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Abstract

The chemistry of low valent main group
elements has attracted much attention in
the last decade. The relevance of these
species is because they have been able to
mimic transition metal behavior in cat-
alytic applications, with decreased ma-
terial costs and diminished toxicity. In
this contribution, we study the L'EH cat-
alysts (E = Si(II), Ge(II), Sn(II), and
Pb(I); L'=[ArNC(Me)CHC(Me)NAr]~,
with Ar=2,6—iPr,C¢H;) toward the for-
mation of formic acid derivatives through
hydroboration of CO,. A detailed char-
acterization of relevant structures on the
potential energy surface enabled us to ra-
tionalize different paths for the hydrobo-
ration of CO,. Interestingly, it was found
that, according to the activation energies
for the whole catalytic cycle, the process
of transformation of CO, becomes more
favored going down in group 14. How-
ever, an effective energetic decrease of the
process (taking as reference the uncat-
alyzed reaction between CO, and HBpin)

is evidenced just from the germanium ana-
log. The trend in reactivity found in the
present study is a direct consequence of the
change in the central main group element,
enabling an enhanced polar character of
the E-H (L'EH in the CO, activation
step) and E-O (metal formates in the
hydroboration step) as the atomic radii
increases. The transient stabilization of
reaction intermediates found in the hy-
droboration step was rationalized through
the noncovalent interaction index (NCI)
and symmetry-adapted perturbation the-
ory (SAPT). This computational study
highlights the reactivity trends in group
14 based hydride catalysts in hydrometal-
lation and posterior hydroboration to form
formic acid intermediates. We hope this
study will motivate further experimental
work in low valent lead chemistry.



Introduction

Most catalytic applications using transi-
tion metal (TM) catalysts lead to both
excellent yields and turnover frequencies
(TOFs). In particular, subtle changes in
the ligand, metallic center, or the reac-
tion media can produce gigantic catalytic
differences among these catalysts. The
problems associated with TM catalysis are
the intrinsic toxicity and the elevated cost
of synthesis, mainly due to the low abun-
dances in the Earth’s crust.’ The main
difference of the low valent main group
(MG) compounds with the higher valent
congeners is that the former have suitable
vacancies and/or stereochemically active
electron pairs in their electronic structure,
and therefore the reactivity of these species
can mimic TM chemistry.*® MG elements
are often stabilized in their highest ox-
idation state. Although low valent MG
compounds are very reactive, kinetic sta-
bility can be gained by the usage of bulky
substituents. With this evidence in mind,
the usage of the cheaper, more abundant,
and (generally) less toxic MG compounds
may offer the possibility of substituting
the scarcer d-block TM catalysts in indus-
trial applications. Interestingly, MG com-
pounds are able to activate small molecules
having both unsaturated and strong o-
bonds.? 3! Activation of small molecules
is central to the development of new cat-
alytic systems, since such activation is a
fundamental step in most catalytic cycles.

Carbon dioxide is one of the primary
sources of greenhouse gases and mainly
responsible for global warming. Although
reducing its high concentrations in the air
may be impractical, the use of this gas as
C1 feedstock for the production of added-
value compounds such as formic acid,
methane, formaldehyde, and methanol
is promising.3?37  Germanium(Il)- and
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Figure 1: Relevant low valent Ge and Sn
compounds.

tin(II)-based catalyst have been proven to
be able to carry out hydrometallation re-
actions of carbonyl-containing compounds
including CO,. 3143841 Hydrometallation
of polar and nonpolar unsaturated bonds
has great impact in both organic and in-
organic synthesis.#>™7 In this research, we
have centered our attention in the hydrob-
oration of CO, for potential formation of
formic acid by group 14 MG catalysts.
Roesky et al. synthetized Ge(II) and
Sn(II) hydride catalysts using the biden-
tate N-arylisopropylS-diketiminate lig-
and (L'EH in Figure 1) which showed a
great reactivity toward CO, activation in
toluene at room temperature.® !5 It has
been shown both experimentally and com-
putationally that the CO, activation re-
action becomes more favored as the metal
size increases. ' 154 Interestingly, the re-
action of complexes L'GeH and L'SnH
cleanly reacts toward CO, activation with-
out the use of any cocatalyst to afford the
respective formates L'EOC(O)H (E = Ge,
Sn). 1315 Following this stage, a hydride
source is needed to restore the catalyst.
Although reduction of CO, by B-H bonds
and without a catalyst can be traced from
the 1950s,%9°% hydroboration of CO, with
even the most reactive BH,; adducts is
carried out in presence of a catalyst.>! ¢
Reaction of L'GeOC(O)H with lithium
aminoborane (LiH,NBH;) in THF at room
temperature restores 2 and yield lithium



formate LiOC(O)H in quantitative yield.3?
Treatment of LIOC(O)H with HCI easily
produces produces formic acid. More-
over, the reaction 1:1 of L'GeOC(O)H
and H;NBH; can also be carried out, but
higher temperature is needed, most proba-
bly due to the low solubility of HyNBH;.3?
Interestingly, the same reaction using three
eq. of H;NBH; gives the corresponding
methanol derivate (H;NH,BOMe), that
posterior workup with deuterated water
produces MeOD.? Driess et al. used com-
plexes L'GeH and L*GeH (Figure 1) for
the reaction with CO, giving the corre-
sponding germylene formates, which after
reaction with three eq. AlH;NMe; and
workup with water gave methanol. In-
terestingly, formation formic acid was not
reported by the authors.®® Jones et al.
synthetized L*GeH and L*SnH (Figure 1).
In a first study, these compound were used
to hydroborate ketones with HBpin.3¢ It
is worth noting that reactions with the
tin-analogues were much faster than the
reactions with the germanium-based com-
plex, which may give hints of trends in re-
activity along group 14. Later on, L*GeH
and L3SnH were used for reduction of CO,
to methanol equivalents with impressive
turnover frequencies.®” Computations per-
formed in that study concluded that hy-
droboration of the formate L*GeOC(O)H
to HCOOBpin corresponded to a dead end
of the reaction toward the desired forma-
tion of the methanol intermediates. Com-
putationally, Takagi and Sakaki®' pro-
posed the use of SiF;H as hydride-source
with L'GeOC(O)H to restore the catalyst
yielding HCOOSiF;. To our knowledge,
computational characterization for the hy-
droboration of CO,, using L'EH and HBpin
has not been attempted for group 14 ele-
ments (E = Si, Ge, Sn, and Pb).

In this research, we shed light on the
mechanism for the hydroboration of CO,

by L'GeH (E = Si, Ge, Sn, and Pb) toward
the formation of the formic acid derivative
HCOOBpin. The whole catalytic cycle
(Figure 2) has been computed for each
catalyst using density functional theory
(DFT). Our intention in this contribution
is to study a possible periodic trend in
reactivity along the group 14 catalysts,
together with a complete characterization
of reactions intermediates and conform-
ers that can be obtained in the potential
energy surface for this particular reaction.
Characterization of reactive reaction inter-
mediates for the hydroboration step was
studied in detail to comprehend the type
of interactions that rule the transient via-
bility of these species.

e
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Figure 2: Catalytic cycle for the hydrob-
oration of CO,. Labelling for catalysts is
also shown.

Theoretical Methods

The activation and hydroboration of CO,
were studied using density functional the-
ory (DFT) methods. Optimization of min-
ima and transition states (TSs) were car-
ried out using the well-tested hybrid meta-
GGA M06-2X functional®? together with
the 6-31G(d, p) basis set.®*%* This level
of theory was selected since it has been
proposed as a reliable methodology for

o-bond metathesis



main group chemistry for both thermody-
namics and kinetic energies without com-
promising long computational times and
accuracy. 26%% Main Group 14 elements
(Si, Ge, Sn, and Pb) were modeled using
the LANL2DZ basis, which includes quasi-
relativistic effective core potentials.%” Na-
ture of each species was confirmed by fre-
quency computations using analytic sec-
ond derivatives of the energy with respect
to the atomic coordinates.%® TSs were
found through initial relaxed surface scans
on the potential energy surface and defini-
tively refined by geometry optimizations.
Verification of transition states was con-
firmed by inspection of a single imaginary
vibrational mode and then connected with
reactants and products by employing the
intrinsic reaction coordinate (IRC) proce-
dure. %

Due to significant errors are obtained
when the harmonic approximation is used
to compute thermochemical quantities for
low-frequency modes, the quasi-Rigid Ro-
tor Harmonic Oscillator (quasi-RRHO)
method introduced by Grimme has been
employed. ™ After the free energy correc-
tion is obtained, Gibbs free energies are
computed as:

AG = AE + AGhppo + ASGL,,(X) (1)
where AF corresponds to the gas phase
electronic energy difference, AG% 4 col-
lects the Gibbs free energy correction
with zero-point vibrational energies, and
ASGT, (X) accounts for solvation energy.

solv

The ASGT, (X) term was computed us-
ing toluene as solvent through the polar-
izable continuum model (PCM)™ through
single-point computations on the already
optimized gas-phase geometries.

All computations were performed in

the Gaussian09 software package.™ Bond-

ing and charge analyses were carried out
through the NBO program™ interfaced
with Gaussian09.

In order to qualitative characterize non-
covalent interactions, the NClIplot pro-
gram was used.®"" However, for a quan-
titative analysis of noncovalent interac-
tions of relevant structures, symmetry-
adapted perturbation theory (SAPT)"™
was used. Quantification of charge transfer
effects were computed through SAPT-CT
approach. @ # SAPT0/cc-pVDZ computa-
tions where carried out in Psi4.®® Specifi-
cally, DF-SAPT08% was used in all com-
putations with the cc-pVDZ-ri basis set.

Results and Discussion

In a first contribution,?® the CO, activa-
tion step was studied in great detail. It
was found that the o-bond metathesis re-
action for the incorporation of CO, into
the E-H bond is favored as the size of the
MG element increases. As the central MG
element increases in size, a larger charge
separation appears in the E-H bond, facil-
itating the insertion of CO, into this bond.
Moreover, it was found that two approach-
ing modes of CO, to the E-H bond can
take place: the front- (R1) and back-side
(R1) approaches (see Figure 3(a)). It was
found the R1 and R2 reaction channels
give different formate stereoisomers, PEH:
and PEHo, respectively (see Figure 3(b)).
Notation of products stand for the spatial
orientation of the hydrogen in the formate
complex: in PEH: the hydrogen atom is
pointing toward the NacNac ligand while
in PEn: the hydrogen atom is located out-
ward with respect to the complex (see Fig-
ure 3(b) for reference). Although rotation
of the E-O bond is unable to interconvert
between both reaction products (Pen: and
PEeHo), combination of the C-O and E-



O bond rotations can produce even more
stable reaction products: Proi and PEoo
(for details the reader is referred to refer-
ence?®). The whole set of reaction prod-
ucts are schematized in Figure 3(b).

In this work, we focus our attention

(b)

TSlggr:i  TSlegr2 TSllggr2

Figure 3: (a) Different approaches (R1
and R2) of CO, towards the E-H bond.
(b) Different formate conformers and re-
spective transition state structures.

on the study of the full catalytic cycle for
the hydroboration of CO,. As for the CO,
activation step, the hydroboration mecha-
nism takes place under a o-bond metathe-
sis regime (Figure 2). This is a key step
because it encompasses the recovery of the
catalyst and the formation of the diox-
aborolane formate (HCOOBpin) as prod-
uct.

From the conformational analysis per-
formed in ref.,*® it is clear that for the hy-
droboration step, the approach of HBpin
has to be studied for each of the conform-
ers found: Peni, PEHo, PEOi and PEoo
(see Figure 3 (b)).

For Pen: and Pro: formates, the HBpin

attack should come by the front-side (fac-
ing the E-O bond) in order to carry out
the o—bond metathesis reaction. How-
ever, due to strong steric repulsions among
the methyl groups in HBpin and the iPr
groups in the NacNac ligand, the o-bond
metathesis is not possible, as shown in Fig-
ure 4. In contrast to this, to prove that
the steric repulsions are responsible for the
non-occurrence of this reaction pathway,
methyl groups in HBpin and in the L'
backbone were interchanged by hydrogens,
in which a proper TS structure is success-
fully found (right side Figure 4). Although
a collection of transition states was found
with the non-methylated HBpin reagent,
these are not considered in the present
study. Thus, for the hydroboration step,
only reaction pathways of both Peno and
Proo formates with HBpin were consid-
ered.

Analysis of Reaction Pathways

In this section, results and discussions re-
garding the full catalytic cycle for the hy-
droboration of CO, through the innovative
use of low valent MG catalysts are pre-
sented (Figure 2). The uncatalized reac-
tion between HBpin and CO, is presented
in Figure 5. The whole catalytic cycles
for Si(II), Ge(Il), Sn(II), and Pb(II) cat-
alysts are shown in Figures 6, 7, 9 and 10,
respectively. For all energy profiles, key
structures are shown. Furthermore, the ac-
tivation, conformation and hydroboration
steps were labeled along the energy profile
in order to have a complete characteriza-
tion of the PES.

The catalytic cycle starts with the for-
mation of a reactive complex between the
NacNacEH complex and CO,. The sta-
bilization of the reactant complex is due
to long-range interactions, which promote
stabilization through non-covalent interac-
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Figure 4: Schematic representation of steric repulsions in PEoi + HBpin system (left)
and TS structure for the non-methylated HBpin with Pro: (right).

tions. SAPTO computations suggest that
stabilization of the reactant complex is fa-
vored through electrostatic and dispersion
interactions, with the electrostatic compo-
nent being more predominant. Due to the
separation of the reacting species (~ 2.5
A on average, taking into account the
E-H.--CO, interaction), favored induc-
tion effects are less pronounced. After
the reaction complex is formed, the CO,
activation takes place, obeying a o-bond
metathesis regime by the formation of a
four-membered transition state (see Figure
3(a)). As the o-bond metathesis mech-
anism takes place, the dispersion compo-
nent remains steady compared to a sharp
stabilization of the reacting species driven
by electrostatic interactions at the TS
vicinity. Accordingly, the induction (po-
larization + charge transfer) term, which
is close to zero at the reactant complex,
becomes the most favorable interaction at
the TS structure (see Figures S3 and S4
in Supporting Information). As mentioned
above, the approach of CO, to the E-H
bond can be carried out by means of the
R1 and R2 reaction pathways (see Figure
3(a) for reference). In an earlier contribu-
tion, we studied in detail the CO, activa-
tion mechanism, as well as the conforma-

tional step involving a combination of E-O
and C-O torsions. The reader is referred
to reference® for further reading.

Uncatalized CO, + HBpin Reaction
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Figure 5: Energy profile for the reaction
between CO,, and HBpin. Gibbs free ener-
gies in toluene are reported in kcal mol™.

For comparison purposes, the uncatal-
ized HBpin+CO, reaction has been com-
puted and shown in Figure 5. The reac-
tion takes place under a one-step regime,
through a four-membered TS. Due to the
relative stability, ease of synthesis, and
high selectivities, HBpin and HBcat (cat
= 1,2—0,C¢H,) have emerged as candi-
dates of the family of the dioxalborolanes.



Table 1: Activation energies for CO, activation (AGiCOQ) and hydroboration (AG] ,,

AGZydmbA, and AGS ) . AG! . represents the total activation energy for the whole
catalytic cycle from reactants to products in the forward direction. Gibbs free energies in

toluene are reported in kcal mol™.

uncatalyzed reaction

HBpin+CO, AG* = 38.3 keal mol™? AG° = —15.0 kecal mol’!
catalyzed reaction
MG Path AGLo, Product AGL, AGY .. AGy; AG,,
Si Si-R1/0o  21.0 P10o . 23.3 e 50.0
Si Si-R2/Ho  21.8 Pimo e 22.3 o 44.3
Ge Ge-R1/0o 157 P200 7.9 8.5 0.7 36.7
Ge Ge-R2/Ho  21.2 Poano e 19.5 e 40.7
Sn Sn-R1/00 122 P30o 3.3 4.8 0.6 23.1
Sn Sn-R2/Ho  14.7 P3Ho e 15.0 0.6 30.3
Pb Pb-R1/0o 7.9 P10o 4.7 0.6 0.8 17.8
Pb Pb-R2/Ho 6.5 P, 5.0 3.9 1.2 15.8

However, high temperatures are frequently
required which promote decomposition of
the borane, into BHj-like intermediates,
resulting in several organoborane prod-
ucts.®® Activation and reaction free en-
ergies (taking as reference the reactant
complex) were found to be 38.3 and -15.0
kcal mol™?, respectively. The high activa-
tion barrier of this reaction explains why
its realization under mild reaction condi-
tions is challenging. The magnitude of
the activation energy for this transforma-
tion (and the o—bond metathesis reactions
studied in this work) is high because they
take place under a highly constrained four-
membered TS and therefore the use of a
catalyst is mandatory. Gibbs free energy
for the uncatalyzed and catalyzed reac-
tions are reported in Table 1. Reaction
pathways are represented by E-Ri/Ho
and E-Ri/Oo (E = Si, Ge, Sn, and Pb;
i =1 or 2; Ho and Oo follow the spatial-
ity of the formate).

The whole catalytic cycle for the sili-
con derivative, the lightest MG element

in the studied series, is shown in Figure
6. Although the NacNacSiH has not been
prepared yet, derivatives stabilized by TM
compounds have been reported.®"# Acti-
vation free energies for the incorporation of
CO, into the E-H bond were found to be
21.0 and 21.8 kcal mol™! for the R1 and R2
paths, respectively. After the conforma-
tional step it can be seen that formation of
the reactive complexes P1oo+HBpin and
Pino+HBpin are favored thermodynami-
cally with AG® values of —27.7 and —27.8
kcal mol™!, respectively. For the hydrob-
oration step, a single TS is observed for
both reaction pathways. Structures for
the hydroboration step are represented by
E-Ho or E-Oo in subscript (E = 1 (Si), 2
(Ge), 3 (Sn) and 4 (Pb); Ho and Oo follow
the spatiality of the formate). Accordingly,
transition states are labeled as TSIIIg g,
and TSIIlg o, for Peno and Proo for-
mates, respectively. A four-membered ring
characterizes the main TS structure for the
hydroboration step (E-O-B-H), which in-
cludes the formation of the E-H and B-O



bonds and the breaking of the E-O and
B-H bonds. Gibbs free energies of acti-
vation, computed taking as reference the
reactant complex between the formate and
HBpin for the Oo and Ho pathways, are
very close to each other, 23.3 and 22.3
kcal mol!, respectively. This result sug-
gests that a more likely path cannot be
established, and thus both pathways are
expected to take place. Furthermore, it
is worth noting that the activation bar-
riers for the hydroboration step are also
close to that of the corresponding CO, ac-
tivation step. Bond distances within the
four-membered ring at the TS structures
are quite similar when comparing the two
reaction paths, with discrepancies of only
0.01 A on average. It is worth noting that
the activation energy for the whole acti-
vation free energy for the catalytic cycle
is higher than the uncatalized reaction be-
tween HBpin and CO,. The reason is due
to the large dissociation energies (Dggg) of
the Si-H (in complex 1) and Si—O (in P1Ho
and P100) bonds, 70.1 kcal mol™! and 191.1
kcal mol™?, respectively.” Overall, consid-
ering the appearance of a relatively high
activation barrier for both the CO, activa-
tion and hydroboration steps, the reaction
may be possible but less likely to take
place at room temperature and to use low
pressures of CO,.

In the case of the experimentally avail-
able Ge(IT) based complex,!®!5 activation
free energies of 15.7 and 21.2 kcal mol™
were obtained for the R1 and R2 reaction
paths in the CO, activation step. The
hydroboration of CO, is thought to be a
stoichiometric 1:1:1 reaction in CO,, cata-
lyst, and HBpin, respectively. Interstingly,
Jones et al.?® reported no noticeable reac-
tions between L3GeH or L3SnH hydride
with HBpin, as a result of favorable acid-
base Lewis interactions. It was observed
that the particular low field hydride res-

onance (‘H NMR) of the complexes is
only negligibly shifted after addition of
HBpin to the solution containing the cat-
alyst. We studied the Lewis acid-base
interaction between 2 and HBpin, and we
have found that the lone pair over Ge(1I)
and Sn(II) is sterically protected from re-
acting with the empty p-orbital on the
boron atom. Interestingly, the hydrob-
oration step for the germanium analog
shows noticeable differences between the
Ho and Oo reaction pathways (Figure 7).
As for silicon, the Ho reaction channel ex-
hibit a single TS for the hydroboration
of CO, with an activation free energy of
19.5 kcal mol'. On the other hand, the
Oo pathway is carried out under a multi-
step regime. First, as HBpin approaches
the formate complex, a favorable B---O
interaction takes place, giving rise to the
formation of a Lewis Adduct (LA) inter-
mediate (INTL4),) with an activation free
energy of 7.9 kcal molt. The INTYY, sys-
tem is formed with a B-O distance of 1.68
A (bond order 0.47). Once the LA inter-
mediate is formed, formation of the Ge-H
bond and breaking of the Ge-O bond start
to take place, giving rise to TSIII; o,.
From the appearance of INTY, to the
formation of TSIII, o,, the strengthening
of the B-O bond and the weakening of
the B-H and Ge-O bonds take place. At
TSIII, o, the B-O distance is decreased
from 1.68 (in INTYR,) to 1.55 A (89%
of formation with respect to the product
structure). The Gibbs free energy of ac-
tivation from the LA intermediate to the
rate-limiting TS structure is just 8.5 kcal
mol™!. For this path, the activation barrier
of the whole hydroboration process, which
can be considered as the sum of AG} , and
AGEydmb., is 16.4 kcal mol, which is more
favored compared with the concerted Ho
path (19.5 kcal mol™). Interestingly, the
B-H bond does not change considerably
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Figure 6: Gibbs energy profile for the catalytic hydroboration of CO, by the low valent

Si catalyst (1).

Si-R1/00 and Si-R2/Ho pathways are represented in black and red,

respectively. Energies are reported in kcal mol™ using toluene as solvent.

from INTYY, to TSIy 0, Afterward,
the Ge—O bond is broken, and a favorable
Ge---H---B cooperative interaction gives
rise to a reactive H-bridged intermediate
INT50,. At INT5 ., the Ge---H---B
interaction corresponds to a three-center
two-electron (3c—2e) interaction. In the
INT, o, species, the Ge-H and B-H bond
distances are 1.75 and 1.45 A, respectively.
Special attention to INTL4,, and INTy.o,
intermediates will be given later in this
work. Moreover, it is worth to note that
the low activation free energies of TSIIL),
and TS, o, toward PEoo + HBpin and 2
+ HCOOBpin, respectively, are visualized
as shoulders appearing in the PES.

In a mixed experimental-computational
study, Maron and Jones at al. reported
the use of L3GeH and L3SnH hydrides for
the reduction of CO, to methanol equiva-
lents (MeOBR,) by using HBpin or HBcat
as hydride source.?” DFT computations

proved that a respective p-bridge inter-
mediate is formed with activation energies
close to 1 kcal mol™?, recovering the cat-
alyst and giving HCOOBpin. Instead of
a 4-membered TS as reported here, they
proposed a 6-membered TS. In Figure 8,
a summary of the reactions using L'GeH
and L3GeH with representation of the re-
spective TSs is presented and used for
discussion. Through the formation of the
6-membered TS, the authors®” reported a
low activation enthalpy of 2.2 kcal mol™
compared to a larger activation free en-
ergy reported in the present contribution
of 16.4 kcal mol. This energetic differ-
ence reveals a big difference in structure-
reactivity differences between mono- and
bidentate ligands. Motivated by the re-
sults of Maron and Jones, we studied the
occurrence of the 4- and 6-membered TS
using L'GeH and L*GeH. We found that
the catalyst’s design prevents the forma-
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Ge catalyst (2). Ge-R1/00 and Ge-R2/Ho pathways are represented in black and red,
respectively. Energies are reported in kcal mol™ using toluene as solvent.

tion of a 6-membered (4-membered) TS
when the L'GeH (L*GeH) catalyst is used.
Let us define the position of the formate
(~OCOH) unit as the front-side. For the
L'GeH complex a 6-membered TS is not
possible due to the bidentate ligand retains
the Ge atom in position. Thus the Ge-O—
C angle in the formate complex prevents
its change as the 6-membered formation
comes into effect (the bidentate ligand
firmly maintains the pyramidal geometry
in Ge; see P20o in Figure 4(b) for refer-
ence). Furthermore, the bulkiness of both
the HBpin and 'Pr groups in the NacNac
ligand also helps prevent the 6-membered
TS. Regarding the L*GeH catalyst, it is
clear from Figure 8(b) that the back-side
approach is blocked by the —CH(Ph), and
—SiPr, moieties in the L* ligand.
According to Maron and Jones,”" af-
ter the formic acid-derivative is formed,
HCOOBpin reacts again with the L3GeH
and in several stages using 2 more equiv-
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alents of HBpin to yield the methanol
derivative CH;OBpin and (Bpin),O (Fig-
ure 8(b)). The reaction of L'GeH toward
the formation of methanol derivatives with
HBpin is under active research in our
group. We believe that a control in the
selectivity toward formic acid, formalde-
hyde, and methanol equivalents can be
done by means of changes in stoichiometry,
identity (bulkiness or reductant strenght)
of the hydride-source, the nature (steric
demand and denticity) and catalytic load-
ings of the catalyst as previosly reported
for Ni and Pd catalysts. %’
In summary, the formation of formic-acid
or methanol derivatives with Ge(II) hy-
drides (and extended to other catalysts)
is subject to the stoichiometry of the re-
action. Moreover, it can be concluded
that the denticity and bulkiness of the lig-
and establish the appearance of a 4- or
6-membered TS.

On the other hand, the experimentally
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Figure 8: Schematic representation for the hydroboration of CO, using (a) L'GeH and

(b) L

also shown.

obtained tin-containing complex!® can

reduce even more the activation energy
for the CO, capture, as the Sn-H bond
becomes more polarizable than the Ge
analog.*® Gibbs free energies of activation
for the reaction pathways, R1 and R2,
are very close, namely 12.2 and 14.7 kcal
mol™, respectively. As may be noticed, ac-
tivation energies involving complex 3 are
lower than that obtained for complex 2,
thus attributing faster conversion when us-
ing tin-derivatives than germanium, as ob-
served experimentally.3%37 With regard of
the hydroboration step, it can be seen that
the same mechanism for the lighter Ge
congener takes place on the Oo pathway,
but different to that for the Ho path. For
tin, the Ho pathway does not exhibit the
formation of the Lewis adduct, INTYE,, .
For both pathways, formation of the Sn—
H bond and breakage of the Sn—O bond
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3GeH. Transition state structures for the hydroboration step for both catalysts are

through the TSIz, (AGH = 15.0 keal
mol™) and TSIII;.0, species (AGH = 8.1
kcal mol™ from the reactive complex and
4.8 kecal mol! from the Lewis Adduct)
dominates the hydroboration step. As
may be observed from Figure 9, the Oo
pathway is energetically more favored than
the Ho pathway through the formation of
the reaction intermediates.

Finally, the most reactive complex
for both activation and hydroboration of
CQO, is the computationally proposed Nac-
NacPbH catalyst. The lead S-diketiminate
halide,” aryloxyde,”® phosphanide,?? al-
coxide,?? ™ alkyl,% amido,?*? anilido,?
among other derivatives, have been pre-
pared, but complex 3 has not been ob-
tained to date. Recently, efforts made
by the groups of Wasserman and Power
have shown the first low valent lead hy-
dride compounds using monodentated lig-
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Figure 9: Gibbs energy profile for the catalytic hydroboration of CO, by the low valent
Sn catalyst (3). Sn-R1/0o0 and Sn-R2/Ho pathways are represented in black and red,

respectively. Energies are reported in kcal

ands. %% Activation energies for the CO,
activation step are 7.9 and 6.5 kcal mol™
for R1 and R2, respectively. In the hy-
droboration step, both reaction pathways
exhibit the formation of the LA and H-
bridged intermediates that promote a more
feasible way for the transformation of CO,,.
For the Ho pathway, the activation energy
involving TSIII y, amounts to 8.9 kcal
mol! (AG}, + AGYy,0.)- Furthermore,
for the Oo path the total activation energy
involving TSIII, o, is even lower with 5.3
kcal mol™.

Activation energies for the o-bond
metathesis in the activation and hydrobo-
ration of CO, from Ge to Pb were found
to be low enough —below 22 kcal mol!-
and therefore the process is highly fea-
sible to take place under mild reactions
conditions. For comparison purposes, the
free activation energy of 38.3 kcal mol™
for the uncatalyzed CO,+HBpin reaction

mol™! using toluene as solvent.

is compared to the sum of the activation
energies of the individual processes in the
forward direction (AGL, ). The latter
energies are collected in Table 1. As it
was observed from the energy profiles for
each catalyst, there is a noticeable de-
crease in the activation energies for each
stage concerning the uncatalyzed reaction.
However, taking the total activation ener-
gies for each catalytic cycle, it can be seen
that a sufficient reduction of the total ac-
tivation energy, AGfoml, is observed from
the germanium analog (only Oo pathway)
being more favored going down in group
14 (both reaction pathways). More in-
terestingly, the lead-derived complex 4
can decrease the total energy barrier less
than one-half when compared to the un-
catalyzed reaction.

In Summary, we have shown evidence
that the catalytic process becomes more
effective with regards to activation ener-
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Figure 10: Gibbs energy profile for the catalytic hydroboration of CO, by the low valent
Si catalyst (4). Pb-R1/00 and Pb-R2/Ho pathways are represented in black and red,
respectively. Energies are reported in kcal mol™ using toluene as solvent.

gies as we move down group 14, in which
an apparent decrease (compared to the
uncatalyzed reaction) of the activation en-
ergy can be observed just from the germa-
nium derivative 2. Moreover, from these
results, it is concluded that the decrease
of the activation energies is directly at-
tributed to the effect of the central low
valent group 14 element. It was also found
that steric demand and denticity of the
ligand can determine the type of TS (4-
or 6-membered TSs) in the hydroboration
step.

Reaction Intermediates: INTY4) and
INT:.00

In this section, the germanium reaction
intermediates INTY4,, and INTy.q, were
chosen as representatives of the whole set
of group 14 intermediates. Bonding fea-
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tures, as well as interactions that lead to
the formation of the LA and H-bridged
intermediates, are studied in great detail.

First, to corroborate the appearance of
the reaction intermediates and to assure
that they were not obtained as an ar-
tifact of the density functional used in
the present work, a benchmark study was
done (see Table S1 in Supporting Infor-
mation). Over 20 DFT functionals were
used, encompassing pure, hybrid, hybrid
meta-GGA and long-range corrected func-
tionals. Interestingly, it was found that
geometry optimizations performed with
functionals that do not include dispersion
corrections are not able to reproduce both
INTLR, and INTy.0,, yielding the reac-
tive complex (P200 + HBpin) or the prod-
uct structure (2 + HCOOBpin), respec-
tively. Clear examples of the latter find-
ings are the ones computed with B3LYP
and APF functionals that converged to the




desired intermediates once the dispersion
correction is taken into account through
the dispersion corrected version, B3LYP-
D3BJ and APFD, respectively. On the
other hand, most of Minnesota functionals
can reproduce both reaction intermedi-
ates. Therefore, the inclusion of disper-
sion corrections are necessary to have a
full characterization of relevant structures
along with the reaction mechanism.

As mentioned above, the LA-
intermediate is formed from the interac-
tion of the Lewis acidic boron atom of
HBpin and the oxygen atom in the for-
mate complex. The H-bridged intermedi-
ate instead is formed from the cooperative
3c—2e Ge---H---B attractive interaction.
As INT9 o, exhibits the Ge---H---B in-
teraction, both B-H breaking and Ge-H
bond-breaking reaction paths were stud-
ied. In Figure 11, the two reaction paths
are depicted along with relevant struc-
tures. If the B-H bond in INT_o, breaks,
a low activation energy allows the forma-
tion of the desired reaction products: 2 +
HCOOBpin (neutral path, Figure 11(a)).
On the contrary, if the Ge-H bond breaks,
it would lead to the formation of ionic
species (ionic path, Figure 11(b)). Un-
doubtedly, the neutral path is preferred.
In the ionic path (Figure 11 (b)), as the
Ge-H bond distance increases, the energy
does so almost linearly. At dge g = 3.96 A
(AE = 23.9 keal mol™") convergence prob-
lems arise as the charged species are far
apart. However, this is enough evidence
to conclude that there is no competition
among the neutral and ionic paths. There-
fore, the B-H bond breaking in INT5_ o,
is by far the preferred mechanism.

To characterize noncovalent interactions
(NCIs) that may be driving the precarious
stabilization of these intermediates, the
NCI analysis of Johnson and co-workers
was employed.™"" Molecular represen-

14

tations of INTYY, and INT,q, with
the NCI isosurface are shown in Figure
12. From the molecular representations,
it may be seen that both CH/CH and
CH/7m van der Waals interactions (green
surfaces) help favor these transient species.
In the INTYY, system, a strong, attrac-
tive interaction (blue) is found between
the germanium and oxygen atoms in the
Lewis adduct moiety, most probably due to
strong Coulombic interactions between Ge
and O atoms. Inspection of NBO charges
shows a large charge separation between
Ge and O with charges 1.30 |e| and —0.84
le|, respectively. On the other hand, for
INT,.0,, blue surfaces appear in the Ge-H
and B—H bonds, revealing highly attractive
interactions. Inspection of charges show
that the hydride (—0.32 |e|) is stabilized
electrostatically by the positive charged
Ge (1.17 |e]) and B (1.20 |e|) centers. The
Ge-H and B-H bond orders are 0.48 and
0.53, which show the partial formation
of these bonds and allowing a total bond
order over the hydride of 0.9, which is con-
sistent with a 3c—2e bond.

With the aim of giving a quantita-
tive characterization of the noncovalent
interactions, SAPTO computations™ were
performed on the INTYY, and INTy. o,
species. As summary of the main physical
components of the SAPT interaction en-
ergies, together with fragmentation used,
is shown in Figure 13. The total inter-
action energies between the fragments for
the Lewis and H-bridged intermediates
are —38.1 and —35.1 kcal mol™, respec-
tively. For INTL4,,, the main noncovalent
interactions are primarily electrostatic, al-
though induction and dispersion also con-
tribute in that order. As a result of the
B---O bond formation, polarization and
charge transfer between fragments can be
measured from the induction term. It was
found that polarization (—29.6 kcal mol™!)
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color-code.

is more significant than charge transfer ef-
fects (—22.3 kcal mol™!) at this geometry.
To study the strong Coulombic interaction
revealed by the NCI results, a partition
of the Ge-O bond was studied. In this
partition, the electrostatic term increases
to -135.4 kcal mol'. For the INT5 o,
species (partition according to Figure 13),
induction and dispersion interactions con-
tribute equally to the transient stabiliza-
tion of this species, with a less pronounced
charge transfer energy (—13.6 kcal mol™)
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but with higher polarization (—37.7 kcal
mol™). Since the reverse AGL, and the
AG% p energies are so close for each group
14 center, it is believed that similar inter-
molecular interactions drive the transient
stabilization in the remaining Si, Sn, and
Pb-based intermediate.

In summary, in the LA intermediate, the
oxygen atom directly attached to Ge trans-
fers electrons to the boron atom in HBpin
to form the adduct. This is evidenced
with a more substantial electrostatic term
and charge transfer energy. Conversely,
in the H-bridged intermediate orbital and
electrostatic interactions seem to favor the
appearance of INT5 g,, but with a dimin-
ished electron transfer from the complex
to the HCOOBpin moiety through the
Ge--- H--- B interaction.

Conclusions

The CO, activation mechanism by low-
valent Si(II), Ge(II), Sn(II), and Pb(II)
hydride complexes bearing a bidentated
p-diketiminate (NacNac) ligand has been
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studied in great detail by DFT calcula-
tions. According to the computed activa-
tion energies for whole catalytic cycles, the
Pb based complex is predicted to be (by
far) the most active towards CO, hydrob-
oration, followed in order by the Sn, Ge,
and Si analogs: the CO, activation and
hydroboration processes become more fa-
vorable as we descend in group 14. This
trend is found as a direct consequence of
the enhanced polar character of the E-—
H bond (hydrides) and E-O (formates),
more Lewis acidic metal center, as the
atomic radii of the metal increases when
going down in group 14. However, when
the catalytic cycle for catalysts 1-4 is com-
pared in energetic terms with the uncat-
alyzed CO,+HBpin reaction, an effective
energetic decrease is observed from the ger-
manium derivative 2. Moreover, free en-
ergy barriers for the activation and hy-
droboration of CO, from Ge to Pb were
found to be low enough —below 22 kcal
mol~!— and therefore the process is highly
feasible to take place under mild reactions
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conditions.

Regarding the hydroboration step it was
found that only the Peno and Proo can
make possible the hydroboration step,
since the i-Pr groups in both PEH: and
PEroi species prevent the approaching of
HBpin.  Moreover, it has been found
that the reaction mechanism for the hy-
droboration step changes from concerted
to stepwise when going down in group
14, with the appearance of two differ-
ent reaction intermediates: INTLY, and
INTE 0o. From NCI and SAPT computa-
tions we showed that in the LA intermedi-
ate, the oxygen atom directly attached to
Ge transfers electrons to the boron atom
in HBpin to form the adduct, which is
evidenced with a larger electrostatic term
and charge transfer energy. Conversely,
in the H-bridged intermediate orbital and
electrostatic interactions seem to favor the
appearance of INT, o, but with a di-
minished electron transfer from the com-
plex to the HCOOBpin moiety through the
Ge--- H--- B interaction.



In summary, although an effective cat-
alytic decrease is observed from Ge(II) go-
ing down in the group, this computational
study suggests the lead(Il) hydride com-
plex as a more convenient alternative for
activation and hydroboration of CO,. The
trend in reactivity found here should aid
in new developments in main group chem-
istry. Moreover, we have provided com-
putational evidence that a smart choice of
the steric demand of the catalyst-hydride
source, together with the stoichiometry,
may play an essential role in the selective
formation of formic and/or methanol inter-
mediates as recently found in TM cataly-
sis. 8 More experimental results are needed
to corroborate these findings, but these
observations strongly support the intrinsic
selectivity power in MG catalysts.

Supporting Information
Available

Energy profiles and SAPT along the IRC
for the CO, activation. Benchmark and
NCI plots for INTES, and INTg.o, in-
termediates. XYZ coordinates for all sys-
tems.
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