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Abstract Organo-f-complexes catalyzing small molecule transforma-
tions have been a hot topic in the past few years. Compared to other
transformations, the hydroboration of C=X (X = C, N, O) unsaturated
bonds serves as an important strategy to prepare organoborane deriva-
tives, which are important intermediates in organic synthesis. This re-
view outlines recent advances in organolanthanide and organoactinide
complexes promoting the hydroboration of C=X containing substrates.
After a brief introduction, three types of hydroboration will be present-
ed: alkene hydroboration, carbonyl hydroboration, and imine and nitrile
hydroborations. The catalytic performance, mechanism, and kinetic
studies are discussed in detail, aiming to emphasize the catalytic differ-
ences between the diverse organo-f-catalysts. Additionally, challenges
and future directions of this field are also presented.
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Carbonyl Hydroboration

Imine and Nitrile Hydroboration

Conclusions and Outlook

u b~ wnN

Keywords organolanthanide, organoactinide, hydroboration, selec-
tive, alkene, imine, ketone, aldehyde

1 Introduction

Organo-f-element complex, including organolantha-
nides and organoactinides, catalyzed small molecule trans-
formations have experienced colossal acceleration in re-
search activity in the past few years.! The unique advantag-
es of organo-f-element complexes, versus other main
group, transition-metal complexes, lies in the presence of
the forbitals and large ionic radii, which leads to large coor-
dination numbers, large and flexible coordination geome-
tries, high Lewis acidity, and thereof distinctive catalytic
behaviors.?
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" Highly efficient " Highly selective

The catalytic performances of organo-f-element com-
plexes in organic transformations are significantly influ-
enced by the nature of metal ions and the steric and elec-
tronic effects of the ancillary ligands. For instance, for the
majority of organolanthanide-promoted hydroelementa-
tions, larger metal ions bearing more sterically opening co-
ordination spheres generally demonstrate higher activity
than smaller counterparts,® therefore, the reactivities of or-
ganolanthanides can be easily fine-tuned according to the
rule of the lanthanide contraction.* Moreover, lanthanides
and early actinide (Th) exhibit predominantly one oxida-
tion state (+3 and +4 respectively), excluding conventional
oxidative addition/reductive elimination pathways, which
is very common in transition-metal complexes.> Olefin-
insertion and o-bond metathesis are the two most general
reactive patterns for organolanthanide- and organoac-
tinide-promoted transformations.*

Due to the highly oxophilic nature of the lanthanide and
actinide centers, when reacting with oxygen-containing
substrates, thermodynamically stable and catalytically in-
active Ln-0 and An-0 bonds are preferably formed, making
the transformation of these substrates extremely challeng-
ing.>® Therefore, despite the tremendous advances that we
have witnessed in small molecule transformations, only a
few of them have involved oxygen-containing substrates.
Partially, for the same reason, organolanthanide- and orga-
noactinide-catalyzed hydroboration have undergone a re-
naissance only in recent years due to the presence of oxy-
gen atoms in some borane agents, such as catecholborane
and pinacolborane.

Organoboranes are a class of vital organic intermediates
in a variety of organic transformations, and hydroboration
of unsaturated bonds serves as a powerful strategy in pre-
paring organoboranes.” Ever since the milestone discovery
of the hydroboration of the C=C bond by Brown and co-
workers,? rapid development and continuous momentum
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has been gained in this area. Diversified main group metal
catalysts (Li,° K,'0 Mg,'" Al,'2 Zn'3), transition-metal cata-
lysts (Ti,'"* Co," Ni,'® Fe,!” Pd,!® Cu,'® Rh,? Ir,?' Ag,*?), or-
ganocatalysts,?3 and even catalyst-free systems,?* etc., were
designed to efficiently and selectively promote hydrobora-
tions of unsaturated bonds. Reviews or chapters on the hyd-
roboration of unsaturated bonds have been systematically
compiled previously,? whereas few of them addressed or-
ganolanthanide and organoactinide systems, despite their
indispensable significance in this field.

Hence, in this review, we will concentrate on recent ad-
vances in organolanthanide- and organoactinide-mediated
hydroboration reactions. We mainly focus on three types of
hydroborations, i.e. alkene hydroboration, carbonyl hydro-
boration, and imine and nitrile hydroboration, and we draw
some conclusions on the challenges and future develop-
ment directions of this field.

2 Alkene Hydroboration

Organo-f-complex mediated hydroboration reactions
were firstly reported by the Marks group in 1992.%6 In this
report, cyclopentadienyl lanthanum and samarium com-
plexes 1-4 (Figure 1) catalyzed the hydroboration using
catecholborane as the borating agent, and the use of differ-
ent types of alkenes was demonstrated. In the presence of a
25-100-fold excess of hex-1-ene, complex 1 exhibits an ef-
ficient catalytic rate (TOF = 200 h-1!), selectively affording
the anti-Markovnikov product, hexan-1-ol, after the oxida-
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Figure 1 Organolanthanide complexes 1-9 for alkene hydroborations

tive workup (Scheme 1). Subsequent studies on various
alkene substrates showed that the reaction rate followed
the order of terminal alkene > terminal disubstituted
alkene > internal disubstituted alkene > internal trisubsti-
tuted alkene, and no reaction was detected for the tetra-
substituted substrate, 2,3-dimethylbut-2-ene. Similar to
other organolanthanide-catalyzed small molecule transfor-
mations,?’ this phenomenon is likely caused by the steric
demands at the metal center, i.e. sterically less congested
substrates are more easily accessible to the active species.
For the same reason, both larger metal ions and more
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sterically opening ligation were able to increase the hyd-
roboration rate significantly. For instance, the reaction rate
of complex 1 is 10-fold greater than that of complex 2, and
complex 3 is fourfold as active as complex 2. The readily ac-
cessible samarium complex 4 also promoted the hydrobo-
ration process efficiently.

Q
/\/\/+©:,BH
(®]

Scheme 1 Hydroboration of hex-1-ene by complex 1

(1) Cat. 1,25 °C

(2) H;0,, NaOH ©

The catalytic mechanism proposed by the Marks group
is presented in Scheme 2. In the first activation step, the
protonolysis of the lanthanide alkyl catalyst with catechol-
borane generates the active species, lanthanide hydride 2a,
which is followed by the insertion of an olefin in an anti-
Markovnikov manner to form complex 2b. Subsequent o-
bond metathesis with another molecule of catecholborane
gives the final product, the boronate ester 2¢, and simulta-
neously regenerates the lanthanide hydride.

2c

Scheme 2 Proposed mechanism for organolanthanide-catalyzed olefin
hydroboration

Following this pioneering research, the Evans group ex-
tended the catalyst categories beyond lanthanide cyclopen-
tadienyl complexes.?® They successfully demonstrated that
ancillary ligands were not strictly required for the hydrobo-
ration process. For the hydroboration reaction of dec-1-ene
with catecholborane, samarium triiodide (Sml;), diiodo-
samarium tert-butoxide [(t-BuO)Sml,], and the homoleptic
samarium isopropoxide [(PrO);Sm], were all found to be ef-
ficient catalysts, affording decan-1-ol in good yields after
oxidation with hydrogen peroxide, whereas SmBr;, SmCl;,
SmF;, and Sm(OTf); were inactive. Other trivalent group 3
and lanthanide salts, including Scls, Prl;, Luls, also displayed
good activities towards the hydroboration process. Subse-
quent studies of the scope of the reaction revealed that
mono-, di-, and trisubstituted alkene substrates could effi-
ciently undergo hydroboration when being catalyzed by 10
mol% Sml;. For styrenic substrates, primary alcohol prod-
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ucts, i.e. anti-Markovnikov products, resulted predominate-
ly; trisubstituted olefins, such as phenylcyclohexene and a-
pinene, gave exclusively cis-addition products.

The possibility of the hydroboration of functionalized
olefins was also explored. In the presence of 10 mol% Sml;,
pent-3-en-1-ol was hydroborated with catecholborane in
73% vyield, giving the two diol isomers in an 11:1 ratio
(Scheme 3).

P O
+
\N Z~0

Scheme 3 Hydroboration of pent-3-en-1-ol by Sml;

OH

OH
(11:1)

10 mol% Smlg
H205, basic

Moreover, the regioselectivity of this Sml;-promoted
hydroboration was discovered to be time dependent. For
dec-1-ene hydroboration (Scheme 4, top), extending the re-
action time from 3 hours to 18 hours resulted in a change of
the ratio of the two products, decan-1-ol and decan-2-ol,
from 3:1 to 50:1. A similar phenomenon was also reflected
in the diastereoselectivity of two alcohol enantiomers
(Scheme 4, bottom). These results can be explained by the
isomerization towards the kinetically favored boronate es-
ters with prolonged reaction times.

0, 10 mol% Sml
moctyl”x + ©: BH —— "%  decan-1-ol + decan-2-ol
(o]

H,0,, basic
22 31 (3 h);
50:1 (18 h)
PMBO 0 10 mol% Nl PMBO  OH PMwH
. mol% Ndlg
—_—
Ph)\]‘/ * (/IO'BH H205, basic Ph)\) * Ph H
Me Me Me
1:9 (7 h);
1:1.4 (18 h)

Scheme 4 Time-dependent selectivity for lanthanide-catalyzed hyd-
roborations

The Teuben group systematically explored the catalytic
behaviors of a family of cyclopentadienyl and benzamidi-
nate lanthanide complexes towards the hydroboration of
hex-1-ene.?® It was found that yttrocene complexes dis-
played much lower catalytic activities than their lanthano-
cene counterparts because of the smaller atom radius and
thereof increased o-bond metathesis transition state ener-
gy (formation of the hydroboration product and regenera-
tion of metal hydride is the rate-determining step). For in-
stance, complex 5 was found to be less active than complex
1 under identical conditions. This conclusion is in line with
Marks’s previous hydroboration observations and other
lanthanide-catalyst-promoted catalytic transformations.26
Changing the metal attached alkyl substituents from
bis(trimethylsilyl)methyl (5) to methyl (6) and hydride (7)
gave similar results to complex 5. Employing sterically less
congested yttrocene complexes, 8 and 9, revealed remark-
able increases in catalytic activities.
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Besides cyclopentadienyl complexes, benzamidinate yt-
trium counterparts were also investigated by the Teuben
group, based on the consideration that this type of ligand is
a ‘harder’ Lewis base, which will have a strong influence on
the transition state of the final o-bond metathesis rate-de-
termining step. Furthermore, the steric bulkiness of benz-
amidinate ligands is presumed to be between that of the cy-
clopentadienyl and pentamethylcyclopentadienyl ligands,
which favors building the relationship between steric hin-
drance and catalytic performances. Through the catalytic
results, it was revealed that all benzamidinate complexes
are active in the hydroboration process, but their activities
are roughly 1/30 to 1/12 of that of the lanthanocene com-
plex 1. Complexes 10 and 11 (Figure 2) showed catalytic ac-
tivities substantially higher than 5-7, but lower than 8 and
9, which is in accordance with the steric characteristics.
When Lewis bases are present in the complex, such as THF
in 12, rapid decomposition of catecholborane to bis(pinaco-
lato)diboron dimer is detected.

|
Ph S'I :SI; ,SI:
N N
R R |
—si-N My |
/ Y= ~sol >Sic o LSiT
- ‘N N’ .
25i-NN R= H, sol =none (10) N o
4 Y i i Si Si
Y SiT R= CH(SMes),, AL AN
Ph % sol = none (11)
R = CH,Ph, sol = THF (12) (13)
NYj \/

Si
(14) VAN / |\

Figure 2 Organolanthanide complexes 10-17 for alkene hydrobora-
tions

Livinghouse and co-workers, carried out alkene-pina-
colborane hydroborations using commercially available
tris[bis(trimethylsilyl)amide]lanthanum (13) and cyclopen-
tadienyl yttrium 14 complexes.3° In the presence of 3 mol%
of 13, hex-1-ene was hydroborated by pinacolborane (HB-
pin) giving hexan-1-ol in 90% isolated yield, which is sig-
nificantly superior to that obtained using complex 14 under
identical conditions. The hydroboration was also highly ef-
ficient for other alkene substrates, including cyclohexene,
indene, styrenic monomers, all of which proceeded to >99%
conversions and revealed anti-Markovnikov selectivity. It is
of note that the introduction of strong electron-withdraw-
ing or -donating para substituents to styrenic substrates
had little influence on the catalytic behaviors, both types of
compounds were catalyzed rapidly under mild conditions.

Due to steric influences, the reactivity of alkene sub-
strates in hydroboration transformations usually follows
the order of mono- > di- > tri- > tetrasubstituted C=C bonds.
However, Villiers and Ephritikhine found that in the pres-
ence of UCl, or NdCl; the hydroboration of alkenes with
LiBH, followed the completely opposite order to that in pre-
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vious reports.3! Treating 2,3-dimethylbut-2-ene with LiBH,
and UCl, gave uranium alkylborohydride in high yield
(90%), which immediately gave 2,3-dimethylbutan-2-ol
upon oxidation by alkaline hydrogen peroxide (Scheme 5).
Trisubstituted alkenes, such as a-pinene, 2-methylpent-2-
ene, etc., were less reactive than 2,3-dimethylbut-2-ene and
the reactions required a longer time to reach completion.
Most striking is that less substituted alkenes (cyclohexene,
2-methylpropene, and hex-1-ene) were found to be inert
towards the hydroboration process, which completely dis-
obeys the general rule concluded previously. NdCl; was also
found to demonstrate similar results, but with slower reac-
tivities.

4>=< + UCl, + LBH; —» U(HsB-—~—H)4 + 4LiCl

Scheme 5 UCl,-mediated 2,3-dimethylbut-2-ene hydroboration

Inspired by lanthanocene-mediated cyclization/silyla-
tion of 1,1-disubstituted dienes for the preparation of func-
tionalization carbocycles, Molander and Pfeiffer reported
the first examples of an organolanthanide-catalyzed cy-
clization/boration reaction of 1,5- and 1,6-dienes to give
primary cyclic alcohols.?? Initially they examined the reac-
tion between hexa-1,5-diene and catecholborane catalyzed
by complex 4, which proved ineffective. Changing to other
lanthanide metallocene complexes 14 and 15 and using
HBpin as the hydroboration reagent gave the desired cy-
clized cyclopentylmethanol in yields up to 50%, but with
many byproducts, such as hex-5-en-1-o0l and hexane-1,6-
diol, which came from o-bond metathesis in an undesired
uncyclized hydroboration fashion (Scheme 6). In order to
slow down 6-bond metathesis and simultaneously promote
the cyclization reaction, the reaction of 1,3-dimethyl-1,3-
diaza-2-boracyclopentane (1,3-dimethyl-1,3,2-diazaboroli-
dine) with hexa-1,5-diene was examined in the presence of
complex 4, and it then proved to be an efficient and selec-
tive hydroboration reagent affording the cyclic alcohol
product in 86% yield (Scheme 7, R = H, n = 1). Whereas, the
yttrocene complex 14 did not show any activity in this re-
action perhaps due to the smaller metal ionic radius as con-
cluded above. Increasing the steric effects on the ancillary
cyclopentadienyl ligands by using complexes 15-17 (Figure
2), the desired products were obtained in yields ranging
from 40% for Ln = Lu (16) to 62% for Ln =Y (15), and 74% for
Ln = Sm (17). The use of other substituted 1,5- and 1,6-
dienes was also feasible in this cyclization/boration reac-
tion, but the formation of six-membered rings is compara-
tively less efficient than the formation of five-membered
rings (Scheme 7).

The proposed mechanism for the cyclization/boration
reaction is presented in Scheme 8. The precatalyst firstly
reacts with the organoborane to generate the catalytically
active species lanthanide hydride 8a, which then regiose-
lectively inserts into one of the terminal double bonds to
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Scheme 6 Hydroboration of hexa-1,5-diene by HBpin

_/OH

Q:n

R=H,n=1,, 86% yield;
R=Ph, n=1,80°C, 64% yield;
R=H,n=2,, 55% yield;
R =Ph,n=2,80 °C, 52% yield;

R

A HB]

_(hcata
2) NaOH, H,0,

Scheme 7 Organolanthanide-catalyzed cyclization boration of 1,5-
and 1,6-dienes

give metal hydrocarbyl compound 8b. Subsequently, intra-
molecular cyclization between the metal species and an-
other double bond followed by a o-bond metathesis with
another molecule of the organoborane gives the desired cy-
clic product 8d and simultaneously regenerates the lantha-
nide hydride species.

HBR",

Cp'sLnR

RBR',

8 n
HBR", 8b
i H
H'k\ " '
( BR> R WLnCp'z

8d 8c

Scheme 8 Proposed mechanism for organolanthanide-catalyzed cy-
clization boration

Koga and Kulkarni investigated Cp,SmH-catalyzed eth-
ylene hydroboration by ab initio MO methods.?* In their
calculations, ethylene coordinates to the samarium center
to form a m-complex in the first step. Subsequent insertion
of the ethylene molecule into the Sm-H bond through an
energy barrier of 4.2 kcal/mol gives intermediate
Cp,SmC,H;, which could coordinate with a borane reagent
HB(OH), to yield a samarium metallacycle intermediate
bridged with hydride and OH groups, respectively. Releas-
ing the product C,HsB(OH), is the final step, which also
gives back the original active species, this step is also calcu-
lated as the rate-determining step.

633

3 Carbonyl Hydroboration

R

. R

R)kw + HBRp _ Cat R‘FO—BR'Z — ) oH
R

R, R' = alkyl, aryl, H,

Scheme 9 Schematic profile for the carbonyl hydroboration

Hydroboration of carbonyl compounds serves as an effi-
cient strategy to access primary and secondary alcohols
(Scheme 9). Comparing to reductions by active hydride re-
agents, such as NaBH,, LiBH,, etc., carbonyl hydroboration
generally displays good functionality tolerance, highly cata-
lytic efficiency, outstanding selectivity, etc., and thus it has
attracted great attention in the past few years.!1%25234 The
first examples of organo-f-element complex mediated car-
bonyl hydroboration was reported by the Marks group in
2017, in which the rapid, clean hydroboration of ketones
and aldehydes with HBpin was achieved in the presence of
the homoleptic lanthanide amide complexes 13 and 18-20
(Figure 3).3> The reaction of benzophenone catalyzed by
0.01 mol% of complex 13 gave ~99% of the hydroboration
product in less than 5 minutes; the TOF was measured to be
40,000 h1.

\
si. s/ui

I
< / |_—
S| /L\ Sl/ "

N
/s|’|\ /|\

R=H,Ln=Y (24); THF2 Hy
Ln=Y (18); Ce (19); Yb (25); Sm (26);
Sm (20); Yb (21); Nd (27); La (28);
Nd (22); Sc (23); R =Me, Ln = La (29) (30)

(31) (32)

Figure 3 Organolanthanide complexes 18-32 for carbonyl hydrobora-
tions

Complexes 18-20 also revealed high efficiencies, but
with relative smaller reactivities. Subsequent scope studies
by using complex 13 demonstrated that the hydroboration
of both electron-rich aliphatic ketones and less electron-
rich aromatic ketones proceeded smoothly, but that the for-
mer required lower catalyst loadings (0.01 mol% vs 0.1
mol%). High selectivity and good functionality compatibili-
ty were also demonstrated from the ketone hydroboration
reaction with various types of functional groups, such as
halogens, nitro, alkenes, alkynes, etc., which successfully
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survived during the reaction, and HBpin exclusively inserts
into the carbonyl bond. Besides ketones, aldehydes can also
be cleanly reduced.?>?

The rate laws for ketone and aldehyde hydroboration
were respectively determined by using dicyclohexyl ketone
and cyclohexanecarbaldehyde as substrates. For ketone hy-
droboration, first-order dependence on catalyst, ketone,
and HBpin was revealed (Equation 1), with activation pa-
rameters of AH* = 17 + 1 kcal/mol and AS* = -15 + 2 e.u,, re-
spectively. For the aldehyde hydroboration, first-order de-
pendence on precatalyst and zero-order dependence on al-
dehyde and HBpin was observed (Equation 2), with
thermodynamic activation parameters of AHf = 12 + 2
kcal/mol and AS* = -33 + 7 e.u., respectively. The large en-
thalpy AH? in ketone hydroboration reflected unfavorable
steric repulsions in the transition state. Therefore, when an
equimolar mixture of acetophenone and benzaldehyde was
reacted, a preference for aldehyde hydroboration was ob-
served, with 91% conversion for benzaldehyde and 9% con-
version for acetophenone. In a similar competition experi-
ment, the reaction of 4-acetylbenzaldehyde with 1.0 equiv-
alent HBpin was studied, and preferential hydroboration of
the aldehyde (91%) was again observed (Scheme 10).

ap .

T k [13]*[ketone]*[HBpin]* 1)
Equation 1 Hydroboration of ketone by complex 13

dp

=k [13]*[aldehyde]°[HBpin]° )

pinB.. pinB.

Equation 2 Hydroboration of aldehyde by complex 13
0. Ox 0. [©]
o}
+ + BH _Cat.13 +
91% 9%

o o OIBpin p
>/,_©_// . By Cat.13 N
/ —_— o
o] (¢} 4

"
pinB

(o)

91% <1%
JBpin
O
O
e}
ing
Pl 6%

Scheme 10 Competition studies between ketone and aldehyde hyd-
roboration

Xue, Shen, and co-workers also employed complex 13 to
promote ketone and aldehyde hydroborations, and substan-
tially high catalytic efficiencies were revealed.?®

In 2017-2018, Xue, Bao, Shen, and co-workers reported
that homoleptic cyclopentadienyl lanthanide complexes
24-29 (Figure 3) served as excellent catalysts for the hyd-
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roboration of carbonyl compounds with HBpin.3” The re-
duction process can be carried out in various organic sol-
vents, including toluene, CHCl;, and CH,Cl,, and even THF,
DME, and 1,4-dioxane. This has great advantages compared
to other organo-f-element complex mediated transforma-
tions as THF, DME, and 1,4-dioxane are generally consid-
ered as solvent-poisons to organo-f-element catalysts. Sim-
ilar to Marks’ report, complexes 24-29 also displayed good
functionality tolerances, and they can selectively hydrobo-
rate the carbonyl bond while not reacting with other func-
tional groups, such as halides, nitro group, etc. High chemo-
selectivity was also revealed from these systems, even at
high conversions of the carbonyl group, where other unsat-
urated bonds, such as cyano, alkyne, alkene, remained in-
tact throughout the reaction. Perhaps due to the less elec-
trophilic and sterically more congested carbonyl center in
ketones, they generally displayed sluggish reactivities com-
pared to their aldehyde counterparts, this is consistent with
other transition metal and main group metal complex-
es,!2234¢ hut opposite to the results obtained for lanthanide
amide complexes.?> Also for steric reasons, in competitive
aldehyde/ketone hydroboration studies (similar to Scheme
10) mediated by complex 28, aldehydes are preferentially
reduced rather than ketones under identical conditions.
During kinetic studies, it was found that the rates follow
first-order dependence on aldehyde/ketone, HBpin, and
complex 28, respectively, giving the kinetic rate law shown
in Equation 3.
9p

T k [28]'[ketone/aldehyde] [HBpin]! (3)

Equation 3 Hydroboration of ketone/aldehyde promoted by complex
28

Xue, Shen, and co-workers also utilized the B-diimide
bivalent rare-earth borohydride complexes 30 and bis(f3-
diimide) rare earth amide complexes 31 to catalyze the hy-
droboration between borane reagents and carbonyl com-
pounds. The reactions rapidly, mildly, and efficiently gave
the corresponding alcohol products.?®

In 2018, Ma and co-workers, reported the hydrobora-
tion of aldehydes and ketones by the well-defined Schiff
base heavy rare-earth ytterbium iodide complex 32.3° Simi-
lar to other light rare-earth complexes, this complex also
displayed good functionality tolerances, and the presence
of electron-withdrawing and -donating groups showed lit-
tle influence on the hydroboration rate; the target pinacol-
borate esters were obtained with high conversions in very
short reaction times. Hydroboration of more sterically
bulky ketone substrates, as expected, required higher cata-
lyst loadings than those of aldehyde substrates, reflecting a
sluggish reactivity therein. Under identical conditions, it
was found that complex 32 exhibited higher activity in the
hydroboration of aldehydes, such as a,B-unsaturated
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cinnamaldehyde, than the lanthanide amide complex 13
and cyclopentadienyl lanthanide complex 28.

Lanthanide aryloxides 33-38 (Figure 4) were evaluated
as catalysts by Xue, Bao, and co-workers in the hydrobora-
tion of carbonyl compounds with HBpin.# It was found that
the complexes containing bulkier ligands have superior ac-
tivities compared to their sterically less hindered counter-
parts. For instance, reducing the steric hindrance of ortho-
substituents from tert-butyl (34) to isopropyl (35) and
methyl (36) resulted in a reduction in alcohol conversions
from 77% to 58%. Moreover, for lanthanides bearing the
same ligands, the central Ln metals demonstrated that the
order of catalytic reactivity follows Nd (38) > Sm (37) >
Y(34) ~ Yb (33), with complex 38 as the optimal catalyst. In
the presence of 0.05 mol% of complex 38, most aromatic al-
dehydes were fully converted in 10-30 min, and functional
groups, including heterocycles, halides, hydroxy, etc.,
showed a small influence on the reaction; the correspond-
ing alcohols can be achieved with high catalytic efficiencies.
Beside aldehydes, ketones can also be hydroborated
smoothly by complex 38, but with relatively lower reactivi-
ty, which is consistent with other lanthanide-mediated sys-

tems.
L+1321,
R2 22,23

L= R2

Ln
oMo OH
THF, e HO pnh ¢
RZ

1 R =
R L1:R'=R%=Buy; N
CR1_R2_- .
R'=1Bu, R2 = Me, Ln = Yb (33), Y (34); L2 R = R"=CMePh; N
R'=/Pr,R2=H, Ln =Y (35); L3:R =Me R =H; o
1_ 2 _ _ . L4:R'="Bu, R°=H;
R'=Me, RZ=H, Ln =Y (36); A

R' = Bu, R? = Me, Ln = Sm (37), Nd (38); I

R' = Bu, R2= H, (39);
R'=R?=1Bu (40); U (42)

Figure 4 Organolanthanide and organoactinide complexes 33-42 for
carbonyl hydroborations

This superior reactivity of aldehydes over ketones was
computationally evaluated, in which the energy barrier for
the rate-determining step for ketones is ca. 5 kcal/mol high-
er than that of the aldehydes, thus preferable hydroboration
of aldehydes was generally observed.

Stereoselective hydroboration/reduction of ketones em-
ploying efficient catalysts bearing chiral ligands has been
rarely investigated.*'-4 In 2018, Yao, Zhao, and co-workers
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reported the only example of an enantioselective reduction
of ketones catalyzed by rare-earth metal complexes with
phenoxy modified chiral prolinols (Scheme 11, Figure 4).41¢
This reaction was catalyzed by the in situ formed complex-
es from 20% mol of the phenoxy-functionalized chiral proli-
nol ligand L1 and 10 mol% of the lanthanide amide precur-
sors 13 and 21-23. The hydroboration reaction proceeded
smoothly to afford the reduced alcohols in high yields. Ad-
ditionally, it was found that lanthanide complexes with a
central metal of moderate ionic radii, such as ytterbium
amides 21, resulted in much higher ee values (40%), than
lanthanide counterparts with larger (28% ee for 13 and 31%
ee for 22) or smaller ionic radii (8% ee for 23). This is per-
haps due to the size of the ligand matching well with the
appropriate ionic radii of the ytterbium metal, which plays
a pivotal role in controlling the enantioselectivity of the ac-
tive species. Varying ligand frameworks L1-L6 (Figure 4),
together with precursor 21 (Figure 3), demonstrated that
the phenoxy ligand is essential for the enantioselectivity,
and bulkier substituents, such as tert-butyl at the ortho-po-
sition, generally resulted in higher ee values. Well-defined
ytterbium complex 39 was also evaluated as a catalyst, due
to its structural similarity to the in situ formed active spe-
cies, and better conversions (up to 96%) and ee value (up to
81%) were observed.

o 20 mol% L + 10 mol% 13, 21-23 OH

or 39-40 ©/k

Substrate scope studies on various substituted ace-
tophenones showed that enantioselective reductions can be
performed smoothly with complex 39. The presence of
both electron-donating and -withdrawing groups gave the
targeted alcohols in high yields (Scheme 12), but with vary-
ing ee values. In general, it was concluded that substrates
bearing ortho-substituents gave good-to-excellent enantio-
selectivities, while meta- or para-substituted counterparts
resulted in relative lower ee values. The enantioselective re-
duction of an o,B-unsaturated ketone, chalcone, was also
examined. In the presence of complex 40, the correspond-
ing alcohol was obtained with up to 99% conversion and

| = + HBpin

F TFA/EtOAC

Scheme 11 Enantioselective hydroboration of ketones

R! 2.0 equiv HBpin, Cat. 39 R
l\\ quiv 5P XN
_ TFA/EtOAG \

R'=H, yield: 90%, ee: 81%;
2,6-Mey, yield: 90%, ee: 90%;
2-Cl, yield: 92%, ee: 90%;
3-MeO, yield: 90%, ee: 72%;
4-Cl, yield: 94%, ee: 77%;
4-NOy, yield: 99%, ee: 76%;

2-Me, yield: 94%, ee: 94%;
2-MeO, yield: 92%, ee: 95%,;
2-CFj, yield: 96%, ee: 85%;
3-Cl, yield: 91%, ee: 75%;
4-Br, yield: 96%, ee: 73%;
4-Me, yield: 92%, ee: 68%;

Scheme 12 Enantioselective hydroboration of substituted acetophe-

nones
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o (_)H

A . HBpin 1.2 equiv HBpin, Cat. 40 | DN
» :

Scheme 13 Enantioselective hydroboration of an a,B-unsaturated ke-
tone

83% ee; the double bond remained intact throughout the
hydroboration (Scheme 13).

In 2019, Marks, Lohr, and co-workers reported an effi-
cient, highly active, and selective homogeneous catalyst 13
for ester reduction with HBpin.*? In the presence of 1 mol%
of 13, various types of esters were reduced in near quantita-
tive yields at 25 °C or 60 °C, affording the target hydroborat-
ed alcohol products (Scheme 14). Steric impediments at the
alkoxy position (R’) significantly depress the reactivity, for
instance, substrates with tert-butyl acetate required 16
hours to complete the reaction, whereas cyclohexyl or ethyl
acetate required only 1 hour and 10 minutes, respectively.
Comparatively, steric impediments at the acetyl position (R)
displayed little influence on the reactivity. Besides steric ef-
fects, a significant increase in turnover was observed for
substrates with electron-withdrawing substituents at the R
position. Additionally, the charge density on the alkoxy
group also played a pivotal role in determining the reactivi-
ty; the presence of a phenyl group at the R’ position re-
duced the rate dramatically. During the reduction, side re-
actions with nitro and alkenyl groups were not detected,
demonstrating a high selectivity for the reaction. Competi-
tive reactions between ester and oct-1-ene or oct-1-yne re-
sulted exclusively in the reduction of the ester group.

(0] . 13 OBpin
)I\ g + 22HBpin —— ) + ROBpin
R” "O” R

Scheme 14 Ester hydroboration with HBpin promoted by complex 13

Kinetic investigations for the ester hydroboration re-
vealed first-order dependence on catalyst 13, and zero-
order dependence on both HBpin and the ester substrate,
giving the rate law shown in Equation 4. Based on stoichio-
metric reactions and DFT calculations, a probable mecha-
nism is proposed in Scheme 15. Activation of the ester coor-
dinated complex 15a with HBpin, followed by coordination
of another molecule of HBpin, gives the hemiacetal active
species 15b. The HBpin molecule in this intermediate pro-
motes La-O bond dissociation and B-O bond formation to
generate intermediate 15¢, which is simultaneously stabi-
lized by one molecule of ester. Intramolecular rearrange-
ment yields product R'OBpin, followed by coordination of
another molecule of HBpin to give intermediate 15d. Final
hydride transfer from the boron atom of the hydroborate-
La complex to the coordinated ester 15e regenerates the ac-
tive species 15a, and concurrently release the product of
RCH,Bpin.
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g—i = k [13]*[ester]°[HBpin]® )

Equation 4 Kinetic rate law in the hydroboration of esters by complex
13

H HR

9 (G0
o ° O-R
N's—Ld. )R RCOLR' e
0] a.. .
2 o _R HBpin
15a R N’ ~
o
N"BPin 15c R HOBPI
n HBpin
2HBpin “B-H
. aloH
I
vomii g Coeo
o' LR Q@ R
r N'g—La™-O=
15b 4 ?
B B-H R
(O \goO—H ° 15d
BTTTR
RCH,0Bpin @ H o /
N'g—La-.. ,<
1 T0=
(0\ ?
JSH L

15e

Scheme 15 Proposed mechanism for ester hydroboration

Different from other metal complexes, transforming ox-
ygen-containing substrates is a great challenge for organo-
actinides due to the high oxophilicity of the actinide cen-
ter.'d-f5 By using strongly basic and highly nucleophilic im-
idazolin-2-iminato ligands, the Eisen group found that
organoactinides can successfully transform oxygenated
substrates, such as by the Tishchenko reaction,*? ring-open-
ing polymerization of cyclic ester,* insertions of alcohol
into carbodiimides,5¢¢4> etc. In 2018, the Eisen group re-
ported an unprecedented chemoselective hydroboration of
ketones and aldehydes catalyzed by the actinide complexes
41 and 42 (Figure 4).6 This study not only demonstrated
again the feasibility of transforming oxygen-containing
substrates, but also investigated the possibility of regener-
ating an An-H bond from a thermodynamically stable An-
O bond. In the presence of 0.1 mol% to 0.004 mol% of the
complexes 41 and 42, carbonyl compounds were hydrobo-
rated with HBpin in almost quantitative conversions in 15
minutes, and with TOFs as high as 100,000 h-', which is
highest value ever reported for a hydroboration process.
Despite of the high oxophilicity of the metal center, com-
plex 41 revealed good tolerance towards different types of
functional groups, such as amine, imine, halides, nitro
group, ester, etc., and afforded the corresponding alcoholic
boronate esters in high yields. Furthermore, no hydrobora-
tion occurred on other unsaturated bonds, such as alkenes,
alkynes, or the cyano group, even in the presence of excess
HBpin, demonstrating the high chemoselectivity for this
system. It is important to note that the present catalytic
system displays a ‘living’ behavior, and in three consecutive
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runs of adding substrates into the same reaction mixture,
high catalytic reactivities were always successfully re-
tained.

Based on stoichiometric reactions, a plausible mecha-
nism was proposed (Scheme 16) in which the actinide
monohydride intermediate 16a, generated from the proto-
nolysis of complex 41, serves as the active species. This spe-
cies further inserts into the carbonyl moiety to form the
corresponding alkoxo complex 16b. Subsequent c-bond
metathesis, with HBpin, gives the boronate ester product
and regenerates simultaneously the active species 16a. The
kinetic rate law measured indicates a first-order depen-
dence on catalysts, HBpin, and the carbonyl motif. Activa-
tion parameters were determined from the Eyring and Ar-
rhenius plots, with values of 25.4 (0.8) e.u. for ASt, 13.7(0.7)
kcal/mol for AHE, and 14.3(0.7) kcal/mol for E,. Deuterium
isotope studies using DBpin revealed that the reaction ex-
hibited a KIE (ky/kp) of 2.51 (0.07), indicating that the hy-
dride transfer is the rate-determining step.

o<

MegSinepy—Thp-SIMes

i | “SiMe (o]
MesSi™ N =es N
Me;Si SiMe; R™ R
\ HBpin

— R
H
N —o0~
O, | O 16a (=0 R.H
& % 16b
b
o\
BH
o

Scheme 16 The proposed mechanism for organoactinide mediates hy-
droboration of carbonyl compounds

16¢c

4 Imine and Nitrile Hydroboration

Reduction of imines and nitriles is a crucial methodolo-
gy to access primary and secondary amines, which are ex-
tensively present in natural products, drugs, polymers, and
other industrial and academic encounters. Compared to di-
rect reduction by hydrogenation,*” or alkaline metal hy-
drides,*® the hydroboration generally displays a high effi-
ciency, and a high selectivity under mild conditions, and
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thus it has attracted much academic interest in over the
past few years. To date, diverse Co,* Mg,!'fi Ru,3° Mo,>! Au,52
etc., complexes have been extensively studied for the hyd-
roboration transformation; organo-f-element catalysts,
however, are relatively less utilized. The first report on the
organolanthanide-mediated hydroboration of a C=N moiety
appeared in 2014 by the Marks group, in which pyridines
were regioselective 1,2-dearomatized by lanthanum hy-
dride complex 43 to give 1,2-dihydropyridines (Figure 5).53
Compared to previous dearomatization catalytic sys-
tems,''>* the advantages of this research include the em-
ployment of earth-abundant, low toxic, low-cost lanthanide
complexes that have high atom-efficiency and high 1,2-re-
gioselectivity at low catalyst loading (1 mol%) under mild
conditions (Scheme 17). Furthermore, good functional
group compatibility was demonstrated for this system, de-
spite the highly electrophilic nature of the lanthanide cen-
ter. A wide range of pyridines possessing different types of
functionalities, such as halides, methoxy, aryl groups, etc.,
underwent efficient hydroborations to give the target
dearomatized products in moderate to high yields. Both
electronic and steric factors were found to significantly in-
fluence the catalytic activities. The presence of electron-
withdrawing groups led to increased hydroboration rates,
and conversely, the presence of electron-donating groups
resulted in lower TOFs. Besides pyridines, other benzofused
N-heterocycles, including quinoline, isoquinoline, were
hydroborated rapidly, affording the corresponding 1,2-de-
aromatized products in high yields.

(\ N/\ VoS
N._Ph €39l SiMes
p= —@ /Y N
N\ A TMS\N//Ln/O Mes l’\\/IAeS:'I: _AA_|
La e3Si
~ / / 3 |
™S o>_ \/\7 N—Si—
PH MegSi |
(43) Ln = Er (44), Y(45),
Dy (46), Gd (47) An = U (48), Th(49)
7N
e = -
N
e LY el
N Pr 'Pr N Pr
| : ;
Measi\N_Tlh_NfS'Mea Meas'\N An—N_ -SiMes Me38|\N__A|n_N:S|‘Mea
MesSi” | SiMeg Megsi” | SiMes s | SiMeg
MesSi~ “SiMe, Me3Si” ~SiMe; MesSi” “SiMes
(50) An = U (51), Th(52) An = U (53), Th(54)

/@\_/ ’Pr@

Ari - ;\ _Me

Q SN N, P
T@
/

p“ H
Th A~
“Me %\P\ e /héﬁ
An = U (55), Th (56) (57) (58)

Figure 5 Organolanthanide and organoactinide complexes for imine
and nitrile hydroborations
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‘ + HBpin _1mMol%ocat 43 E : E \
_1 mol% cat. 43 :
NH Sy

P

N Lo ' |
Bpin 1 Bpin
" not observed

Scheme 17 Complex 43 mediated the hydroboration of pyridines

Kinetic studies revealed that the reaction rate was first
order for the concentration of catalyst 43, and inverse first
order for HBpin. For pyridine concentration, however, the
reaction rate law was first order when it was below 0.2 M,
while zero-order at higher concentrations (Equation 5). The
thermodynamic activation parameters, determined from
the Eyring and Arrhenius plots, were AHt = 15.7(0.5)
kcal/mol, ASt = -27.2(0.3) cal/mol, and E, = 14.3(0.7)
kcal/mol.

9p

== k [43]*[HBpin]![Py]* x=0,1 5)

Equation 5 The rate law for the hydroboration of pyridine mediated by
complex 43

A plausible mechanism for this hydroboration process is
proposed (Scheme 18) based on the stoichiometric reaction
and DFT calculations. In the presence of pyridine, the di-
meric complex 43 is firstly cleaved into the monomeric ad-
duct Cp*,LaH(Py) (18a), which then could be coordinated
by a second molecule of pyridine to form the bispyridine
adduct Cp*,LaH(Py), (18b). This bispyridine adduct under-
goes La-H 1,2-insertion across the aromatic C=N moiety to
afford a Cp*,La(NCsHg)(Py) complex 18c, which is further
identified as one of the two rate-determining steps by DFT
calculations. In the presence of a molecule of coordinated
HBpin, La-N/H-B o-bond metathesis quickly occurs, and
releases the final desired N-borylated 1,2-dihydropyridine,
with simultaneous regeneration of 18a. During the catalytic
process, a rapid equilibrium between 18a and 18f was also
established, which represents a deactivation pathway
during the catalytic process.

In 2018, Wang and co-workers reported the hydrobora-
tion of a large number of imines and nitriles using amide-
functionalized N-heterocyclic carbene rare earth complexes
44-47 as catalysts.> They found that these complexes dis-
played high catalytic activity for the hydroboration of N-
benzylideneaniline affording the desired hydroborated
product in high yields. Under identical conditions, complex-
es 44-47 also demonstrated much better reactivities than
other amido metal complexes, such as NaN(SiMes),,
KN(SiMe;),, GA[N(SiMe;),]5, [(Me;Si),N];RE(p-Cl)Li(THF),
(RE = Er, Y, Dy), indicating the important role of the carbene
moiety in enhancing the catalytic activity. Studies of the
substrate scope by varying R! and R? (Scheme 19, top) re-
vealed that substituents with different electronic proper-
ties, such as alkyl, halides, methoxy, naphthyl, and hydroxy,
showed little influence on the yields of the desired prod-
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P
B

H
\
-0

H
18d :
O, H
N
B-O

Scheme 18 A plausible mechanism for the 1,2-hydroboration of pyri-
dine

ucts. The reaction performed with the strong electron-
withdrawing nitro group was an exception, in which a rela-
tively poor yield resulted due to the coordination of the ni-
trogen to the rare earth metal. Subsequent substrate expan-
sion to nitrile compounds revealed that, in the presence of 3
equivalents of HBpin and 2 mol% of catalyst, aromatic and
aliphatic nitriles can be double hydroborated, regardless of
the electronic and steric effects, to afford the dihydroborat-
ed products in excellent yields (89-99%) (Scheme 19, bot-
tom).

R2 2
J\ R R2
%, R - Cat. 44 1 il 1
AN + HBpin al Ar‘J\ITI’R MeOH, silica Ar‘J\N/H
Bpin A
Cat. 44 /Bpin
R®*—=N + HBpin ———> 3/——N\
R Bpin

Scheme 19 Hydroboration of imines and nitriles promoted by the car-
bene rare-earth complex 44

A series of competition reactions among different C=0,
C=N, C=N, CO,Et, and C=C groups were also carried out. The
reactivity was found to follow the order of C=0 >> C=N >
C=N > CO,Et > C=C. Hence, when a mixture of ethyl 4-meth-
ylbenzoate and N-benzylideneaniline was hydroborated,
the exclusive hydroboration of the imine was observed
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[Scheme 20, (1)]. For a substrate bearing both the cyano  drawing group (4-F) or an electron-donating group (4-
and imine groups, selective hydroboration on the imine MeO) delivered medium to good yields of the target prod-
was observed when 1.2 equivalents of HBpin were utilized, ucts (Scheme 22).

however, increasing the amount of HBpin to 4.5 equivalents

led to a complete reduction of both imine and cyano groups Q

[Scheme 20, (2)]. =N

. 2 mol% cat. 28 N\
7\ + HBpin ——————> Bpin
Y A -
o T 2 “ “
(1) 2 mol% 44 N + unreacted ester

o H R =H, 85% yield; F, 76% yield
o (2) gglco?:/MeOH OMe, 94% yield
/@*0/\ — 19 :gﬁ:z ESE:; S0 Scheme 22 Hydroboration of imines by complex 28
" Motivated by recent reports of organolanthanide-cata-
Q 1.2 equiv HBpin g N 90% lyzed hydroboration of C=N and C=N moieties, the Eisen
=N (1)2mol% 44 NC group developed a series of organoactinide complexes to
d (2) silca/MeoH, /@ perform similar transformations. Benzonitrile underwent
= 60C | 4.5 equiv HBpin _ 3 N double hydroboration catalyzed by the thorium metallacy-
NC HON S | H 95% o 2 . .
2N cle complex 49 (0.1-1 mol%) in a short reaction time to af-
Scheme 20 Competition hydroboration studies ford the dihydroborated amine in high yields.>® This reac-

tion was later expanded to other nitrile derivatives, and it

A plausible mechanism for the hydroboration of imines ~ was found that electron-rich aromatic nitriles bearing elec-

is presented as Scheme 21. In the presence of HBpin, the  tron-donating groups such as 4-Me, 4-MeO, etc., displayed
rare-earth metal hydride species 21a is firstly generated,  higher reactivities than electron-withdrawing counterparts
which subsequently inserts into a coordinated C=N imine  for which longer reaction times or larger catalyst loadings
bond to give the rare-earth amido intermediate 21c. This were required in order to completely transform the nitrile

intermediate reacts with another molecule of HBpin to re- reagents. Polyaromatic nitrile compounds, such as 1-naph-
lease the desired hydroborated product 21d and regenerate thonitrile, showed lower reactivity compared to benzoni-
the active species 21a. trile. However, heteroatom-containing aromatic nitriles,
such as furanacetonitrile, thiopheneacetonitrile, pyridine-
©\\ 4-acetonitrile, underwent the double hydroboration effi-
Q ! ciently affording the corresponding compounds almost
=N \© quantitatively. Moreover, different from known catalysts,

,TMS Loln~ . . . e
Lan_N‘ms d H for less reactive for aliphatic nitriles, complex 49 showed
_ 21b remarkable turnover frequencies for aliphatic nitrile com-
Hepin pounds, which are comparable to aromatic counterparts,
LgLn/H\B’O:C HBpin_ demonstrating the unique advantage of the organoactinide

SHO complexes.

Kinetic measurements for the double hydroboration of
benzonitrile revealed first-order dependence on the cata-
lyst 49, second-order dependence on HBpin, and zero-order

N S .
L= N /\N Ph dependence on benzonitrile, giving an equation as shown
Mes N 3 . . . . .
3%//0 in Equation 6. Activation parameters were determined from

the Eyring and Arrhenius plots with AS!, AH?, and E, values
of -47.25(1.23) e.u., 6.99(0.44) kcal/mol, and 7.66(0.44)

Scheme 21 Plausible mechanism for imine hydroboration keal/mol, respectively.

% = k [49]*[HBpin]?[PhCN]° ®)
Xue, Bao, and co-workers also reported that complex 28

(Figure 3) was an effective catalyst for the hydroboration of Equation 6 Kinetic rate law for hydroboration benzonitrile promoted

imines in addition to carbonyl substrates.3’? In the presence 2y ozl

of 1 equivalent of HBpin and 2 mol% of complex 28 at 60 °C,

aromatic imine derivatives containing an electron-with- A plausible mechanism for the double nitrile hydrobora-
tion was proposed (Scheme 23). The activation of the cata-
lytic cycle is firstly achieved by the protonolysis of complex
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49 to generate the thorium hydride species 23a, which then
quickly inserts into the C=N bond, allowing the formation
of intermediate 23b. In the presence of HBpin, 23b is able to
undergo o-bond metathesis to release the monohydrobo-
rated imine product 23c¢, which quickly participates in the
second catalytic cycle by coordinating back to active species
23a. The Th-H moiety in 23a quickly inserts into the C=N
bond of 23c, giving the intermediate 23d bearing the dihyd-
roborated amido substituent. In the presence of another
molecule of HBpin, 23d undergoes Th-N/HBpin o-bond
metathesis to give the final double hydroborated amine
product 23e, and concurrently regenerates the active spe-
cies 23a. Deuterium isotope analysis suggested that the fi-
nal hydroboration step is the turnover-limiting step for the
catalytic process.

HBpin
23b
H
7:N
R Bpin
23c P
49 .
@Em
N*
N'H. o

Th B o [Th]—
H Bpln
23c

Measl’ “Si
/N
R H
o
/N‘
Bpin' i

Bpin
23e
HBpin

[Th] Bpln

Scheme 23 Proposed mechanism for hydroboration of nitriles

In addition to nitriles, complex 49 was also utilized in
the hydroboration of imines.>® Whereas the thorium com-
plex 50 (Figure 5), coordinated by the seven-membered N-
heterocyclic iminato ligand, showed much better catalytic
efficiency. Moreover, complex 50 displayed large substrate
scope capabilities, a large number of aldimines, including
ketimines, were hydroborated to afford the corresponding
products in almost quantitative yields. Aldimines compris-
ing electron-donating functionalities increased the reactivi-
ties substantially, in comparison to the electron-withdraw-
ing counterparts. Kinetic studies on the PhC=NPh/HBpin/50
system revealed that the kinetic rate law follows has a first-
order dependence on catalyst 50 and HBpin, and zero-order
dependence on imine, giving rise to Equation 7.

% = k [50]*[HBpin]![PhCNPh]° M

Equation 7 Kinetic ate law for the hydroboration imines mediated by
complex 50
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The selective monohydroboration of carbodiimides is of
great interest for scientists because the produced amidi-
nates play a pivotal role in coordination chemistry. In 2018,
the Eisen group reported a highly efficient and highly
monoselective organoactinide-catalyzed hydroboration of
carbodiimides using complexes 48 and 49 and 51-56 (Fig-
ure 5).°7 Different from the previously reported magnesium
systems,'®8 the organoactinide complexes required lower
catalyst loadings and shorter reaction times and exhibited,
unprecedentedly, a monoselective reactivity (Scheme 24).
Compared to the actinide amido complexes 48 and 49 and
51-54, the actinide methyl counterparts displayed superior
reactivities, affording the corresponding hydroborated
products with higher yields under identical reaction condi-
tions. Subsequently, the substrate scope revealed that steric
properties played a significant role in determining the cata-
lytic efficiency. For symmetrical carbodiimides bearing
smaller groups, such as isopropyl, cyclohexyl, phenyl, etc.,
quantitative conversion can be achieved in shorter reaction
times, while sterically congested counterparts require
much longer reaction times to obtain a high conversion.
Electronic properties showed a very small influence on the
catalytic activities, affording the product in high yields.

R H : (o}
\ [e] 2mol% Cat. R | !
N=C=N\ + HBi ji Lol 38 \N/)\N/R 72O<,B\N/\N/R
o . ' /

By

Qo i R oo

Not observed

Scheme 24 Organoactinide-promoted monohydroboration of carbo-
diimide

An interesting phenomenon was observed when using
unsymmetrical carbodiimide substrates. For the hydrobora-
tion of N-mesityl-N'-phenylcarbodiimide (MesNCNPh) and
N-(2,6-diisopropylphenyl)-N'-phenylcarbodiimide  (Dip-
PNCNPh), the Bpin group is selectively attached to the steric
bulky side of the carbodiimide, rather than the steric open-
ing side, affording N-{Bpin}-N-diisopropylphenyl-N'-
phenylformamidine and N-{Bpin}-N-mesityl-N'-phenylfor-
mamidine as the sole reaction products (Scheme 25).

H
0 b2
—N=C=N—-R' Vi
Ph-N=C=N-R' + ng | _ 2mofkCal _ Ph 2O\ Brg

|
R
(R' = Mes, Dipp)

Scheme 25 Hydroboration of unsymmetrical carbodiimides promoted
by organoactinide complexes

The thermodynamic activation parameters, determined
from Eyring and Arrhenius plots, were E, = 16.6(9) kcal/mol,
AH? = 16.0(3) kcal/mol, and AS* = -27.7(6) e.u., respectively.
Kinetic studies on the ‘PrNCNPr/HBpin/56 system revealed
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a first-order dependence on HBpin, PrNCNPr, and 56, re-
spectively, giving rise to the kinetic rate law as presented in
Equation 8.

dp

=k [56]*[HBpin]*[iPrNCNiPr]* (8)

Equation 8 The rate law for the hydroboration of carbodiimide cata-
lyzed by complex 56

A plausible mechanism is proposed, based on stoichio-
metric reactions (Scheme 26). Firstly, a rapid c-bond me-
tathesis between the actinide methyl complex and HBpin
occurs to yield the catalytic active species 26a, which then
inserts into the C=N bond of the carbodiimide substrate al-
lowing the formation of actinide amidinate intermediate
26b. In the presence of another molecule of HBpin, the
monohydroborated carbodiimide 26¢ is released as the fi-
nal product with the concomitant regeneration of the ac-
tive species 26a.

R-N=C=N-R'
N
HBpin Lanl >—H
L An-Me ——> L An—H N
56 26b |
v R‘
H
. HBpin
R\N/)\’}‘,R p
26¢ Bpin

Scheme 26 Proposed mechanism for hydroboration of carbodiimides

Also in 2018, the Eisen group reported another example
of a catalytic dearomatization/hydroboration of N-heteroar-
omatics utilizing the thorium complexes 57 and 58.°8 In this
research, complexes 57 and 58 displayed high catalytic ac-
tivity in the hydroboration of pyridines, affording the 1-bo-
ryl-1,2-dihydropyridine product in high yields. Moreover,
no 1,4-hydroborated product was detected during the reac-
tion process, demonstrating a high 1,2-selective fashion
(Scheme 27). Subsequent substrate studies revealed a large
scope capability, and pyridines with different types of me-
ta- and para-substituted groups, including alkyl, aryl, ha-
lides, nitro, methoxy, etc., were hydroborated by HBpin se-
lectively affording the corresponding products in moderate
to high yields.

Furthermore, other N-heteroaromatic compounds, such
as quinoline, pyrazine, pyrimidine, triazine, etc., were also
feasible for the hydroboration process, affording the mono-,
di-, and trihydroborated products in high yields. It is im-
portant to note that the remaining double bond in the hyd-
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(X', Y, Z' = C, N-Bpin)

R H .
o, OO o
|

N H
| I
Bpin Bpin Bpin
Bpin Bpin
N H_N._H
(L X
N"H i “Boi
| Bpin \r Bpin
Bpin H

Scheme 27 Organoactinide-promoted dearomatization of N-hetero-
aromatics

roborated pyridine product remained intact during the re-
action, indicating a highly chemoselective fashion of the
precatalysts.

Kinetic investigations of the pyridine/HBpin/58 catalytic
system revealed a first-order dependence on the concentra-
tion of pyridine, HBpin, and complex 58, respectively, giving
rise to the kinetic rate as shown in Equation 9. The thermo-
dynamic activation parameters, determined from the Ey-
ring and Arrhenius plots, are E, = 20.3(1) kcal/mol, AH} =
19.6(5) kcal/mol, and ASt = -23.5(1) e.u, respectively.

% — k(58] [HBpin]: [py]: ©
Equation 9 The rate law for the hydroboration of pyridine catalyzed by
complex 58

A plausible catalytic mechanism was proposed (Scheme
28). The activation of the cycle is firstly achieved by the
cleavage of the dimeric complex 58 (Figure 5) in the pres-
ence of pyridine to afford the monomeric complex 28a.
Subsequent insertion of the Th-H into the C=N moiety of
pyridine gives the thorium amido intermediate 28c. In the
presence of HBpin, a subsequent Th-N/H-B c-bond me-
tathesis via the transition state 28d affords the final hyd-
roborated product 28e and concurrently regenerates the ac-
tive species 28a to complete the cycle.

5 Conclusions and Outlook

In summary, we have extensively reviewed recent ad-
vances in organo-f-element complex mediated the hydrob-
orations of alkenes, carbonyls, imines, and nitriles. Despite
the highly oxophilic nature of the lanthanide and actinide
metal centers, the complexes displayed high catalytic effi-
ciencies and high selectivities throughout the transforma-
tions, even when using oxygen-containing borane reagents.
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L wnd

HY (280)

Scheme 28 Plausible mechanism for pyridine hydroborations mediat-
ed by complex 58

Noteworthy to point out that in the process of the hydrobo-
ration of carbonyl compounds, regeneration of Ln-H or An-
H active species from Ln-0 or An-0 bonds is achieved, re-
freshing our traditional understanding of the expected
sluggish Ln-0 or An-0 bonds. Another reaction that de-
serves attention is the dearomatization of N-heteroaromat-
ics compounds by organo-f-element complexes via hydrob-
oration. Dearomatized N-heteroaromatics, such as 1,2-di-
hydropyridine, play a significant role in the pharmaceutical
fields, and until now, only few catalytic systems were avail-
able to disrupt the aromaticity of N-heteroaromatics. Orga-
no-f-complexes displayed their unique advantage in this
process when considering their high 1,2-regioselectivity,
high catalytic turnovers, and more importantly, high earth
abundance.

Despite the advances presented in this review, a large
number of challenging and important reactions are still un-
tapped. For example, the development and utilization of C1
sources (CO, and CO), which is a green and sustainable
strategy to convert these gases into value-added C1 com-
pounds, such as methanol, formic acid, etc. Many stoichio-
metric reactions between organo-f-complexes with CO, or
CO have been reported,”® and some transition metals cata-
lyze the hydroboration of CO,.5° However, no reports on or-
gano-f-complexes mediating the hydroboration of CO, or
CO in a catalytic way have been disclosed. We need to ask,
how far we can advance in transforming oxygen-containing
substrates using organo-f-complexes? Despite recent ad-
vances in transforming oxygen-containing substrates, such
as alcohol,5<4f aldehyde,*3? ester,*?44 etc., how about more
challenging substrates? Such as water? For example, cata-
lytically making H, from H,0; some uranium complexes
have been reported to be feasible.®! In general, organo-f-el-
ement complex mediated hydroboration is still in its early
stage; expansion into other substrates and deeper under-
standing of the catalytic mechanism of this type reaction is
still required.
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