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ABSTRACT: Catalytic hydrogenation is one of the most important reaction <Bu

types commonly used in chemistry and chemical industry. Recently, there has —
| P(CeFs)(P-CeFaHa)z

been significant interest in developing a metal-free hydrogenation catalyst to Ph/C\H

avoid the problems caused by using heavy transition metal catalysts. On the 3 Imine

basis of the advances of metal-free hydrogen activation with frustrated Lewis 38y Q *(? -

pairs (FLPs, e.g. tBu;P/B(C¢Fs);) which often uses boron as a Lewis acid T >(;<{"( &N o

center, we computationally explored the prospect for phosphorus(V) and Ph/ch "{)_‘(('“ /ﬂ\ * HP(CeFelp-CoFaa)2
sulfur(VI) as Lewis acid centers to construct FLPs for hydrogen activation and  amine Metalfree hydrogenation T
hydrogenation. We found out that the proposed FLPs with P(V)- or S(VI)- o /

centered Lewis acid can also activate H, with a mechanism similar to that used 4800 P(CoFs)(p-CoFaz)z

by the conventional FLPs. A heterolytic cleavage of H—H is achieved when J

electrons are donated simultaneously from the o orbital of H, to the empty P H

orbital of the Lewis acid center and from the lone-pair orbital of the Lewis base

center to the 6* orbital of H,. The multiple C—H---F hydrogen bonds further aid the association of the pairs for H, activation. Some
of our designed FLPs possess kinetics and thermodynamics for developing hydrogenation catalysts. This computational exploration
could inspire experimental development of a new type of FLPs with P(V) or S(VI) or a Lewis acid partner for FLPs for reversible H,
activation.

1. INTRODUCTION chemists'®™** to study the actual mechanism of metal-free
hydrogen activation and hydrogenation reaction.'*™'#>*7>°

Catalytic hydrogenation reactions are important chemical
Similarly, the vast advancement of frustrated Lewis pairs

transformations that are widely used in both laboratory synthesis

and chemical industry." Molecular hydrogen (H,) activation is (FLPs, e.g. tBuP/ B(CGE%).%) has been exploited on a boron-
the preliminary step in the direct hydrogenation (i.e., using based Lewis acid center.”” However, this chemistry has raised
hydrogen molecule as a hydrogen source, because of the low concerns about the potential reactivity and utility of other main
polarizability and strong covalent bond of the H, molecule).1’2’86 group elements. For an alternative catalyst, the concept of an
While the activation step is commonly achieved by using heavy “umpolung” (i.e., tuning the Lewis acids and bases) concept that
precious transition metal (TM) compounds, these are not ideal has been applied to modify FLPs chemistry.””~°" Inspired by the
because of the cost and contaminations of heavy precious TMs." FLP principle, we relied on DFT computations to design metal-
Recently, there have been significant efforts to replace the heavy free catalysts, for molecular hydrogen activation reaction and
transition metal catalysts with the metal-free catalyst for hydrogenation reactions. Herein, we computationally explored
hydrogen activation or hydrogenation reaction, due to their whether phosphorus(V) or sulfur(VI) could be used as a Lewis
great economic and environmental advantageS~3_9 acid center to construct FLPs with different substituents for

In 2006, Stephan and co-workers made a breakthrough hydrogen activation and hydrogenation (Figure 1(a)) and
discovery in the main group reversible metal-free hydrogen identified a metal-free strategy for reversible hydrogen activation

o l0-14 . . :
activation. In their study, a covalently linked, phosphino and for a catalyst for direct hydrogenation reactions. Indeed, we

10—14 -
borane RyP-CF,-B(C4Fs), (R = Mes, Bu) and a simple compared the results with the common frustrated Lewis pairs
combination of bulky Lewis pairs of phosphines and boranes (tBusP /B(C5F5)3).15

(RyP/B(CgF;)s, R = tBu, Mes) also activated H, easily. These
bulky Lewis pairs have been termed “frustrated Lewis pairs” -
(FLPs) !5 and show high reactivity to hydrogen.l(’_34 Besides H,, Received:  November 29, 2022
they also activate a series of small molecules such as CO,,** >’ AccePted: February 9, 2023
NH3)38 and CH439 and to hydrogenate imines*0—** Published: February 23, 2023
ketones.™*

Nowadays, the rapid development of FLPs has further
inspired both experimental'®~'***™>! and computational

and
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Figure 1. (a) The investigated intermolecular Frustrated Lewis Pairs. (b) The orbital interactions for heterolytic H, activation.

Table 1. Relative Enthalpies and Free Energies (kcal/mol) of the Designed Complexes 1—5 in THF”

Transition state Product Properties of the Complexes
Complex AHF AGH AH AG LB—LA bond (A) Binding Energy Wig_1a qra qi
1 =S5.5 16.2 —39.7 -17.9 3.66 4.3 0.0827 0.88 —0.93
2 0.8 23.3 —33.4 —10.7 3.52 1.2 0.0524 142 —-0.93
3 -7.5 15.9° —63.7 —40.5 3.28 =20 0.2070 1.49 1.07
4 —4.2 193 —67.9 —44.7 4.33 1.8 0.0073 1.48 —0.62
S 0.7 21.8 —34.8 —13.1 341 4.9 0.0728 0.99 —-1.25

“All values are relative to the separated reactants (Lewis acid, Lewis base, and an isolated H, molecules). The Lewis pair center bond lengths are in
A. The Wiberg bond order of the LB—LA bond center is W ,). NBO charges (in a.u.) on the two Lewis pair center are g, and q; 5. Binding
energies are in kcal/mol. bExcept for those of TS3 which are relative to complex 3 + H,.
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Figure 2. H, activation together with the key bond lengths in A (black) and the NBO charges (in ¢) on the two H atoms in the transition states (red)
and products (blue) of the studied FLPs.

2. COMPUTATIONAL DETAILS one imaginary frequency). The energies were then improved by
7277 . . .

In this study, all structures were optimized and characterized in M06-2X/6-311++G(d,p) single-point calculations with
the gas phase at the M06-2X""%7/6-31G(d;p)**"" level. solvent effects accounted for by the SMD”®”* solvent model,
Harmonic frequency analysis calculations were subsequently using the most common solvent in FLP chemistry (THF). In
performed to verify the optimized structures to be minimal (no addition, the ideal gas-phase thermal corrections cannot
imaginary frequency) or transition states (TSs, having a unique properly take into account the entropy contributions when the
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number of molecules changes, because it ignores the solvent
suppression on the rotational and translational freedoms of
substrates, resulting in an overestimation of entropy contribu-
tions to the reaction free energies in solution.*” *” Since no
standard quantum mechanics-based approach is available for
accurate prediction of the entropy in solution, we adopted a
correction of (m — n) X 1.9 kcal/mol for a reaction from m to n
components.” Atomic partial charges were calculated at the
MO06-2X/6-311++G(d,p)level according to the natural bond
orbital (NBO) method.*®* All standard DFT calculations
were carried out by using the Gaussian 09 program.®* Selected
optimized structures are illustrated using the CYL view.* Total
energies and Cartesian coordinates of all optimized structures
are given in the Supporting Information (SI).

3. RESULTS AND DISCUSSION

Investigated Frustrated Lewis Pair System. As shown in
Figure 1(a), the hydrogen activation was carried out by using the
five FLPs catalysts. Among these, a well-known mechanism has
been discovered for complex 1 (tBusP/B(C¢Fs);),"”"* while the
other four pairs are our computationally designed catalysts. The
selecting criteria for the FLPs are: for complexes 1, 2, 3, and §,
we selected the same base (tBuyP), and varied the acid
(B(C4Fs)s, P(CéFS)(p'C6F4H2)2) P(C6F5)(P'C6F4F2)2; and
S(p-C¢F,F,);) respectively, while for complexes 3 and 4, we
selected the same acid (P(C¢F;)(p-C¢F,F,),) but varied the
base (tBu;P and tBu;N). Table 1 summarized the computational
properties of the studied complexes. As shown in Table 1, the
small Wiberg bond indices (<0.20) and long bond distances
(3.28—4.33A) showed that no dative bonds were formed
between the reactive Lewis centers, which implied that the
combinations of complexes 1—35 can be considered as FLPs to
accommodate and activate the guest H, molecules without
affecting the kinetics of the reaction.

All the studied FLP complexes are mainly stabilized by
nonbonding interactions (i.e., multiple C—H:F hydrogen
bonding and dispersion interactions) between the bulky Lewis
base and their complementary Lewis acid. Figure 2 displays the
key bond lengths and charge transfer between the selected atoms
of interest, i.e,, H, N, B, P, and S; we performed Natural Bond
Orbital (NBO) analyses of TSs and products. In all TSs, the two
hydrogen atoms that make up the dihydrogen moiety bear
different bond lengths and charges with the Lewis pair center
revealing that the H, activation is strictly heterolytic. Moreover,
the FMOs for the transition states shown in Figure S1 resulted in
the partial charge transfer from the dihydrogen moiety to the
Lewis base and acid, and vice versa. Furthermore, the electron
occupancies in the empty orbital of P in complexes 2 and 3 are
1.42¢ and 1.49e, respectively, which explains the replacement of
para-H atoms (P(CgF;)(p-C4F,H,),) with F atoms which lead
to a slightly increased acidity of the Lewis acid center and,
similarly, the F---H interaction which stabilizes the transition
state and increases the acidic center. Indeed, replacing H atoms
with F atoms decreased the barrier by 7.4 kcal/mol for H,
activation.

Reaction Barriers for the Activation of H, by FLPs. As
shown in Table 1, except for complex 3, the activation free
energies of all studied FLPs are significantly higher than those of
well-known pairs (i.e., tBuyP/B(C4Fs); (AG = 16.2 kcal/mol),
due to an excellent acidity of borane which can improve the H,
activation. The activation barrier of complex 1 tBuyP/B(CF;),
is substantially lower, but the reaction is highly exergonic by 17.9
kcal/mol, which is not ideal for developing (nearly) reversible
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H, activation and catalytic hydrogenation reactions. Upon
comparing the activation barriers of the well-known pairs (i.e.,
tBuyP/B(C4Fs); with our designed molecules, the designed
molecules are accessible under the experimental condition for
developing reversible H, activation. Therefore, our designed
FLPs can develop reversible H, activation and hydrogenation
reactions. In line with the energy barriers, the dihydrogen
moieties in all TSs are only stretched slightly: the dihydrogen
bond lengths, 0.78 A (TS1), 0.96 A (TS2),0.87 A (TS3),0.81 A
(TS4), and 0.93 A (TSS), are compared with the 0.73 A of free
H,. Further, the binding energies of the studied complexes 1, 2,
4,and S are 4.3, 1.2, 1.8, and 4.9 kcal/mo], respectively, indicated
that the process is entropically favored. In complex 3, the
nonbonding interaction (i.e., multiple C—H--F hydrogen
bonding) is responsible for the association and gives rise to
the binding energy of —2.0 kcal/mol, which reacts rapidly with
H, via TS3, representing only a small energy barrier of 15.9 kcal/
mol (see Table 1). However, the heterolytic cleavage of the H—
H bond is a highly exothermic process (40.5 kcal/mol) which
forms irreversible hydrogen activation and yields the ion pair
3PR (see Figures S2 and S3 for more details). From the energy
results of the designed complexes 3 and 4, we rationalized the
following aspects: (I) the electrostatic interaction between the
H,,, (H,,, hereafter represents the approaching H atoms) and
Lewis basic center can play a different role in the hydrogen
activations, the N-center in 4 with a negative charge —0.62¢
while the P-center in 3 bears a positive charge of 1.07e. With the
H,,, having a positive charge, the repulsive electrostatic
interaction between the P-center and H,,, disfavors the
hydrogen activation by complex 3, but the attractive interaction
favors the hydrogen activation by complex 4. However, due to
the soft P(V)-Lewis base center in complex 3 with a hard Lewis
base center N in complex 4, the activation barriers and
endergonicities are comparable with those of complex 4 for
H, activations (see Table 1). (ii) All the studied molecules
showed face-to-face orientations of the two orbitals which look
ideal for hydrogen activation; see Figure S1 for more details. All
these features bear a close resemblance to those obtained for the
tBuyP + B(C4Fs); + H, reaction'® indicating that a heterolytic
cleavage of H—H is achieved when electrons are donated
simultaneously from the ¢ orbital of H, to the empty orbital of
the Lewis acid center and from the lone-pair orbital of the Lewis
base center to the ¢* orbital of H,. Similarly, in complex 1
(tBusP/B(C4Fs); pair), the H—H heterolytic cleavage is done
via the interaction between H—H bonding electrons and the
empty orbital of the B-center as well as the phosphorus lone pair
and the H—H o¢* orbital along the reaction pathway.
Comparison of the Reversible H, Activation by
Complexes 2 and 5. For reversible H, activation, we selected
P(V)- and S(VI)-centered Lewis acids (i.e., complex 2 and §) as
representatives, and both molecules improved the endergonicity
of 10.7 and 13.1 kcal/mol with a comparable energy barrier of
23.3 and 21.8 kcal/mol respectively. Furthermore, they have
quite long H—H bonds (0.96 and 0.93 A, respectively) in their
TSs as compared to complex 1 (i.e., tBu;P/B(C4F;);) (0.78 A)
(see Table 1). According to Hammond’s postulate, transition
states with longer H—H bonds typically have higher barriers and
endergonic activations.*” Previously, Papi and co-workers had
studied the thermodynamics and kinetics of different FLP
hydrogen activations. In agreement with experimental evidence,
they found that the reversible FLP hydrogen activation systems
are slightly exergonic.'” For example, the expected AG values of
Mes,P-C¢4F,-B(C4Fs),,"* 1,8-bis(diphenylphosphino) naphtha-
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Figure 3. Frontier molecular orbitals of H, with those of studied FLPs (1—S5) in Figure 2.

lene/B-(C4Fs);, "' and (0-C4H,Me);-P/B(p-C4F,H);"’ are
—2.5, —=2.1, and —0.1 kcal/mol at the MO05-2X/6-311+
+G(d,p)//M05-2X/6-31G(d) level in toluene, respectively.
However, in our designed complex the AG values of complex 2
(—10.7 keal/mol) and complex 5 (—13.1 kcal/mol) seemed to
be relatively too large for reversible hydrogen activations (see
Table 1). However, the experimentally reversible intramolecular
linked TMPN-CH,-C4H,-B(C4Fq),"” system has a free energy
of —12.5 kcal/mol at the M05-2X/6-311++G**//M0S5-2X/6-
31G*level in toluene'” and —7.3 kcal/mol at the PBE/6-31G*
level in benzene.*” Indeed, the previous computed free energy
was —12.7 kcal/mol at the M05-2X/6-311++G**//MO05-2X/6-
31G*level for (3-borabicyclo[3.3.1]nonane(3-BBN) molecules
in toluene.”” Therefore, we speculate that our designed
complexes 2 and 5 could be promising metal-free hydrogenation
catalysts for a (nearly) reversible hydrogen activation reaction.
In short, when the bond length between the reactive Lewis
centers of studied FLPs increases, the guest H, molecule can be
accommodated easily, with a lowering of the activation energy
except for that of complex 4.

Figure 3 displays the calculated HOMO and LUMO orbitals
of the studied frustrated complexes and the effect of replacing
the Lewis acid and base combinations (see Figure S1 for details).
As shown in Figure 3, the FMOs of complex 1 (tBusP/
B(CgFs);) showed that the HOMO is localized on the
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phosphine fragment, and its main constituent is the sp* hybrid
lone pair of the phosphorus atom. Similarly, the LUMO of the
complex is composed of mainly the boron vacant orbital, which
showed the steric congestion of the FLP members to prevent the
efficient overlap between the frontier orbitals of the acid and
base for dative bond formation. Based on our computed result,
all studied complexes have similar LUMOs, which originate
from the empty orbitals of the Lewis acid and serve as EUFMOs,
but their HOMOs differ significantly. However, complexes 2
and 3 have one occupied orbital with the correct symmetry to
interact with the ¢* orbital of H, called the EOFMO (i.e.,
HOMO - 1) which comes from the lone pairs of these
molecules. Note that the HOMOs of these molecules do not
have the right symmetry to interact with the ¢ orbital of H,,
which does not contribute to H, activation. For complexes 1, 4,
and §, the HOMOs are dominated by the lone pairs of the Lewis
base center.

As shown in Figure 3, the more effective orbital interactions
(i.e., the gap) between the EOFMO/LUMOs in complex 2 and
HOMO/LUMO of complex 5 showed that it is somewhat
difficult to accommodate the guest hydrogen molecule in the
cavity between the two active centers which results in an
increased barrier of 23.3 and 21.8 kcal/mol respectively (see
Table 1), as compared to complex 1 (16.2 kcal/mol). Therefore,
the more favorable energy of complex 1 can be attributed to the

https://doi.org/10.1021/acsomega.2c07442
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Figure 4. Optimized structures for the complexes of N; with Lewis acid analogs in Figure 1: the binding energies and enthalpies (in kcal/mol) of the
designed FLPs pair; Wiberg bond order of the N-Lewis acid bond center bond (Wy_1 4); NBO charges (in a.u.) on the two Lewis pair center; the values

are the key bond lengths in A.

effective orbital interactions shown in Figure 1b, as compared to
complexes 2 and 5. However, in complexes 2 and S, the
nonbonding interactions stabilize hydrogen molecule activation.

To gain insight into the complexation energies of the designed
FLPs, we chose complexes 2 and $§ with the azide N; with a
Lewis base probe as a representative to eliminate the effect of
possible hydrogen bonds between LA and LB. Similarly, we also
use NH; and CN Lewis base probes (see Table 4 in SI for more
details). Figure 4 shows the complexes of Ny with Lewis acid
analogs and compared the association ability of the predecessor
Lewis acids (i.e., B(C¢Fs);). The association energy of the
B(C4Fs); moiety with N; tends to form a moderately strong
adduct with association free energy of AG = —37.1 kcal/mol.
Indeed, the short N—B bond distance found in this adduct
indicated a strong N—B bonding interaction between the Lewis
acid center and the N; molecule which provided significant
stabilization. Similarly, the designed Lewis acid center of
complexes 2 and 5 formed relatively weak adducts with an
association free energy of AG = —16.8 and —8.8 kcal/mol.
However, due to the noncovalent interactions between the
Lewis base and Lewis acid nonbonding interactions, the
complexes are stable.

Reduction of Imine by P(C/F:)(p-C4F,H,), and H,.
Finally, we investigated whether the designed complexes can
perform a direct hydrogenation reaction with the sterically
encumbered and electron-rich imine tBuN = CPh(H) molecule
and discussed their potential energy surface. Previously, Papai
and co-workers have reported the reaction mechanism for the
transition metal-free direct hydrogenation of bulky imines
catalyzed by the Lewis acid B(C4Fs);."” For the present analysis,
we chose the LA part of complex 2 as a representative, and it can
perform the full catalytic cycle. Figure SA presents our computed
energy profile for the reduction of imine tBuN=CPh(H) with
the LA part of complex 2, and Figure 5B displays the optimized
structures of all stationary points labeled in Figure SA.
Alternatively, we calculate the direct hydrogenation reaction at
the experimental temperature (T = 353.15K) presented by Papai
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and co-workers (see Figure S4 in SI for more details).'” The
reaction takes place in the three-step mechanism, namely,
hydrogen activation (6-TS6-6PR), hydrogen transfer, and the
product release. First, the donor P and acceptor P(V) center of
complex 2 activate the H—H bond via crossing TS6, giving a
stable iminiumhydridophosphate ion pair (6PR). Subsequently,
hydride transfer to the carbon center of the iminium ion by the
hydridophosphate results in the neutral amine-phosphine
adduct »_7PR bound by electrostatic interaction via crossing a
barrier of 13.8 keal/mol (TS7) and is exergonic by 7.2 keal/mol.
Finally, the dissociation of amine from r_7PR generates the
catalyst with the energy costs only 5.2 kcal/mol. Parallel to the
imine-phosphane pair, a preorganized amine-phosphane frus-
trated complex can be identified on the catalytic cycle (7PR, see
Figure 5). An internal rearrangement of the »_7PR ion pair gives
more stable isomer 7PR. The H—H bond activation in 7PR
occurs via TS8 with the free-energy barrier of 19.9 kcal/mol
related to the near intermediate and is exergonic by 19.7 kcal/
mol, yielding stable iminiumhydridophosphate ion pair 8PR.
Overall, relative to the separated reactant, the hydrogen
activation catalytic cycle has a rate-determining step barrier of
26.3 keal/mol (TS6), with exergonicity of 6.2 kcal/mol.

4. CONCLUSIONS

In summary, we have proposed a strategy to design a metal-free
hydrogen activation site for metal-free hydrogenation catalysts.
For all designed catalysts, the hydrogenation reaction
mechanism bears a close resemblance to the often-used FLPs
tBu;P + B(C(F;);. Among the reported molecules, the potential
energy surfaces of complexes 2 and § are comparable with that of
complex 1 for hydrogen activation. Even if the more effective
orbital interactions are in complexes 2 and 5 (i.e, EOFMO/
LUMOs and HOMO/LUMO), the nonbonding interactions
(i.e, multiple C—H---F hydrogen bonding and noncovalent
interactions between the FLPs pairs) stabilize hydrogen
molecule activation. Therefore, we speculate that these
molecules could be a promising metal-free hydrogenation
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catalyst. The frontier molecular orbitals (MOs) analysis of all the
studied molecules showed ideal molecules for hydrogen
activation. In the phosphine-catalyzed imine hydrogenation,
the LA part of complex 2 achieved catalytic direct hydrogenation
of the sterically encumbered and electron-rich imine tBuN=
CPh(H), with a rate-determining step barrier of 26.3 kcal/mol
(TS6), and the H transfer, measured from the near intermediate,
is 13.8 kcal/mol. These results predict that the reactions are
experimentally achievable under mild reaction conditions.
Besides that, the reduced product amine can take part in the
hydrogen activation process and, therefore, opens an autocata-
lytic pathway. Finally, this computational exploration could
inspire the experimental development of a new type of FLPs
with P(V) or S(VI) or a Lewis acid partner for FLPs.
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