.7 30.7 40.6 49.9 55.6
AsCly 15.2 21.8 29.9 37.9 44.7
As(OH);’ —0.7 14.9 274 36.5
SbF; 31.6 40.2 50.1 58.8 64.0
SbCI3 25.6 32.6 40.9 48.8 55.0
Sb(OH),* 111 30.7 37.0 45.7
BiF; S1.8 53.0 60.8 68.1 72.7
BiCly 47.8 48.3 54.1 60.0 64.6
Bi(OH), 16.7 25.5 39.8 46.2 55.5

“Average of three 6-holes.

apparent that the value of V. that characterizes this o-hole
diminishes in the X sequence F > CI > OH. At the same time,
the o-hole deepens as the central Z atom grows larger, reaching
a maximum of 60.8 kcal/mol for BiF;.

With regard to the behavior of the o-hole as the umbrella
angle changes, the values of V,,, are reported in Table 1 for
steps of € by 10° in either direction. As may be seen, larger
values of 6, corresponding to a closing of the umbrella, deepen
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these o-holes, while a diminishing 6 associated with a flatter
molecule weakens the holes. These changes can be substantial.
Taking SbCl; as an example, its optimized V,,, of 40.9 kcal/
mol increases by 34% upon an increase of 6 by 20°, whereas a
reduction of @ by the same amount weakens the o-hole by
roughly the same percentage. It might be noted that the o-
holes seem to disappear for most of the trihydroxy units, with
the exception of Bi(OH)s, and is even negative in sign for the
smaller 0 angles of P(OH);. As the molecule flattens out, these
three o-holes indeed disappear, morphing into a single positive
region that lies above the incipient molecular plane.

A full characterization of the MEP surrounding each of these
units should also include the minimum that occurs along the
C; axis, corresponding to the position of the Z lone pair.
Unlike a molecule like NH;, the minima of these ZXj
molecules tend to be positive in sign. This distinction is due
first to the lesser electronegativity of the Z atoms as compared
to that of N. The second factor is the electron-withdrawing
power of the three X substituents. Both of these effects are fully
evidenced in Table 2 where V;, becomes more positive as Z

Table 2. V,,;, (kcal/mol) Lying along the Principal C,
Rotation Axis Computed for Deviations of  from Its
Optimized Value

-20° -10° 0° +10° +20°
PF, -13.9 -83 3.1 20.6 328
PCl, —126 —62 40 15.5 28.0
P(OH), —42.0 -323 -19.0 —47 10.2
AsF, 0.4 6.6 18.8 303 39.7
AsCl, 2.1 54 14.2 24.0 342
As(OH), —29.8 -19.8 34 82 22.7
SbE, 15.7 19.3 27.9 362 43.1
SbCl, 12.9 15.5 229 31.0 39.6
Sb(OH), —14.4 —-6.7 6.4 15.8 273
BiF, 493 52.7 56.0 58.8
BiCl, 43.6 46.8 512 56.4
Bi(OH), 13.0 17.6 274 343 43.1

grows larger and less electronegative. This trend is fairly
dramatic: taking the optimized geometries of the ZF; series as
an example, V, ;. grows from 3.1 kcal/mol for PF; all the way
up to 52.7 kcal/mol for BiF;. Just as for the o-holes, V,;, also
grows more positive as @ increases, and the molecule becomes
more pyramidal.

Complexes with NH;. When an NH; base molecule is
allowed to interact with each of these Lewis acid molecules, it
aligns with one of the o-holes. Typical examples of these dyads
are displayed in Figure 3 for the Sb series. The energetics of
the resulting dyads are listed in Table 3 where it is immediately
obvious that these pnicogen bonds are fairly strong. Interaction
energies vary between 8 and 17 kcal/mol. The binding energies
E,, which also take account of monomer deformations to

achieve the geometry within the complex, are only slightly
smaller, consistent with only minor internal geometrical
changes. Consistent with expectations and the o-hole depths
outlined above, these bonds grow stronger as the Z atom is
enlarged from P to As to Sb to Bi. For each Z atom, it is ZF;
that engages in the strongest bond, which matches its deepest
o-hole. However, although the ZCl; hole is consistently deeper
than that of Z(OH);, the interaction energies are fairly similar.
This near-equality may be due to the presence of weak H-
bonds, which provide additional stabilization for the complexes
containing the hydroxyl groups (see below).

The bond critical point densities in the next column of Table
3 are generally consistent with the energetics but not entirely.
For example, these quantities do not all follow the energetic
pattern of P < As < Sb < Bi. Three of the Z(OH); complexes
contain HB bond paths that supplement ZB and inflate the
total interaction energy; both are reported in Table 3 for
clarity. The same partial inconsistency applies to the NBO
measures of charge-transfer energy in the next column of the
table. The E, quantity refers to the second-order perturbation
energy associated with the transfer of charge from the NH;
lone pair to the pertinent 6*(ZX) antibonding orbital of the
Lewis acid. E, is the largest for Sb, and the F substituent does
not have the largest E,. The aforementioned HBs within
complexes of Z(OH); add a small amount to this measure of
bond strength.

As a base is added to any of these ZX; units, there is a
tendency for this fourth ligand, as it were, to draw the
geometry away from a simple trigonal pyramid and toward a
more “seesaw” shape, with the Z lone pair acting as the fifth
electron domain within a trigonal bipyramid framework. A
pure geometry of this sort would place the apical units 180°
from one another, with 90° angles separating the apical from
equatorial. The approach of the §(X,,Z--N) angles listed in
Table 3 toward 180° can be used as a gauge of the partial
transformation toward such a seesaw arrangement, just as can
the O(X,,ZX) angles as they approach 90°.

The geometrical features of these complexes can be
compared to the available structural data. Taking AsCl; as an
example, its As—Cl bond lengths in the solid phase’® are 2.161
A, quite close to the 2.169 A computed here for the monomer.
Pairing this Lewis acid with NMe; stretched these bonds,
particularly that directly opposite the base, consistent with our
geometrical adjustments noted with the NH; base, where the
elongation of that N—Cl bond was twice that of the other two
bonds. This greater elongation is carried over’’ to the
pnicogen-bonded complex between SbCl; and PhNH,.
Regarding angular aspects, the 6(X,,Z-~N) and 6(X,,ZX)
angles are measured to be 178.7 and 91.6° respectively,
somewhat closer to a trigonal bipyramid, in line with the
stronger basicity of NMe;, as well as the change in phase from
gas to crystalline.

Figure 3. Optimized geometries of NH; with (a) SbF;, (b) SbCl,, and (c) Sb (OH);. Distances in A, angles in degs. The minima display small
differences in conformation in that the NHj is eclipsed with respect to SbX; in panels (a, c), while it is staggered for panel (b); these are the only
minima for each dyad with the exceptions of PF; and AsF; where the two minima have nearly identical energies.
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Table 3. Energetics of Complexes of ZX; with NH; (kcal/mol), Z-*N Bond Critical Point Density (au), NBO Charge-Transfer
Energy (kcal/mol), and Bond Angles (degs) to the Apical X,p Atom

—Eine —E, Prcp
PF, 5.62 5.28 0.019
PCl, 5.47 5.12 0.019
P(OH), 2.68 240 0.028" (0.009)
AsF, 10.20 9.40 0.030
AsCly 8.36 7.73 0.025
As(OH), 8.89 7.14 0.028
SbF, 15.86 14.51 0.041
SbCly 13.15 12.05 0.026
Sb(OH), 14.98 12.33 0.030” (0.012)
BiF, 17.33 16.31 0.033
BiCl, 15.19 14.45 0.029
Bi(OH), 15.97 13.45 0.042” (0.010)

E,” 0(X,,Z+N) 0(X,,ZX)
2.82 166.7 95.5
8.36 177.1 98.2
1.907 (0.87) 160.0 93.7
13.83 162.3 92.5
17.65 172.8 96.1
14.35 157.9 91.7
22.80 154.4 89.9
25.72 165.0 93.5
27.36° (26.86) 149.1 87.8
17.76 1535 90.8
21.84 168.5 95.4
20.327 (19.47) 146.5 90.2

“Nip = 6*(Z2-X). bSum of BCPs of ZX and additional HBs (BCP for ZB in parentheses). “Sum of E, for Nj, — ¢*(Z—X) + N, —» ¢*(0O—H).
9Sum of E, for N;p — 6*(Z—=X) + N;p — ¢*(O—H) + Op » o*(N—H).

Just as it was found above that the o-holes lying opposite the
three X substituents grow larger as the ZX; unit adopts a more
pyramidal shape, so too does the associated ZB become
stronger. Table 4 reports the interaction energy between NH;

Table 4. Interaction Energy (—E,,,, kcal/mol) of NH; with
the 6-Hole of the Indicated Lewis Acid for Deviations of
from Its Optimized Value

—20° -10° 0° +10° +20°
PF, 3.61 5.08 10.44 15.69
PCl, 272 4.85 7.88 12.41
P(OH), 225 4.30 7.69
AsF, 3.13 5.27 8.77 13.48 18.28
AsCl, 345 4.88 7.29 10.45 14.28
As(OH), 3.67 7.93 10.97
SbE, 6.87 9.41 13.51 18.25 22.70
SbCl, 6.66 8.26 11.18 14.75 18.59
Sb(OH), 9.29 8.71 8.17 11.00 15.52
BiF, 12.41 12.65 15.54 19.31 22.84
BiCl, 15.04 12.24 13.83 1632 19.01
Bi(OH), 6.22 7.55 10.51 1437 19.09

and ZX; when the umbrella angle of the monomer is held at a
predefined value, in +10° increments away from the angle
within the monomer. In line with the increasing V., as the
Lewis acid takes on a more pyramidal shape, so too does the
interaction energy increase with an approaching base. These
energetics are fairly sensitive to this internal angle; for example,
a 20° increase in @ increases the interaction energy by some
5.2—9.5 kcal/mol, which can amount to as much as a doubling
or even a tripling of the quantity without any change imposed
on the monomer’s preferred geometry. Note that the reverse
effect of a ZB weakening occurs as @ diminishes, and the acid
molecule flattens out. Indeed, some of the weaker ZBs
disappear for flatter manifestations of these acids.

Much of what occurs in terms of bond energies manifests
itself as well in the AIM bond critical point densities contained
in Table S3. These densities increase with an increasing
pyramidal character, varying in the range between 0.012 and
0.050 au. The increase in the NBO E, measure of charge
transfer is even more dramatic. As reported in Table S4, this
perturbation energy for transfer from the NH; lone pair to the
6*(ZX) antibonding orbital ranges from a minimum of only

0.4 kcal/mol up to as much as 32 kcal/mol when 6 has
increased by 20°. The behavior of E, for the Sb(OH); system
is a bit anomalous in this regard, with maxima at either
extremum.

Given the large changes in the interaction energy occurring
upon pyramidalization of ZX; one might wonder if the
character of the bond might be changing. Table SS lists each of
the components, as well as their percentage contribution to the
total attractive component, as evaluated by SAPT. Taking the
undistorted A@ = 0° first, electrostatics (ES) generally
accounts for the largest share of the total, accounting for
45—64% of the total. The share attributed to induction (IND)
is quite variable, generally larger for the heavier Z atoms, where
it can rival ES. Dispersion (DISP) is also variable, about 30%
for several complexes but diminishing to less than 10% for the
larger Z atoms. The repulsive exchange energy, which keeps
the two subunits from collapsing into one another, has been
shown to represent an important aspect of the angular features
of various sorts of noncovalent bonds including pnicogen
bonds.”*”” This component is largest for the halogen
substituents and quite a bit smaller for OH and grows quickly
along with the size of the central Z atom. A scan of all of the 8
angles in Table SS suggests that these fractional contributions
are relatively stable, such that there is no evidence of any
fundamental change in the contributing factors as the Lewis
acid distorts. The exchange energy grows increasingly repulsive
as the molecule becomes more pyramidal, and the 6 angle
enlarges.

The effect of the changing umbrella angle upon the dyad
geometries is particularly interesting. Figure 4 contains a slide
presentation depicting the changing intermolecular distances
and orientations for the BiF; case, as an example. When the
molecule has flattened out so that 6 is 20° below its optimized
value, the NHj lies some 50° away from the BiF; C; rotation
axis, as exhibited in Figure 4a. As @ is increased, this angle
progressively widens to 79° at the optimal umbrella angle, as
shown in Figure 4c. As BiF; continues to become more
pyramidal, the NH; is displaced further from the C; axis,
ultimately lying 90° from this axis after a 20° deformation in
Figure 4e. It may be noted as well that the intermolecular Bi---
N distance shortens as 6 increases and the ZB energy increases.
Another geometric parameter of some interest is the FBi-:N
angle, which is associated with the ability of the N lone pair to
align with the relevant 6 (BiF) orbital. This angle maximizes at
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Figure 4. Geometries of F;Bi---NH; complexes for various deviations
of @ from its optimal angle by (a) —20°, (b) —10°, (c) optimal, (d)
+10°, and (e) +20°. The local C; rotation axis of BiF; is shown as a
broken blue line. Distances in A, angles in degs.

177 for a 10° decrement of @ from its optimal value and
decreases as @ changes in either direction. More specifically,
this angle is equal to 152, 177, 159, 143, and 128° for the (a—
e) sequence depicted in Figure 4.

Internal Strain. It is of interest to apply the above
principles to a real molecule, where the strain is not artificially
imposed but is a product of the chemical bonding within.
There have been several such molecules synthesized and
studied to date. The stibatrane molecule designed by Moaven
et al.*® situates three internal five-membered rings into a cage
as illustrated in Figure Sa. The prototypical example of a unit
with no internal strain is Bi(OH); in Figure Sb. Table S shows
that the atrane rings have a flattening effect on the
coordination around the central Bi, making the umbrella
angle @ smaller than it might otherwise be. This decrease in 0 is
nearly 20° for Z=Bj, and it diminishes down to only 2° for P.
The rmgs are smaller within the Bi(OCH,);CH cage in Figure
5¢,* so a certain degree of deformation is plausible, although
this strain is small, increasing @ by less than 5° according to
Table 5. In order to simulate numerous pnicogen-containing
systems in the literature, which are more highly pyrami-
dal,*™® the methylene groups were removed, as in Figure 5d,
leading to shorter 3-atom Z—O—C chains. This greater strain
increases the @ umbrella angle by some 15°, as indicated in the
final column of Table 5, and an associated 25° decrease in the
internal @ angle.

Table S. Internal Angles (deg) within Monomers along with
the 6-Hole Depths on the Z Atom (kcal/mol) and the
Orientation Angles f of V. Relative to the OZ Axis,
Calculated at the M06-2X/def2-TZVP Level

Z Z-atrane Z(OH), Z(0OCH,),CH Z0,CH
[
P 116.0 118.1 118.2 132.4
As 116.3 120.1 120.6 136.0
Sb 110.9 121.2 125.5 139.7
Bi 103.2 121.8 124.8 141.5
a
P 100.7 99.6 99.4 79.5
As 103.5 97.0 96.4 74.0
Sb 114.3 95.6 92.6 68.2
Bi 99.7 94.8 90.6 65.2
Vinax
P =53 7.0 -3.2 26.9
As 7.1 19.2 11.3 39.6
Sb 12.6 334 25.1 512
Bi 24.7 39.8 37.3 59.2
B(OZ+V,y)
P 168.0 163.4 169.1 159.5
As 166.3 162.4 170.2 152.8
Sb 169.8 164.3 166.2 147.0
Bi 167.0 167.6 172.4 148.2
The V. section of Table 5 fully conforms to the ideas

emanating from the systems in the previous section, where the
pyramidalization around the central Z atom was artificially
imposed. The flattening of the ZO; arrangement in the atranes
reduces V. relative to undistorted Z(OH),;, while the
increased pyramidalization of ZO;CH yields a sizable deep-
ening of the o-hole. Despite the small increases of 6 in
Z(OCH,),CH, there is a small drop in V,,,, that is likely due to
the electron donation from the alkyl groups. The full spectrum
of the deepening of the o-hole as the arrangement around the
central Bi atom becomes more pyramidal is on full display in
Figure Se—Sh, where the region to the right of this atom grows
progressively bluer. As a final issue connected with these
monomers, the lowermost section of Table 5 designates the
position of the o-hole via the f# angle it makes with the OZ

€

~.0

g A
r~ \

h

Y

Figure S. (a—d) Definitions of internal angles within Lewis acids with Z=Bi. The broken blue line indicates the C; rotation axis of molecule. (e—
h) MEP surrounding each molecule on the surface corresponding to 1.5 X vdW radii. Blue and red regions refer, respectively, to +30 and —20 kcal/

mol.
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bond axis with which it is connected. These angles are smaller
than 180°, as is common with ZR; molecules where the Z lone
pair tends to push the MEP maximum away from the C; axis.
This discrepancy from linearity is most sizable for the highly
strained ZO;CH molecules, where § hovers around 150°.
These o-holes attract an NH; nucleophile, and the
geometries of the addition of one such base molecule to
each of the systems in Figure S are depicted in Figure 6, again

2 27870

Figure 6. Optimized geometries of complexes containing NH; and
the Lewis acids (a) biatrane, (b) Bi(OH);, (c) Bi(OCH,);CH, and
(d) BiO;CH. Distances in A and angles in degs.

for Z=Bi. It may be first noticed that the R(Bi--N)
intermolecular separation decreases as the molecule becomes
more pyramidal, which is consonant with the bond
strengthening. The OBi--N angle decreases as well, as the N
tends to follow along with the displacement of V,,, as the
Lewis acid becomes more pyramidal. One may note as well
that there is a reversal in these trends between Figure 6b,c
where the internal strain is little changed but the alkyl groups
weaken the o-hole.

As observed in crystals, these trivalent Z(OR); units are not
limited to only a single ZB. Indeed, each of the three o-holes

on Z is capable of sustaining a ZB interaction with a base
simultaneously. The structures of the complexes with 2 and 3
NH; units are depicted in Figure 7 for the Bi systems. Each
addition of another base tends to slightly elongate the ZBs that
are present due to the negative cooperativity, along with a
small enlargement of the C;—Bi—N angles as the system
flattens out a bit. There are, however, some exceptions. The o-
holes of the As-atrane molecule, with V, . = 7.1 kcal/mol, are
too shallow to allow more than a single ZB. And with their very
shallow o-holes, with the exception of PO;CH, the P-acids are
incapable of sustaining even one ZB, much less multiple bonds.
Even the atranes of the larger Z atoms show signs of ZBs
breaking down. Note, for example, the asymmetry of the two
Bi--N distances in Figure 7a.

Most importantly, the energetics of these ZBs obey the ideas
enunciated above in that the ZBs strengthen as the
coordination of the central Z atom transitions from flat to
more pyramidal. Table 6 lists the interaction energy of each

Table 6. Average Interaction Energy for n NH; Units (Total
— E,,,)/n (kcal/mol)

Z Z-atrane Z(OH), Z(0OCH,),CH Z0,CH
n=1
P 9.13
As 3.90 5.75¢ 4.96 14.13
Sb 9.75 15.25 10.22 19.55
Bi 11.63 16.22 12.95 20.31
n=2
P 7.71
As 5.38 4.94 12.23
Sb 8.22 10.35 9.98 17.81
Bi 11.06 13.33 13.19 19.55
n=3
P 7.10
5.09¢ 591 10.99
Sb 7.62 9.49 9.67 16.27
Bi 10.33 12.80 13.34 18.87

“Restrict HOAsO dihedral angles.

complex for P, As, Sb, and Bi, divided by the number of ZBs
present, so as to extract the average bond energy. The lowest
interaction energies arise in the flat atranes, progress to larger

Figure 7. Optimized geometries of complexes containing two and three NH; with the Lewis acids (a, b) biatrane, (c, d) Bi(OH)s, (e, f)
Bi(OCH,);CH, and (g, h) BiO;CH. Distances in A and angles in degs. The dashed blue line represents the C; rotation axis.
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quantities for the Z(OH); and Z(OCH,);CH units with no or
small strain, and then achieve their pinnacle for the highly
pyramidal ZO;CH in the last column. This ordering is
consistent whether there is one base present, two, or three.
Although As is capable of engaging in three simultaneous ZBs
in most cases, the shallowness of its o-hole in the atrane limits
it to only one such bond. Given that the central Z atom acts as
an electron acceptor in all of the ZBs present, it is unsurprising
that the average bond energy declines with # but remains quite
sizable even for 3 such bonds. Even with the decline in the
average bond energy with , the highly pyramidal coordination
of the ZO;CH units keeps this bond energy from sinking
below 7 kcal/mol, even when there are three bonds present
and when the Z atom is P. All told, the strongest bond of 20.3
kcal/mol is connected with the BiO;CH system. As a point of
comparison with experiment, Moaven et al. had recently
measured*’ a ZB energy of 6 kcal/mol for Sb-atrane with an O
electron donor. This value compares very well with the
calculated value of 9.7 kcal/mol for the stronger N donor
considered here.

Other manifestations of the presence of a ¢-hole bond like
those discussed here can be related to perturbations of the
geometry and vibrational spectrum. Pursuant to the transfer of
charge into the antibonding 6*(ZO) orbital of the Lewis acid,
one would expect a weakening of this bond that would reveal
itself as a stretch. The internal Z—O bond lengths in the Lewis
acid units are contained in the first column of Table 7, which

Table 7. Effect of the Addition of NH; to Opposing Z—O
Bond Lengths (A) and Symmetric Stretching Frequency
(cm™) within Lewis Acid

r(Z—0) Ar v Av

P-atrane 1.631 729.4

P(OH), 1.636 834.7

P(OCH,);CH 1.634 785.6

PO,CH 1.687 0.057 777.8 —23.4
As-atrane 1.783 0.008 631.1 —-19.2
As(OH), 1.778 0.019 739.2 —-17.7
As(OCH,);CH 1.776 0.012 689.7 —-15.8
AsO,CH 1.824 0.070 601.7 —-19.4
Sb-atrane 1.974 0.012 571.0 -31.6
Sb(OH), 1.948 0.053 667.2 —182
Sb(OCH,);CH 1.946 0.025 631.9 —24.1
SbO;CH 1.991 0.061 533.3 —18.6
Biatrane 2.123 0.011 513.7 —26.5
Bi(OH), 2.049 0.051 609.1 —17.8
Bi(OCH,);CH 2.044 0.029 583.6 -21.1
BiO;CH 2.084 0.061 477.0 —12.2

shows first how the high degree of deformation of the ZO;CH
causes it to have a longer Z—O bond length than the other less
strained species by some 0.04—0.05 A. The converse sort of
distortion, the flattening of the atranes, also result in bond
elongation, albeit by not quite as much. More relevant, each
such bond undergoes a stretch when NH; is positioned
opposite to it, transferring charge into its antibonding orbital.
These elongations are quite substantial and importantly gain in
magnitude along with the higher degree of pyramidality, also
associated with stronger ZBs. The symmetric stretching normal
mode has a frequency on the order of 480—830 cm™" for these
various Lewis acid monomers, as reported in Table 7, which
drops as internal distortions are imposed, whether flattened or

more pyramidal. The imposition of a ZB with an NH; base
red-shifts this frequency by amounts varying between 12 and
32 cm™'. However, there is no obvious pattern governing the
magnitude of this shift.

The geometries computed here are fully consistent with a
number of relevant crystal structures. In particular, the internal
a(OSbO) angle for Sb(OH); is calculated to be 89.4° when it
is complexed with three NH; bases. This value squares nicely
with this same internal angle for three crystals where a
Sb(OR); unit is engaged in three external ZBs: 89.0°
(PEDKUH)," 88.9° (PEDLAO),*” and 92.2° (FEPWUS).*!
A diffraction study of a molecule very much akin to
P(OCH,);CH"” yielded an internal a angle of 101°, within
2° of the value computed here. The ZO;CH molecules with
their higher degree of pyramidality model a number of systems
in the literature, spanning all of the pnicogen atoms from P to
Bi, with the Z connected to either O or N atoms.**™*° The
internal o angles of these units are as small as 80°, comparable
to the optimized values for the ZO;CH systems examined
here.

In summary, the principles extracted from the artificial
imposition of an opening or closing of the umbrella
representing the arrangement around the Z atom are in full
operation when the strain is a product of the internal bonding
within the molecule. With a few exceptions, the central Z atom
is fully capable of engaging in three simultaneous pnicogen
bonds, which weaken only slightly as each new base is added.
Whether participating in one or more ZBs, these bonds are
strengthened very significantly in those molecules whose
internal structure represents a highly pyramidal geometry and
conversely weakened if distorted toward a flatter arrangement.

B CONCLUSIONS

If one thinks of the three Z—X bonds to a central pnicogen
atom as the ribs of an umbrella, a closing motion of the
umbrella, which brings the X units closer to one another, acts
to intensify the o-holes on Z and strengthen its pnicogen
bonds to nucleophiles. This effect can be quite sizable. For
example, the ZB energies of the strained SbO;CH and
BiO;CH model systems with NH; are 20 kcal/mol. The
opposite effect of weakened ZBs results from an opening of the
umbrella, as might arise in certain molecules like atranes
containing larger rings. All of the Z atoms tested are capable of
engaging in three ZBs simultaneously, with the sole exception
of P, or As when in the flattened atrane configuration, which is
limited to only one ZB.
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