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“Frustration” of Orbital Interactions in Lewis Base/Lewis Acid Adducts:
A Computational Study of H, Uptake by Phosphanylboranes R,P=BR’,
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The reaction of molecular hydrogen with phosphanylboranes
R,P=BR’, (1) is systematically studied by means of density
functional theory calculations and second order Mgller-Ples-
set perturbation theory. The potential energy barriers and the
exothermicity of H, uptake are reported for a series of phos-
phanylboranes with different electron-donating and -with-
drawing groups bound to phosphorus and boron. Systematic
molecular orbital analysis reveals that the “frustration” be-
tween boron and phosphorus can be increased by modifying

the substituents, and thus, atomic orbital interactions could
be exploited in order to increase the reactivity of 1. Addition-
ally, we found a correlation between the potential energy
barrier for H, uptake and the energy of the HOMO of the
P=B complex, which could be relevant for the prediction of
the properties of candidate compounds for H, activation and
therefore useful for the development of such systems.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Accurate prediction of how chemical reactions take place
is one of the central goals of theoretical chemistry. Wave-
function and density functional methods have emerged as
important tools for theoretical modelling of complex chem-
ical transformations.['-?l Recently, the unprecedented reac-
tivity of novel main group species, referred to as “frustrated
Lewis pairs” (FLPs),> % led to a substantial effort to ratio-
nalize the experimentally observed reactivity by means of
theory.”1%  Efficient activation of molecular hydro-
genBa3¢43. 111 and catalysis of H, additions under relatively
mild reaction conditions*43531 are examples of novel
metal-free chemistry of FLPs.

Uptake of H, by main group species is a process that
relates to the development of efficient hydrogen storage
methodologies for environmentally benign energy sources.
Molecular hydrogen in its gaseous form is difficult and un-
practical to store and transport with current technology.
New hydrogen storage methodologies and materials are re-
quired to achieve the storing of hydrogen in a lightweight,
compact, and practical fashion without the use of high
pressure-, cryogenic-, or metal hydride approaches.['?!

The reaction of molecular hydrogen with phosphanyl-
boranes R,P=BR’, (1) is one of the discoveries made by
Stephan’s group.l'¥ The P=B bond in 1 undergoes H, ad-
dition, which affords R,HP-BHR’, (1').
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The interaction of molecular hydrogen with a dative P=B
bond of 1 is intriguing; on the one hand, complex 1 acti-
vates molecular hydrogen, a reaction that according to the
current FLP framework requires “unquenched” Lewis acid
and Lewis base fragments (Scheme 1).'¥ On the other
hand, electron-rich and electron-deficient fragments in 1 do
not exhibit the same level of steric hindrance as those in
FLPs and are therefore not precluded from forming a clas-
sic Lewis base/Lewis acid adduct. Thus, 1 demonstrates re-
activity that is characteristic of a typical FLP, but its geom-
etry shows no obvious signs of “frustration” between donor
and acceptor.
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Scheme 1. Activation of H, by phosphane/borane combinations
with different degrees of steric hindrance.

The balance between a Lewis acid and a Lewis base,
which could be adjusted with the right combination of elec-
tron-donating and -withdrawing groups (EDG and EWG,
respectively), is the apparent key for controlling the chemis-
try of Stephan’s main-group systems, in general, and the
uptake of H,, in particular.! For instance, it has recently
been reported that subtle changes in the design of borane-
and phosphorus-bound ligands dramatically improves the
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performance of B- and P-containing FLPs towards the re-
versible activation of molecular hydrogen.!'>) This empha-
sizes the need for accurate and systematic theoretical stud-
ies of EDG-/EWG-induced effects in main group systems
that are known to activate molecular hydrogen.

Among several novel main group species known to acti-
vate H,, phosphane/borane combinations exhibit tunable
reactivity and are, in general, able to reversibly activate and
release H, under mild conditions.'® In view of Equa-
tion (1), computational screening of H, uptake by a series
of FLP-like and B-P bonded phosphane/borane-based spe-
cies is therefore highly desirable for the determination of
key factors that control reactivity. Such theoretical studies
of FLP-like phosphane/borane combinations are compli-
cated by the fact that: (i) the size of a molecular model of
a typical FLP makes it rather unpractical to conduct the
computational screening of H, uptake by an accurate non-
DFT method, for instance MP2, and (ii) DFT methods,
which are well suited for the purpose with regard to the size
of a typical molecular model, have a common weakness in
describing medium-range dispersive interactions that signif-
icantly contribute to the overall binding energies.!'”]

RoP=BR, + H; === R,HP-BHR’
R=tBu,Cy R'=CgFs )

A complete molecular model describing Equation (1) is
much less affected by dispersive interactions between phos-
phane/borane-bound groups; it is also relatively small and
computationally affordable, not only for DFT but also for
MP2 methods. For these reasons, and since, to the best of
our knowledge, no systematic theoretical studies of EDG-/
EWG-induced effects for Equation (1) have appeared and
only the uptake of H, by (1Bu),P=B(C¢F5), has been ad-
dressed so far,”'3] we decided to perform a systematic
quantum chemical investigation of Equation (1) for a series
of phosphanylboranes with the objective to disclose key
electronic structure effects that control the reactivity. The
reported results here are based on DFT and MP2 computa-
tions. The latter serves as a computational benchmark for
the DFT calculations.

Results and Discussion

Since the reactivity of (C4F5),B=P(tBu),, herein referred
to as A, has been experimentally validated,!'3] the potential
energy barrier of H, uptake by A will serve as a reference
point. In order to limit the model/theory-dependence of our
study, we consciously focus on the potential energy and dis-
regard thermochemical corrections and solvent effects.[!8]

DFT- and MP2-Based Screening of H, Uptake by
R,P=BR’,

The DFT-computed heat of formation (AE), potential
energy barriers (AEY), AE;* = AE* — AE of the direct and
reverse processes, as well as the bond lengths between boron
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and phosphorus in 1 and 1’ are reported in Table 1. Key
geometrical parameters of all computed transition states
and the MO energies of the reacting species are available in
the Supporting Information.

Table 1. Summary of B3LYP-computed BP bond lengths in
R,P=BR’, (1) and R,HP-BHR’, (1’), potential energy barriers
(AE?), and the exothermicity (AE) of H, uptake by 1 according to
Equation (1); AE * = AE* — AE. The experimentally studied com-
plex A is in bold.

Entry R’ R B=P B-P AEYAEY  AE
[A] [A] [kcal/mol]  [kcal/mol]

1 CF; H 1.81 1.98 11.6/447  -33.1
2 CF; Me 1.80 1.97 17.0/57.6  -40.6
3 CF; Et 1.78 1.98 18.6/579  -39.3
4 CF; iPr 1.79 1.9 25.3/66.2 409
5 CF; Bu 1.80 2.01 20.5/64.8 443
6 CF; Pr 1.78 1.98 18.6/58.1  -39.5
7 CgFs Me 1.85 1.98 247/53.2 285
8 C¢Fs iPr 1.83 2.00 264/519 255
9 CeFs Bu 1.84 2.05 28.8/585  -30.8
10 Me Me 1.90 1.9 25.8/41.5 157
11 Me iPr 1.88 2.01 31.0463 152
12 Me tBu 1.91 2.06 27.5M47.6  -19.1
13 Ph iPr 191 2.03 28.6/462  —17.6
14 Ph Me 1.90 2.00 269/454 184
15 Ph Bu 1.89 2.06 28.8/51.9  -23.1

Recent computational screening of potential candidates
for H, storage emphasized the importance of affordable
methods that are able to consistently describe both acti-
vation energies and heats of formation at the same level of
accuracy.’l We therefore performed MP2 calculations for
Entries 1, 2, 3, 6, 10, 11, and 15 from Table 1 in order to
validate the B3LYP results (Table 2). As expected, the po-
tential energy barriers calculated with B3LYP are different
with respect to those calculated with MP2. However, the
discrepancy is rather systematic and therefore a relative
comparison of the model compounds could be made. It is
also reassuring that B3LYP reproduces MP2-computed
geometries quite well.[7¢:19]

Table 2. Summary of MP2-computed BP bond lengths in
R,P=BR’, (1) and R,HP-BHR’, (1’), potential energy barriers
(AEY), and the exothermicity (AE) of the H, uptake by 1 according
to Equation (1).

Entry B=P B-P AE* AE Energy difference

from in calculation meth-

Table 1 ods for AEY/AE

(“B3LYP — MP2”)

[A] [A] [kcal/mol]  [kcal/mol]  [kcal/mol]

1 1.86 2.01 18.3 -28.8 -6.71-4.3

2 1.79 1.98 24.5 413 -7.5/1.3

3 1.79 1.98 24.9 -38.5 —-6.21-0.8

6 1.80 1.97 283 -37.0 -9.71-2.6

10 1.89 2.01 31.0 -13.5 -5.1/2.2

11 1.87 1.98 364 -12.7 —54/-2.5

15 1.85 2.06 33.1 20.1 -4.4/-3.1

The previously reported complex A (Entry 9, Table 1)
has a relatively high potential energy barrier for H, uptake
in comparison with some of the other tested compounds.
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Substitution of C4F5 by CF; seems to be beneficial, we
found the potential energy barriers to be lower in all cases
in which this substitution was made; thus, stronger electron-
withdrawing groups on boron increase the Lewis acidity
and consequently lower the barrier for H, uptake.

It is noteworthy that while the geometry around boron
remains planar through the series of the tested compounds,
the geometry around phosphorus changes quite consider-
ably. The planarity of the geometry around phosphorus ap-
pears to have a significant effect on the activity towards
H, uptake. The sum of all bond angles around phosphorus
changes from 326° for (CF;),B=PH, to 349° for (CFj3),-
B=PMe, and reaches almost 360° for (CF5),B=P(iPr),; in
the latter case, almost perfect planarity is observed. The
activity of 1 with different P-bound groups is as follows: H
> Me > iPr. The lowest barrier for H, uptake is observed
for the complex with the most pyramidal-type geometry
around phosphorus, while the complex with the most
planar geometry around the P atom and an in-plane ar-
rangement of the P and B ligands has the highest barrier.

Electronic Structure to Reactivity Relationships

Complexes with distinctively pyramidal geometry around
phosphorus, such as (CF3),B=P(H), (Figure 1 A), are char-
acterized by HOMOs that clearly show signs of “frustra-
tion” between interacting P- and B-based p orbitals; only a
small portion of the electron density is attracted to boron
whereas the dominating lobe of the asymmetrical n orbital
is centered on phosphorus. In the case of (CF3),B=P(Me),,
the geometry around phosphorus is more planar and the
shape of the HOMO shows a more pronounced shift of
electron density towards boron (Figure 1 B). Because of the
direct bonding between the boron and phosphorus atoms,
planarity strengthens the interaction between the P- and B-
based p orbitals, which affords a classical Lewis acid/Lewis
base complex in terms of both geometrical and electronic
structures. The shape of the HOMO is nearly n-like in the
case of unhindered overlap between the p orbitals; this is
particularity evident for (CF3),B=P(iPr), (Figure 1 C).

A) B)

Figure 1. Electron density maps of the HOMOs for Entries 1, 2, 4,
and 5 from Table 1, (A)-(D), respectively.
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However, pyramidalization around phosphorus is not the
only way to “frustrate” orbital overlap. Though the geome-
try around phosphorus is planar for both (CF;),B=P(iPr),
and (CF3),B=P(tBu), (Figure 1 C and D), the H, uptake
barrier is lower for the latter since the R,B and PR, planes
in (CF3),B=P(tBu), are twisted at an angle of approxi-
mately 21°, which “frustrates” the overlap between the B-
and P-based p orbitals. Though the overall shape of the
HOMO is very n-like, the upper lobe and the lower lobe
are inclined with respect to the B=P bond in the case of
(CF3),B=P(¢Bu),. This clearly indicates that the angle be-
tween the normal vectors of the B- and P-based p orbitals is
a key parameter that controls the reactivity of 1 (Figure 2).
Furthermore, comparison of the MOs of the H,-uptake
transition states and those of the reacting species, as well as
potential energy scans of H, activation by 1, firmly indi-
cates that the interaction between H, and B=P occurs
through the boron atom.[®!3! The overlap between the
o*(H,) orbital and the HOMO depends on the orientation
and the positioning of molecular hydrogen with respect to
boron and phosphorus. The degree of the asymmetry of the
boron-based part of the HOMO appears to be important
for the overlap between the HOMO and the antisymmetric
o*(H,) orbital (Figure 2). We therefore suggest that sym-
metry selection rules that govern MO interactions are the
reason for H-H bond cleavage in the vicinity of the boron
atom. The HOMO becomes significantly more symmetric
in the case of the “unfrustrated” interaction between B- and
P-based p orbitals; this reduces the reactivity because of the
diminishing orbital overlap between the 6*(H,) orbital and
a nearly symmetrical HOMO. It can be noted that the shape
of the LUMO is rather insensitive to induction effects of
different B- and P-based groups in 1.

Figure 2. Schematic representation of the “frustration” of the over-
lap of the B- and P-based p orbitals in 1 as a result of the pyrami-
dality around the P center and/or the twisting of the R,B and PR,
planes; a is the angle between the normal vectors of B- and P-based
p orbitals.

The shape and the energy of the HOMO, as well as the
potential energy barrier of Equation (1), appear to depend
on donor-acceptor interactions between phosphorus and
boron. It is therefore plausible that there might be a corre-
lation between the energy of the HOMO and the potential
energy barrier for H, uptake (AEY). A plot of AE* vs. the
energy of the HOMO based on B3LYP and MP2 computa-
tions supports this hypothesis (Figure 3).?%! A lower poten-
tial energy barrier corresponds to a more stable HOMO
2761
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(Figure 3), which in its turn is characterized by a more
asymmetric n-like shape (Figure 1). This is apparent in the
case of electron-withdrawing groups on boron and electron-
donating groups on phosphorus.
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Figure 3. The potential energy barrier for H, uptake (AE?) vs. the
electronic energy of HOMO of 1; B3LYP and MP2 calculations
(A) and (B), respectively. The R? values are 0.795 and 0.922, respec-
tively. Vertical error bars for the B3LYP calculations are derived
with respect to the MP2 benchmark.

The computational results are also consistent with the
simplified description of phosphanylboranes 1 in terms of
Lewis structures (resonant forms) with vastly different ac-
tivity towards the cleavage of the H, bond. The formal
Lewis structure that complies with the octet rule is thought
to contain a BP double bond, whereas the other contains a
BP single bond between electron-deficient boron and phos-
phorus, with an electron lone pair on the latter. The Lewis
acidity of boron and the basic character of phosphorus
both increase with the increase in the weight of the formal

Lewis structure with a single BP bond; the potential energy
barrier of H-H cleavage decreases accordingly. In terms of
frontier orbital interactions, the difference between the two
Lewis structures of 1 can be seen in the shape of the
HOMO, which is, in general, highly symmetric for the
structure containing a BP double bond and highly asym-
metric for the other as illustrated in Figure 2. Strong B-
based asymmetry of the HOMO of a formal Lewis struc-
ture of 1 with a BP single bond lifts the selection rule, which
would otherwise prohibit interaction between the HOMO
and the antisymmetric 6*(H,) orbital. This correlates with
the expected changes in the electronic energies of the fron-
tier orbitals of the tested phosphanylboranes (Scheme 2, see
also the complete MO data in the Supporting Information).
By placing electron-donating groups on boron, the Lewis
acidity of boron is largely “quenched” and, consequently,
the potential energy barrier to cleave the H-H bond in-
creases. In spite of the acceptable R> value of the linear
regression in Figure 3 (0.795 and 0.922 at the B3LYP and
MP2 level, respectively), it seems that the reaction in Equa-
tion (1) is not completely MO-controlled.

Computational Identification of B=P Compounds Suitable
for Active Uptake of H,

On the basis of the potential energy barriers (Table 1),
(CF3),B=P(Me), should be significantly more reactive than
reference complex A. However, the practical significance of
the former is limited since it lacks steric hindrance, which
could prevent dimerization and cyclization. Therefore, a
series of phosphanylboranes with different groups on the
phosphorus atom was tested in an attempt to find a candi-
date that has a low potential energy barrier for H, uptake
and is bulky enough to hinder dimerization.”!l A promising
candidate, B, is shown in Scheme 3. The sum of all angles
around phosphorus deviates from 360° by ca. 20°, which
indicates a pyramidal geometry (Figure 4). B3LYP-com-
puted potential energy barriers for the uptake of H, by B
is 18.4 kcal/mol.*?! This model complex appears to exhibit

6*
0.099956
0.05 1
005 LUMOs
8 — 008385 w ooy 007446 007124 -0.0781 -0.07249
E 0.15 L -0.114685 -0.11583
> — HOM
% -0.200549 OMOs
g 025+ 507 —_— e — e —
-0.26299 -0.2584 g 753057 -0.25561
-0.30167
-0.35 FLP(PB) 9 1 2 3 4 5 6
(e}
-0.45 + 0434235
H

Scheme 2. Electronic energies of the frontier orbitals of phosphanylboranes 1-6 and 9, as well as those of [P(zBu);][B(C¢Fs)s], labeled as

FLP(BP), and H,. All energies are in Hartree.
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a significant improvement in reactivity relative to complex
A, and the methyl groups are thought to be able to hinder

dimerization.
B=p._
F3C”

FsC..

Scheme 3. The proposed phosphanylboranes B suitable for H, up-
take.

Figure 4. Optimized geometry of model complex B and the corre-
sponding transition states TSg for H, uptake. All distances are in

Conclusions

We have demonstrated that though the structure of the
R,P=BR’, species resembles a classical Lewis base/Lewis
acid adduct its electronic structure could be “frustrated”.
Theoretically, it is possible to increase the “frustration” be-
tween the phosphorus and boron-based p orbitals, and thus
to decrease the barrier for H, cleavage. The key is to control
the geometry around the phosphorus atom in order to hin-
der the deactivation of donor—acceptor interactions within
the BP core. This can be achieved, for instance, by a pyram-
idal geometry around phosphorus and/or by the twisting of
the C,B and PC, planes.

Symmetry selection rules for the interaction between
antisymmetrical and symmetrical MOs appear to be impor-
tant for the reaction. It is the pronounced asymmetry of the
HOMO in the vicinity of the boron center that allows the
symmetry-suppressed interaction to take place.

With regard to the plausible derivatives of Stephan’s
complex, we predict that species with CF3 groups on boron
should, in general, be more reactive than species with bo-
ron-bound C¢F5 groups. Furthermore, the computational
screening of a series of phosphanylboranes with different
phosphorus-bound ligands singled out one plausible candi-
date for which we predict a lower barrier for H, uptake
than that for the original complex developed by Stephan.
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We therefore believe that reactivity of phosphanylboranes
containing a BP double bond could be improved by a bal-
anced choice of electron-withdrawing and -donating groups.

Computational Details

All calculations are performed with the Jaguar 4.0 quantum chem-
istry package.”®! Our approach is somewhat similar to the pre-
viously reported procedure®! with respect to finding low-energy
conformers. Validation of the computational methods is provided
in the Supporting Information.

DFT Calculations

We initially performed a conformational search with the
B3LYPI[?320] functional by using the split-valence double-zeta basis
set, 6-31+G* 27281 qugmented with diffuse and polarization func-
tions, and the molecular model system formally in the gas phase.
Since we are interested in raw potential energy barriers, no solvent
effects were considered in the present study. The geometries of the
conformers with the lowest energy were then reoptimized by using
B3LYP with the 6-31+G* basis set; all degrees of freedom were
optimized. All transition states were found at the B3LYP/6-31+G*
level of theory by using the quadratic synchronous transit (QST)
method, as implemented in the Jaguar computational package, and
were characterized by one single imaginary vibrational frequency
along the proper reaction coordinate. Intrinsic reaction coordinate
scans were performed to verify that all reported transition states
indeed “connect” appropriate intermediates along the reaction co-
ordinate, which is defined by the Hessian at the corresponding tran-
sition-state structure. The BP86 density functional was used as an
independent DFT check within the same computational procedure
as described for the B3LYP and at the same level of theory. All
recomputed results were found to be in agreement with the results
obtained at the B3LYP level. No appreciable basis set dependence
of the relative reactivity, i.e. relative potential energy barriers, was
found.

MP2 Calculations

The MP2 method®’! was employed according to the same pro-
cedure (vide supra) at the 6-31+G* level and as implemented in
Jaguar. Conformation studies singled out low energy candidates;
those were reoptimized at the same level of theory and a lowest
energy conformer accepted for the reporting. All MP2-computed
transition states were searched for independently from the DFT-
based results. All transition-state structures were characterized by
one single imaginary vibrational frequency along the proper reac-
tion coordinate.

Supporting Information (see footnote on the first page of this arti-
cle): XYZ data for all relevant complexes, gas phase and solvent
reference energies, and a frequency analysis of the transition states
are presented.
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