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y of homoleptic
trisamidolanthanide-catalyzed aldehyde and
ketone hydroboration. Chemically non-innocent
ligand participation†

Jacob O. Rothbaum, a Alessandro Motta, *b Yosi Kratish *a

and Tobin J. Marks *a

Carbonyl bond hydroboration is a valuable synthetic route to functionalized alcohols but relies on

sometimes unselective and sluggish reagents. While rapid and selective aldehyde and ketone

hydroboration mediated by trisamidolanthanide catalysts is known, the origin of the selectivity is not

well-understood and is the subject of this contribution. Here the aldehyde and ketone HBpin

hydroboration reaction mechanisms catalyzed by La[N(SiMe3)2]3 are investigated both experimentally

and theoretically. The results support initial carbonyl oxygen coordination to the acidic La center,

followed by intramolecular ligand-assisted hydroboration of the carbonyl moiety by bound HBpin.

Interestingly, ketone hydroboration has a higher energetic barrier than that of aldehydes due to the

increased steric encumbrance and decreased electrophilicity. Utilizing NMR spectroscopy and X-ray

diffraction, a bidentate acylamino lanthanide complex associated with the aldehyde hydroboration is

isolated and characterized, consistent with the relative reaction rates. Furthermore, an

aminomonoboronate–lanthanide complex produced when the La catalyst is exposed to excess HBpin

is isolated and characterized by X-ray diffraction, illuminating unusual aminomonoboronate

coordination. These results shed new light on the origin of the catalytic activity patterns, reveal

a unique ligand-assisted hydroboration pathway, and uncover previously unknown catalyst

deactivation pathways.
Introduction

The selective reduction of unsaturated bonds in complex
organic molecules is an essential tool for natural-product,
pharmaceutical, and ne chemical synthesis.1–5 Furthermore,
functional group tolerance and chemoselectivity are vital in
reducing complex organic targets. Metal hydrides based on
boron have become commonplace in organic synthesis due to
their chemoselectivity and availability; however, they suffer
from a limited substrate scope and sluggish reaction rates with
sterically hindered substrates. To access a broader variety of
substrates, more aggressive reducing agents, such as aluminum
hydrides, can be employed but typically reduce various
niversity, Evanston, Illinois 60208-3113,

; t-marks@northwestern.edu
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functional groups with minimal discrimination and incur
signicant safety hazards.6,7 The application of precious
transition-metal catalysts has aided in the growth of hydro-
elementation research, but these oen require complex ligands,
hence high catalyst costs, limiting their applications.8–13

Therefore, the availability of milder, more selective, and earth-
abundant catalytic reduction methodologies would greatly
accelerate the pace of complex molecular synthesis and
discovery with fewer safety concerns.14,15

Earth-abundant and readily available homogeneous catalysts
have demonstrated exceptional competency for the hydro-
boration of C]X bonds (X = C, N, O) while introducing mini-
mally toxic metal ions.16–22 In this regard, lanthanides are
promising as they are relatively non-toxic, inexpensive, earth-
abundant, and due to the f orbital contraction, have large and
exible coordination geometries as well as substitutional
lability while retaining a highly Lewis acidic character.23–26

Furthermore, lanthanide-organic catalysts have demonstrated
signicant advances in the hydroelementation of olens,
allenes, and other unsaturated functionalities.27–36 Regarding
specic hydroelementation strategies, hydroboration has
proven to be a valuable transformation, enabling the
Chem. Sci., 2023, 14, 3247–3256 | 3247
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introduction of boron-based functional groups, which offer
synthetic handles for subsequent modications with an exten-
sive scope.37 Lanthanide-organic catalysts are efficient and
selective hydroboration catalysts and, regarding specic unsa-
turations, have proven procient in the hydroboration of
carbonyl functionalities.38–44 They lend themselves well to this
transformation due to the oxophilic nature of the lanthanide
ion, which aids in carbonyl coordination/activation. While the
use of rare earth catalysts for the hydroboration of C]X bonds
has been on the rise, there has been limited mechanistic
information which would provide valuable insight into reaction
pathways and their potential manipulation in this emerging
eld.45–49 Quantum chemical studies of these catalytic reaction
mechanisms would provide a fundamental understanding of
the structures and energetics in question,50–54 and offer
a predictive model to accelerate catalyst design while fore-
casting reaction outcomes and potential deactivation
pathways.55,56

In recent reports from this Laboratory, the rapid and selec-
tive hydroboration of aldehydes, ketones, esters, and amides
was achieved using homoleptic lanthanide trisamido pre-
catalysts Ln[N(SiMe3)2]3 (LnNTMS) (TMS = SiMe3) and pina-
colborane (HBpin) as the reducing agent (Fig. 1).42–44 In the case
of esters and amides, kinetic, isotopic labeling, and preliminary
theoretical studies were carried out to interrogate the reaction
mechanisms (Fig. 1a and b). The DFT-derived mechanisms were
in good agreement with the experimental observations. Inter-
estingly, some of the key intermediate structures in the
proposed mechanisms featured bidentate chelation of esters or
amides with the lanthanide center. Note that such structural
modes for aldehydes and ketones are rare.57 In the case of
aldehydes and ketones, the room temperature hydroboration is
signicantly faster than for esters and amides, with TOFs as
high as 40 000 h−1 with catalyst loadings in the range of 0.01–
Fig. 1 Status of LaNTMS + HBpin catalytic hydroboration mechanistic
understanding for the indicated carbonyl substrates.42–44

3248 | Chem. Sci., 2023, 14, 3247–3256
1 mol%. In aldehyde/ketone competition studies, aldehydes
invariably exhibit higher activity toward hydroboration.

Note that mechanistic studies were not carried out on the
aldehyde and ketone hydroborations, and the proposed mech-
anism(s) were necessarily speculative. Understanding the reac-
tion pathways of these effective methodologies should provide
valuable information for designing future lanthanide catalysts
with enhanced activity toward even more challenging
substrates. Furthermore, proposed transition states in the
ester43 and amide44 hydroborations featured a ligand-assisted
HBpin-centered hydride transfer which raised the question of
whether similar ligand involvement was necessary in the alde-
hyde and ketone mechanisms. While this type of interaction is
well-documented in heteroleptic organometallic catalysis with
redox non-innocent ligands, the concept of chemically non-
innocent ligands is just emerging within the homogeneous
homoleptic catalytic research community.58–60

In regard to the catalytic cycle(s) for LaNTMS-mediated alde-
hyde and ketone hydroboration with HBpin, here we report the
observation of multiple signicant intermediates and deacti-
vated products which are characterized by multinuclear NMR
spectroscopy and X-ray diffraction. Along with the results of
relevant stoichiometric test reactions, these new insights
expand the mechanistic understanding. Interestingly, one of
the isolated solid complexes argues for the chemically non-
innocent nature of the LnNTMS ligands. In addition, the DFT
computed activation energetics for LaNTMS-mediated aldehyde,
and ketone hydroborations are found to be in good agreement
with the experimental kinetic data. Due to the lack of an addi-
tional substrate heteroatom to engage in bidentate La(III)
chelation, it will be seen that these mechanisms differ from
those previously identied in the deoxygenative reduction of
amides and esters.43,44
In situ experimental mechanistic studies

In pioneering work, LaNTMS, the solid-state structure of which
was recently published,61 was previously reported to catalyze the
Tishchenko reaction, producing esters from the cross-coupling
of aldehydes at TOFs < 100 h−1 (Scheme 1, path (a)),62,63 and as
noted above, LaNTMS is also an efficient ester hydroboration
catalyst (Fig. 1c).43 Thus, a possible reaction pathway, specic
for aldehydes, might include initial catalytic coupling mediated
by LaNTMS (Scheme 1, path (a)), and then, in the presence of
HBpin, LaNTMS would mediate ester reduction to yield the
hydroborated aldehyde (Scheme 1, step (b)). To test this
hypothesis, benzaldehyde was rst reacted with 1 mol% of
LaNTMS for 4 h at 25 °C, producing the benzyl benzoate Tish-
chenko product in 7.4% yield. In contrast, when 1 equiv. of
HBpin is added to this reaction mixture (Scheme 1, step (b)) full
conversion to the hydroborated product occurs within 1 h at
25 °C, while the Tishchenko product (benzyl benzoate) is still
present (Fig. S37†). Note that efficient reduction of the benzyl
benzoate requires a temperature of 60 °C.43 Due to the rapidity
of the aldehyde hydroboration (TOF ∼2000 h−1),42 slow forma-
tion of the intermediate ester and subsequent HBpin reduction
must therefore be a minor pathway. With this information in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Comparison of hydroboration and Tishchenko/reduction pathways. TOFs from ref. 41 and 62.
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hand, a more in-depth NMR and crystallographic study of the
actual hydroboration pathway (Scheme 1c) was next
undertaken.

Stoichiometric 1H, 13C, 11B NMR, and crystallographic studies

To shed light on the present ketone and aldehyde hydro-
boration pathway(s), stoichiometric reactions of LaNTMS were
rst carried out with representative substrates to probe the
catalyst–substrate interactions by in situ NMR spectroscopy and
then by X-ray crystallography. In order to isolate and crystallize
relevant structures and due to the very rapid reaction rates, we
omitted some substrates from study (vide infra).

LaNTMS reactions with benzophenone. When a ketone
(benzophenone is used for ease of crystallization) is exposed to
LaNTMS (Scheme 2, eqn (a)) the carbonyl oxygen coordinates to
the La center and forms complex 1, which was characterized by
NMR spectroscopy, elemental analysis, and X-ray diffraction
(Fig. 2). As expected, the C(1)–O(1)–La(1) angle is slightly bent
Scheme 2 Stoichiometric reaction between LaNTMS and benzophe-
none (eqn (a)), with the subsequent reaction of product 1with HBpin to
yield 2 (eqn (b)) and 3 (eqn (c)). a Isolated yield. b NMR yield determined
using mesitylene as an internal standard.

© 2023 The Author(s). Published by the Royal Society of Chemistry
(163.79°) (Fig. 2, top-view), and the La atom is located 0.63 Å
above the centroid of the plane containing the N atoms of the
three N(TMS)2 ligands with a torsion angle (N(3)–N(1)–N(2)–
La(1)) of 25.58° (Fig. 2, side-view).

When 1 equiv. of HBpin is added to complex 1, a 63% yield of
hydroborated product 2 is observed (Scheme 2, eqn (b)), sup-
porting the contention that 1 is an intermediate in the catalytic
cycle. Interestingly, according to NMR spectroscopy, the
subsequent reaction of LaNTMS with 2 yields a complex formu-
late as structure 3 in 28% yield (Scheme 2, eqn (c)). The 11B NMR
spectrum of 3 reveals a 25.7 ppm signal downeld of that in
hydroborated product 2 (d 22.9 ppm) by 2.86 ppm, presumably
reecting the product coordinating to electrophilic La center.
Furthermore, the proton on the ketyl carbon in 3 is shied
upeld by 0.34 ppm to 5.98 ppm, presumably reecting the b-
oxygen coordination to the Lewis acidic La center. These
observations were augmented by 2D NMR experiments (Fig. S19
and S20†), which reveal magnetically distinct proton signals
from complexes 2 and 3 bound to the oxy-carbon atoms of their
respective structures. The same effect is observed when
comparing the aryl protons of benzophenone vs. complex 1 (see
Fig. S1†). Compound 3 is proposed to be an intermediate in the
hydroboration of ketones (vide infra).

LaNTMS reactions with benzaldehyde. In an attempt to
ascertain whether intermediates analogous to complexes 1 and/
or 3 are involved in the aldehyde hydroborations, stoichiometric
experiments were conducted with LaNTMS and benzaldehyde.
Benzaldehyde was used for ease of crystallization. Surprisingly,
instead of an expected aldehyde–La coordination complex,
Fig. 2 (a) Top-view of the molecular structure of complex 1. (b) Side-
view. Hydrogen atoms have been omitted for clarity. Selected bond
distances (Å) and angles (deg): La(1)–O(1), 2.503(1); O(1)–C(1), 1.241(2);
La(1)–N(1), 2.393(1); C(1)–O(1)–La(1), 163.79(12); N(3)–N(1)–N(2)–La(1),
25.58.

Chem. Sci., 2023, 14, 3247–3256 | 3249
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Scheme 3 Stoichiometric NMR scale reaction between LaNTMS and
benzaldehyde, and between complex 4 and HBpin. Isolated yield re-
ported for 4.
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bidentate acylaminato–La complex 4 is observed by NMR
together with Me3SiH formation (Scheme 3, step (a)). The
structure of 4 is supported by 1D/2D NMR spectroscopy,
elemental analysis, and X-ray crystallography. In the solid state,
4 crystallizes as a dimer (Fig. 3). The C(1)–N(1) = 1.290(5) Å,
signicantly shorted than C–N single bonds (∼1.47 Å)64 and
slightly longer than C]N double bonds (∼1.25 Å).64 The plane
containing O(1), C(1), N(1), and La(1) has a dihedral angle of
only 8.69°. The La(1)–N(1) distance is 2.591(3) Å which is
signicantly longer than that of La(1)–N(2), which is 2.370(3) Å,
suggesting N(1) has adopted more of an imino character
compared to that of the amido N(2). Complex 4 is best described
as a bidentate acylaminolate anion bound to La, and the
structure is similar to several previously reported amido–La
complexes.65–67

Complex 4 is presumably formed by the initial insertion of
the aldehyde C]O bond into the LaNTMS N–La bond to produce
Intermediate 5 (Scheme 3, path (b)), which then undergoes
rapid silane elimination to yield 4 (Scheme 3, step (c)). When
HBpin is added to 4 (Scheme 3, step (d)), a complex mixture is
obtained, which does not include the benzaldehyde (6) hydro-
boration product. Complex 4 is proposed to be a deactivated
Fig. 3 Solid-state structure of dimeric complex 4. Hydrogens have
been omitted for clarity. Selected bond distances (Å) and angles (deg):
La(1)–N(1), 2.591(3); La(1)–O(1), 2.627(2), O(1)–C(1), 1.327(4); N(1)–C(1),
1.290(5); La(1)–N(2), 2.370(3); O(1)–La(1)–N(1), 51.06(8); N(1)–C(1)–
O(1), 118.5(3); C(1)–N(1)–La(1), 95.503; O(1)–C(1)–N(1)–La(1), 8.688;
N(3)–N(1)–N(2)–La(1), 30.852.

3250 | Chem. Sci., 2023, 14, 3247–3256
product produced when aldehydes but not HBpin are present,
and this scenario is supported by DFT calculations (vide infra).
Note that higher catalyst loadings were reported to be necessary
for some aldehydes,42 and the formation of this deactivated
product could be the cause. An interesting observation from the
chemistry shown in Scheme 3 is that the N(TMS)2 ligand is
clearly non-innocent and is capable of interacting with the
substrate while remaining coordinated to the La center. This
will be a key feature in the proposed reaction mechanism (vide
infra).

LaNTMS reactions with HBpin. We next investigated the
interaction of LaNTMS with HBpin. In initial work the NMR data
for stoichiometric reactions of LaNTMS with excess HBpin sug-
gested the possible formation of a zwitterionic deactivated
product such as 7a (Scheme 4a, path (a)) by analogy to a similar
Cp*2La-deactivated product characterized by NMR and X-ray
diffraction23 (7b) (Scheme 4b).43 Here we isolated the LaNTMS +
HBpin product and characterized it by multinuclear NMR and
X-ray diffraction and suggest a plausible mechanism for its
formation (Fig. S39†). The new data require reassigning the
tentative structure to that of dimeric complex 8 (Scheme 4a,
path (b)). The new NMR data are quite similar to those initially
reported43 and those of the Cp*2La-23complex. Note that 3 equiv.
of HBpin are required to fully convert LaNTMS (Fig. S14†). The
solid-state structure of complex 8 can be described as a dimer
with two La fragments bridged by alkoxide-like ligands. Each La
ion is bound to a boronated pinacol alkoxy ligand, and two
aminomonoboronate ligands coordinate to each La center in
a k3-H fashion. The aminomonoboronate coordination is
essentially linear as La(1)–B(3)–N(1) is 177.85°, similar to an
analogous actinide structure.68

Note that the pinacolato oxygen in the Bpin fragment of 8 is
coordinated to the La ion. This is the second known structure
featuring this type of coordination between Bpin and a lantha-
nide; the other structure is a polyoxometalate La catalyst
synthesized from stoichiometric studies similar to those
Scheme 4 (a) Proposed structure of deactivated product 8 based on
NMR (ref. 42) and analogy to a diffraction-derived deactivated product
in ref. 23 (a) and revised, diffraction-derived structure from this work
((b) and Fig. 4). (b) Synthesis and structure of relevant deactivated
product lanthanide complex from ref. 23.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Top-view of the solid-state structure of complex 8. (b) Side-
view. Hydrogens and carbons bound to Si have been omitted for
clarity. See ESI† for the full structure. Selected bond distances (Å) and
angles (deg): N(1)–B(3), 1.51(2); La(1)–B(3), 2.669; B(3)–H(3), 1.003;
La(1)–H(3), 2.36(3); La(1)–O(5), 2.898(8); La(1)–O(3), 2.555(9); La(1)–
O(1), 2.407(8); La(1)–B(3)–N(1), 177.9; La(1)–O(1)–La(2), 110.3(3); La(2)–
La(1)–O(2), 35.47; La(1)–O(2)–O(1), 55.25; La(2)–La(1)–O(2)–O(1),
4.344.
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reported here.69 In addition, this coordination motif has been
proposed as an important interaction in other catalytic
processes70–73 involving homoleptic lanthanide
complexes,43,44,74,75 and is related to the reaction mechanism
proposed here (vide infra). The second pinacolato oxygen of 8
bridges the two La centers in an approximately equatorial plane,
having a torsion angle of only 4.34°. Ligand insertion has been
observed with similar rare earth silylamide complexes.76,77

Regarding aminoboronate ligand utility, note that their f-
element complexes have gained relevance as potential chem-
ical vapor deposition and atomic layer deposition precursors, as
ligands for the chemical separation of lanthanides,78 as volatile
carriers for the use in brachytherapy,79 and for H2 storage.80 To
the best of our knowledge, this is the rst isolated structure of
an amino-mono-boronate lanthanide complex. When 8 is
reacted with benzophenone or benzaldehyde, the correspond-
ing hydroborated products 2 or 6 are not obtained (Scheme 5),
suggesting that 8 is not involved in the catalysis but is rather
a deactivated side product.
DFT mechanistic analysis

With an improved understanding of how each substrate inter-
acts with the LaNTMS catalyst, DFT analysis was next performed
to better dene the LaNTMS-catalyzedmechanisms of ketone and
aldehyde hydroborations. The DFT results will be compared
with the experimentally derived kinetic rate law and activation
parameters, which for di-cyclohexyl ketone are rate = k
[LaNTMS]1[HBpin]1[ketone]1, DH‡ = 17(1) kcal mol−1, and DS‡ =
−15(2) e.u., and for cyclohexanecarboxaldehyde rate = k
[LaNTMS]1[HBpin]0[aldehyde]0, DH‡ = 12(2) kcal mol−1, and DS‡

= −33(7) e.u.42 Calculations were carried out using the MO6/6-
31G** (LANL2DZ) for the La level of theory. To validate the
selected methodology, the structures of 1 and 4 were rst
computed and compared to the experimental X-ray structures.
In both cases, the computed data are in excellent agreement
with the experiment (Tables S4 and S5†).
Mechanism of catalytic ketone hydroboration

In the rst step, the ketone carbonyl oxygen coordinates to the
La center to form complex A in a slightly exergonic step (DG =

−2.6 kcal mol−1; step I in Fig. 5). The formation of A is sup-
ported by solution phase NMR spectroscopy and the solid-state
Scheme 5 Investigated catalytic reactions of benzophenone and
benzaldehyde with complex 8, indicating negligible catalytic turnover.

© 2023 The Author(s). Published by the Royal Society of Chemistry
structure of complex 1 (Fig. 2). In addition, complex 1 releases
the hydroborated product when HBpin is present, further sup-
porting the involvement in the hydroboration pathway. Next,
HBpin interacts with the La–N bond, yielding complex B (steps
II and III). This step has a barrier of 16.9 kcal mol−1 (TS1) and is
isoergonic by DG = −0.8 kcal mol−1. Note that the HBpin
pinacolato oxygen coordinates to the acidic La center in
a fashion similar to that in complex 8 (Fig. 4). Note also that the
boron atom in B adopts a tetrahedral geometry with an addi-
tional N(TMS)2 ligand coordination. This yields a lanthanum
center with a formal positive charge and boron with a formal
negative charge. Next, the B–H hydride atom migrates to the
electrophilic carbonyl carbon, yielding species C (steps IV and
V), and reestablishing a neutral charge environment around the
La as it loses coordination to an N(TMS)2 ligand (La–N distance
= 4.38 Å). This latter step has a barrier of DG‡ = 18.6 kcal mol−1

(TS2) and is highly exergonic (DG = −29.0 kcal mol−1). While
still coordinated to the La center, the bound pinB-N(TMS)2
moiety approaches the dicyclohexylmethoxide ligand, and an
insertion into the La–O bond follows, yielding intermediate D
with new B–O and La–N bonds. This step has a barrier of
17.5 kcal mol−1 (TS3) and is endergonic (DG = 7.5 kcal mol−1)
(steps VI and VII in Fig. 5).43,44 In the nal step, the hydro-
borated ketone is released from the catalyst (DG =

−3.7 kcal mol−1), restoring the active LaNTMS catalyst (step VIII).
The overall energetic span is 19.0 kcal mol−1 when considering
C as the TDI species and TS2 as the TDTS species, in good
agreement with the experiment. Moreover, a rst order in both
HBpin and ketone is expected from the location of TDI and
TDTS, in good agreement with the experiments.
Mechanism of catalytic aldehyde hydroboration

Next, the aldehyde hydroboration mechanism was investigated
(Fig. 6). In the rst step, the approach of aldehyde to the acidic
LaNTMS center leads to complex E in a exergonic step (DG =

−4.4 kcal mol−1; step IX, Fig. 6). This complex is reminiscent of
species 5 hypothesized in Scheme 3 and it requires an energy
barrier of 11.9 kcal mol−1 (not shown in Fig. 6). Once the
substrate is coordinated to/activated by the La center, in
a process similar to that in the ketone example, HBpin interacts
Chem. Sci., 2023, 14, 3247–3256 | 3251
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Fig. 5 DFT-derived Gibbs free energy profile for the LaNTMS-catalyzed hydroboration of a dicyclohexylketone with HBpin (kcal mol−1).
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with the La–N bond, forming structure F with a barrier of DG‡ =

8.1 kcal mol−1 (TS4; steps X and XI). Similar to the ketone
mechanism, note the coordination of the pinacolato oxygen to
the electrophilic La center, as seen in complex 8. The boron
adopts a tetrahedral geometry with one N(TMS)2 ligand dis-
associating from the La center. Similar to the ketone pathway,
the N(TMS)2 ligand is not innocent and creates a zwitterionic
species with a formal positive charge on La and a formal
negative charge on the boron atom. This process is isoergonic
with a DG = −0.6 kcal mol−1. Next, the hydridic B/H− in F is
delivered to the electrophilic carbonyl carbon yielding
complex G which is the TDI of the proposed mechanism. This
step has a barrier of 14.5 kcal mol−1 (TS5) and is highly exer-
gonic by DG = −34.2 kcal mol−1 (G). Next, a metathesis-like
step involves the pinB-N(TMS)2 group, which is not coordi-
nated to the metal center (La–N distance = 4.37 Å),
approaching the cyclohexanemethoxy ligand, forming
complex H with a B–O bond, and subsequently dissociating
the B–N bond. Complex H formation (steps XIV and XV) is
endergonic (DG = 7.5 kcal mol−1) and is the turnover-
3252 | Chem. Sci., 2023, 14, 3247–3256
determining step of the cycle with a DG‡ = 17.6 kcal mol−1

(TS6, TDTS). Finally, the hydroborated aldehyde is released
from the catalyst (DG = −2.9 kcal mol−1), restoring the active
LaNTMS catalyst (step XVI). The overall energetic span is
17.6 kcal mol−1 and is in favorable agreement with the
experiment. Moreover, a zero order in both HBpin and ketone
is expected from the location of TDI and TDTS, in good
agreement with the experiments.

Next, the possible deactivation of the catalyst in the presence
of aldehydes without HBpin was investigated. Aer initial
aldehyde coordination to the La center (E), the H transfer
between the aldehyde and a vicinal TMS group can occur,
forming complex I (analogous to complex 4 in Scheme 3) with
a computed barrier ofDG‡= 27.4 kcal mol−1 (Fig. 7). This step is
exergonic (DG = −15.6 kcal mol−1). Note that this barrier is
higher by 9.8 kcal mol−1 than when HBpin is present (Fig. 6,
step XIV) and explains why, only when HBpin is absent or in not
sufficient quantity, the catalysis could form complex 4. Despite
the higher energetic barriers than when HBpin is present, this
process of forming complex 4 from E could be the cause for the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 DFT-derived Gibbs free energy profile for the LaNTMS-catalyzed hydroboration of cyclohexanecarboxaldehyde with HBpin (kcal mol−1).

Fig. 7 DFT-derived energetic profile for the hydroboration process of
aldehydes when HBpin is absent.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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higher catalyst loadings required for some aldehydes.42 That
being said, the hydroboration reaction stills dominate the
product outcome based on both the theoretical and experi-
mental data presented.
Discussion of hydroboration
mechanisms

The hydroboration mechanisms for both ketones and alde-
hydes are found to be similar; however, they differ at the
substrate coordination/activation step, which is more
exothermic for ketones, while the turnover-determining step for
ketones requires 1.4 kcal mol−1 more energy than the turnover-
determining step for aldehydes. Thus, the overall energetic
prole for dicyclohexyl ketone hydroboration lies at higher
energy than that of the aldehydes likely due to the greater steric
hindrance and decreased electrophilicity of the carbonyl asso-
ciated with the ketone. The calculated rate-determining step is
a H− transfer between HBpin and carbonyl group for the ketone
and a s-bond metathesis step for aldehyde. In addition, the
differences between the hydroboration of ketones and alde-
hydes to the reaction patterns of the LaNTMS catalyzed reduc-
tions of esters43 and amides44 can be summarized as: (1) the
LaNTMS catalyst does not lose an NTMS ligand during the
hydroboration of ketones and aldehydes, while it does during
Chem. Sci., 2023, 14, 3247–3256 | 3253
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Fig. 8 Previously proposed ligand-assisted hydroboration mecha-
nisms associated with homoleptic lanthanide-organic catalysts.74,75
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the more demanding amide and ester reductions. (2) While
both classes of reduction involve a ligand-assisted mechanism,
the former class involves a NTMS ligand already bound to the
initial catalyst, while the amide reduction invokes participation
of HBpin, a substrate molecule, in the ligand assisting step of
the proposed mechanism. (3) Amides and esters can chelate to
the lanthanide in a bidentate fashion, as in the proposed amide
deoxygenation process, whereas ketones and aldehydes rarely
engage in bidentate coordination and are not involved in their
reduction process. Overall, the energetic span of the hydro-
boration of ketones and aldehydes is far lower compared to the
energy of the LaNTMS-catalyzed reductions of esters43 and
amides.44 Moreover, other homoleptic lanthanide catalytic
processes have been theorized to involve a ligand-assisted
mechanism in the hydroboration/reduction of aldehydes
(Fig. 8).39,74,75 In Bao et al.'s DFT-computed mechanisms for the
hydroboration of aldehydes using either a lanthanide-alkoxide
or MeCp catalyst, the ligand-assisted pathway was found to be
signicantly lower in energy than HBpin-Ln-coordinated
carbonyl metathesis. Likewise, the experimental and theoret-
ical data reported here support the chemical non-innocence of
the amido ligands in the hydroboration of aldehydes and
ketones.

Conclusions

This study examined plausible reaction mechanisms for the
rapid and selective LaNTMS-catalyzed hydroboration of ketones
and aldehydes with HBpin. Several key intermediates and
deactivated product structures were characterized via multinu-
clear NMR spectroscopy, elemental analysis, and X-ray crystal-
lography, and thereby provide detailed comparison and
contrast of the ketone and aldehyde catalytic cycles. It is found
vital that the carbonyl oxygen of the ketones and aldehydes
binds to the Lewis acidic La center to initiate both pathways,
and the structure of the ketone-coordinated La complex 1
supports this claim. Moreover, identifying the amido ligand
interaction with the substrate in the bidentate acylaminato–La
complex 4 supports the catalytically important and chemically
non-innocent nature of these –N(TMS)2 ligands as they interact
with the substrate while remaining coordinated to the catalytic
metal center. Furthermore, the formation of complex 4 may be
3254 | Chem. Sci., 2023, 14, 3247–3256
the origin of the higher required catalyst loadings and lower
reaction rates observed for the hydroboration of aldehydes
versus that of ketones. In addition, the rst amino-
monoboronate bound to a lanthanide ion is reported (complex
8), which can alter hydridoborate chemistry in comparison to
BH3-lanthanide complexes. This structure should inform the
design of future aminomonoboronates and their potential
applications. Finally, the DFT calculations identify ligand-
assisted hydroboration mechanisms that are in excellent
agreement with experiment. These results further support the
growing interest in lanthanide-organic amido catalysts and the
chemical non-innocence of these important ligands.
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