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Synopsis

The thesis entitled “Utilization of Ce[N(SiMes).]s as a Catalyst for the Hydroboration of
Organic Substrates: Scope and Mechanistic Aspect” is predominantly pivoted upon
widespread experimental research of organo-lanthanide-catalysed hydroboration reaction of
organic molecules using borating reagents e.g., pinacolborane (HBpin) and catecholborane

(HBcat) to develop new synthetic methodologies for various organic transformations.

“The development of a rational view of the nature of catalysis was thus absolutely dependent

on the creation of the rate of chemical reaction.”
-Wilhelm Ostwald (1853-1932), German Chemist, Nobel Prize-1909

Highly effective catalysts are indispensable in various applications, enhancing reaction
outcomes and resource efficiency, with a growing resurgence of homogeneously catalyzed
processes due to their mild reaction conditions and improved selectivity in industries. An
efficient catalyst is of fundamental interest in the lanthanide-based catalytic hydroboration
reactions. Throughout my Ph.D tenure, | dedicated significant effort to developing synthetic
strategies and experimental exploration of Ce[N(SiMes)2]z with versatile catalytic applications

in hydroboration reactions.
The proposed thesis comprises four chapters, which are mentioned below.
Chapter 1: Introduction of lanthanide complexes in hydroboration reaction

In recent years, there has been significant interest in organo-lanthanide complexes that catalyze
the organic transformations. Among these transformations, the hydroboration of olefins,
carbonyl compounds, esters, epoxides, imines, nitriles or amides has been emerged as a crucial
strategy for the preparation of organoborane compounds. These organoborane compounds are

very emergent intermediates in synthetic chemistry to prepare value-added products.

After a brief introduction, this chapter will focus on organo-lanthanides as catalysts for (i)
hydroboration of alkenes, (ii) hydroboration of carbonyl compounds, (iii) hydroboration of
esters and epoxides, (iv) hydroboration of imines and nitriles, (v) hydroboration of amides and
(vi) C—H bond activation using pinacolborane. The deliberation will delve into the catalytic
performance of organo-lanthanide catalysts, Kinetic analysis and mechanistic insights

associated with these hydroboration reactions. The aim is to highlight the variations in catalytic

|
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Synopsis

behaviour among different organo-lanthanide catalysts, emphasizing their unique

characteristics and activities in synthetic organic chemistry.

Lanthanide
Complexes

S[Auoqxe)

Furthermore, this brief discussion will touch upon the challenges encountered in this field and
outline potential future directions and motivation of my work. The study of organo-lanthanides
in the context of hydroboration of olefins, carbonyl compounds, esters, epoxides, imines,

nitriles or amides holds great promise for advancing the field of organic synthesis.

Chapter 2: Deoxygenation of 1° and 2° amides with Ce[N(SiMes)2]3(THF)3 under mild

conditions

The pursuit of sustainable methods for synthesizing amines using readily available or easily
synthesized catalysts under mild reaction conditions is a modern focal point in catalysis.
Achieving a convenient, mild and straightforward approach to amide-to-amine reduction has
long been a sought-after goal in catalysis. In this research, we harnessed the easily accessible
Ce[N(SiMes)2]3(THF)3 as a catalyst for the hydroboration of both 1° and 2° amides under mild
conditions, leading to the formation of corresponding amines in high yields. It’s worth noting
that 1° amides are notoriously challenging to reduce and typically necessitate high
temperatures. Furthermore, this methodology extends to the synthesis of indole derivatives and
has been successfully demonstrated on a gram-scale, showcasing the wide-ranging
applicability of Ce[N(SiMez3)2]3(THF)3 as a catalyst. To gain a deeper understanding of the
mechanistic aspects of the Ce[N(SiMes)2]3(THF)s-catalysed amide hydroboration reaction, we
conducted an in-depth experimental study, which revealed that the formation of a tris-amidate
species plays a decisive role in the catalytic pathway.
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Chapter 3: Reduction of esters, epoxides and CO, using Ce[N(SiMes).]3(THF)s as a catalyst

In this chapter, we successfully achieved the challenging activation of the C—O bond using a

readily synthesized and verily accessible homoleptic bis(trimethylsilyl) amides of cerium(l11)

complex under mild reaction conditions. Reduction of C—O bonds in esters and epoxides with

HBpin was efficiently accomplished using just 1-2 mol% of the catalyst at 60 °C within a time

frame of 5-12 hours, yielding borylated alcohols that can easily be hydrolysed into alcohols,

which has significant industrial demand.
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One of the most demanding and promising reactions involve the reduction of CO2 to highly

selective borylated methanol, which was achieved using Ce[N(SiMes)2]s(THF)3 as a catalyst.

We investigated the impact of temperature on the hydroboration of CO; at four different levels
(25 °C, 45 °C, 65 °C and 85 °C). Remarkably, up to 99% yield was reached within 3 hours at
85 °C temperature. This exceptional efficiency was quantified with a turnover number (TON)
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of 1145.8 and a turnover frequency (TOF) of ~382 h' for the formation of borylated methanol
from the reduction of CO2 with HBpin.

Chapter 4: Organo-lanthanide-catalysed hydroboration of multiple bonds (C=C, C=C, C=N
and N=C=0)

In this chapter, we have demonstrated the efficiency of organo-cerium Ce[N(SiMez)2]s(THF)3
as a catalyst for the selective reduction of unsaturated and unactivated bonds e.g., C=C, C=C,
C=N and N=C=0 bonds in the presence of pinacolborane (HBpin) under comparatively mild
reaction conditions. The hydroboration of alkenes and alkynes is associated with the formation
of corresponding linear borylated products. The nitrile hydroboration reaction afforded
corresponding borylated amines in the presence of 2 equiv. of HBpin. Surprisingly, the
hydroboration of isocyanates delivered deoxygenated product N-boryl methyl amines with 3
equiv. of HBpin. Although, we treated the isocyanate with 1 equiv. and 2 equiv. of HBpin in
the presence of Ce[N(SiMez)2]3(THF)3, but observed only deoxygenated products instead of

monohydroborated or dihydroborated products.

4 N\
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R CH;3
10 examples
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R™ Y
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In summary, we’ve showcased the efficacy of the readily synthesized and available complex
Ce[N(SiMes)2]3(THF)3 as a highly efficient catalyst for the hydroboration of diverse organic

substrates, affording valuable chemicals.

|
xii
Thesis: Md Jabed Hossain



Abbreviations

acac
CCDC
CDCl;
CeDs

Cp*

DFT
DIBAL-H
DMAP

ee

eq.

eqv.

equiv.

HBcat
HBpin
HRMS
iPr
KIE
Ln

Mes
MHz
min
mL
mmol
NMR
OTf
Ph
Py
RDS
RT

Acetylacetonate

Cambridge Crystallographic Data Centre
Deuterated chloroform

Deuterated benzene
1,2,3,4,5-Pentamethylcyclopentadiene
Density functional theory
Diisobutylaluminium hydride
4-(Dimethylamino)pyridine
Enantioselective

Equation

Equivalent

Equivalent

Hour

Catecholborane

Pinacolborane

High resolution mass spectrometry
Isopropyl

Kinetic isotope effect

Lanthanide

Methyl

2,4,6-trimethylbenzene

Megahertz

Minute

Millilitre

Millimole

Nuclear magnetic resonance
Triflate (trifluoromethanesulfonate)
Phenyl

Pyridine

Rate determining step

Room temperature

xiil

Thesis: Md Jabed Hossain



Bu tert-butyl

tfc 1,1,1-Trifluoro-3-(octylthio)acetone
THF Tetrahydrofuran

TMEDA Tetramethylethylenediamine

TOF Turnover frequency

Toluene-ds Deuterated toluene

TON Turnover number

XRD X-ray diffraction

uL Microlitre

9-BBN 9-Borabicyclo[3.3.1]nonane

|
Xiv
Thesis: Md Jabed Hossain



Publications

1. Hossain, M. J.; Shah, B. K.; Khan, S. Deoxygenation of 1° and 2° Amides with
Ce[N(SiMes)2]s(THF)s under Mild Conditions. ACS Catal. 2023, 13, 13577-13587.

2. Hossain, M. J.; Gopinath, J. S.; Tothadi, S.; Parameswaran, P.; Khan, S. NHSI/NHGe-
Supported Copper Halide and Pseudohalide Complexes: Synthesis and Application.

Organometallics 2022, 41, 3706-3717.

3. Hossain, M. J.; Parvin, N.; Shah, B. K.; Khan, S. Four-Coordinate Germylene and
Stannylene and Their Reactivity Towards Se & Te**. Z. Anorg. Allg. Chem. 2022, 648,

€202200164. (Special issue)

4. Hossain, M. J.; Akhtar, R.; Khan, S. Luminescent Coinage Metal Complexes of

Carbene. Polyhedron 2021, 201, 115151. (Review article)

5. Parvin, N.; Hossain, M. J.; George, A.; Parameswaran, P.; Khan, S. N-heterocyclic
Silylene Stabilized Monocordinated Copper(l)-Arene Cationic Complexes and Their

Application in Click Chemistry. Chem. Commun. 2020, 56, 273-276.

6. Parvin, N.; Mishra, B.; George, A.; Neralkar, M.; Hossain, M. J.; Parameswaran, P.;
Hotha, S.; Khan, S. N-Heterocyclic Silylene/Germylene Ligands in Au(l) Catalysis.

Chem. Commun. 2020, 56, 7625-7628.

|
XV
Thesis: Md Jabed Hossain



Chapter 1

Introduction of lanthanide complexes in

hydroboration reactions
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Chapter 1
-}

1.1. Properties of lanthanides

“Lanthanides...are crucial for everyday technologies™
Dr. Louise Natrajan

The f-block elements (lanthanides (Figure 1.1) and actinides) are collectively known as “inner
transition metals”.? But the properties of the f-block elements are far away from the regular
transition metals. The lanthanides are electropositive in nature and their complexes generally
occur as Ln(I11) with empty, half-filled or full-filled f-subshells.? “Lanthanide contraction” is
an alluring property of the lanthanides.® Usually, lanthanides exhibit large flexible coordination
numbers due to the presence of inner 4f-orbitals. Transition metal-based complexes typically
demonstrate oxidative addition and reductive elimination reactions, whereas lanthanide

complexes primarily participate in 1,2-insertion and c-bond metathesis.*

= a\c .
-~ Lanthanides: La-Lu (4/%-19)

Rare-earths: Sc, Y, La-Lu

\Wr | Nd|Pm|Sm|Eu|Gd| Tb | Dy| Ho| Er [ Tm| Yb| Lu

7~ Ce

R

Figure 1.1. Rare-earth metals highlighted periodic table and the position of cerium among

lanthanides.

The lanthanide complexes are less explored as compared to the transition metal complexes and
main-group element compounds as catalysts in homogeneous catalysis. In certain areas of
study, lanthanide complexes have gained popularity, particularly in the field of
photoluminescence® and magnetism,® owing to their inherent paramagnetic properties.
However, the lanthanides are less exposed as catalysts in homogeneous catalysis. Although a
few complexes based on Yttrium (Y), Lanthanum (La), Praseodymium (Pr), Neodymium (Nd),

|
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Chapter 1

Samarium (Sm), Gadolinium (Gd), Dysprosium (Dy), Erbium (Er) and Ytterbium (Yb) have
been reported as catalysts in polymerization,” hydroamination,® hydrofunctinalization® and

hydroboration reactions.*1°

1.2.  Importance of the hydroboration reaction

There are variant norms of synthetic organic methodologies which are well developed in
homogeneous catalysis, e.g.; C-H activation,'! hydrogenation,'? cyclization,® alkylation,*
cyanosilylation,®® C-N  coupling,’® C-C coupling,'” borylation,*® hydrosilylation,®
hydroboration?® etc. Hydroboration reaction is one of the famous and juvenile in organic
synthesis. This is also known as hydroborylation or hydrofunctionalization reaction. The
hydroboration reaction is an atom-efficient reaction and generally mild reaction conditions are
required to complete the reaction.’%?° The catalysed products of the hydroboration reactions
are immensely useful in industries as well as academia.*'° A general hydroboration reaction is

displayed below (Scheme 1.1).

Hydroboration is indeed a valuable synthetic method in organic chemistry known for its
efficiency and selectivity under mild conditions. Here are some key reasons why hydroboration
is highly regarded for its efficiency and selectivity:

> Regioselectivity: Hydroboration typically proceeds with anti-Markovnikov addition,
which means the boron atom added to the less substituted centres which is highly
desirable for the synthesis of specific compounds.

» Stereochemistry: Hydroboration usually occurs with syn-addition, which means that
the boron and hydrogen atoms are added to the same face.

» Mild reaction conditions: Hydroboration reactions are generally carried out under
mild conditions, often at or near room temperature and atmospheric pressure, which
minimizes the risk of side reactions or undesired chemical transformations.

» Highyield: Hydroboration reactions tend to have high yields and the boron substituents
can be easily modified or converted into other functional groups, making it versatile for
further synthetic steps.

» Compatibility with other functional groups: Hydroboration is compatible with a
wide range of functional groups, including carbonyls, halides and esters, making it
useful in complex molecule synthesis.

3
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» Reductive workup: After the hydroboration reaction, the boron compounds can be
easily converted to the desired product by reductive workup, typically using alkaline
hydrogen peroxide (e.g., NaOH/H20). This step is generally straightforward and
efficient.

> Wide applicability: Hydroboration reactions find applications in various areas of
organic chemistry, including the synthesis of pharmaceuticals, agrochemicals and fine

chemicals.

Overall, hydroboration is a highly efficient and selective method for the preparation of
organoboron compounds, which can serve as valuable intermediates for the synthesis of a wide
range of organic molecules. Its mild reaction conditions, regioselectivity and compatibility with

other functional groups contribute to its widespread use in synthetic chemistry.

( 1\

Bpin Bpin

H
R/i\\x + H_BR2 R/kfo + R/k\X’H + R/kX,Bpln

X=CR,CR, N,NR, O
R =H, alkyl, aryl

o 0 H-B
on =l T
o) o)

Pinacolborane Catecholborane 9-Borabicyclo[3.3.1]nonane
(HBpin) (HBcat) (9-BBN)

Scheme 1.1. General hydroboration reaction.

Pinacolborane (HBpin) is the most common reagent for hydroboration reactions due to its
availability and lower price. Where catecholborane (HBcat) and 9-borabicyclo[3.3.1]nonane
(3-BBN) are also used. The hydroboration process can reduce aldehyde, ketone, ester, alkene,
alkyne, nitrile, amide etc. using pinacolborane (HBpin) or catecholborane (HBcat) to afford

corresponding borylated products, which are easily hydrolysed.°

1.3. Lanthanide complexes in the hydroboration of alkenes

Alkene hydroboration is one of the most synthetically valuable methods for the preparation of
myriad organic molecules of commercial and medicinal importance.?* There are two possible
products of the alkene hydroboration reaction with HBpin (Scheme 1.2). (i) Branched product

|
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and (ii) Linear product. The selectivity of these products depends upon the catalyst and

sometimes depends upon the substituent (R) e.g., alkyl or aryl.

f N\
Bpin
— H
R)\/
Catalyst Branched product
R —— o]
HBpin
H
L > BDi
R = aryl or alkyl R)\/ pin
Linear product
~ J

Scheme 1.2. Possible catalysed products of alkene hydroboration reaction with HBpin.?

In 1992, Marks and co-workers first reported the organo-lanthanides-catalysed hydroboration
of alkenes using catecholborane (HBcat).?? They demonstrated that the cyclopentadienyl-
mediated lanthanum and samarium complexes 1-4 (Chart 1.1) are highly efficient catalysts for
the hydroboration of olefin with HBcat for the synthesis of corresponding alcohols.?? This
cyclopentadienyl-lanthanides-catalysed hydroboration of olefins took place at room
temperature and the internal alkene hydroboration also performed at the same ambient
temperature. The cyclopentadienyl-lanthanum complex elucidated the effective catalytic rate
TOF =200 h (for 1-hexene with 25 to100-fold stoichiometric excess) and TOF = 50 h! (for
cyclohexene with 25 to 100-fold stoichiometric excess) by using HBcat to produce 1-hexanol
and phenol, respectively (Scheme 1.3). The catalysed products were highly regioselective
followed by anti-Markovnikov rule. The authors hypothesized that the rate of the
hydroboration reaction was dependent on both the size of the metal ions (larger size, higher
rate) and the size of the ligands (more open ancillary ligation, higher rate). Also, higher rates
of the reaction were observed for the terminal alkenes as compared to the di- or tri-substituted
or internal alkenes.??> The proposed mechanism of organo-lanthanide-catalysed alkene
hydroboration with HBcat was disclosed by Marks and co-workers by forming an active
species, lanthanide hydride (1a), henceforth anti-Markovnikov alkene insertion to form 1b
(Scheme 1.4).
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Chart 1.1. Reported organo-lanthanide complexes in alkenes hydroboration reaction.
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2. H,0,, NaOH
H
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OH
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Scheme 1.3. Hydroboration of 1-hexene and cyclohexene with HBcat using complex 1.22
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Scheme 1.4. Mechanistic pathway of organolanthanide-catalysed alkene hydroboration using

HBcat proposed by Marks and co-workers in 1992.22

In 1993, Evans and co-workers manifested the easily accessible Smls, Ndls, Prls, Luls,
(tBuO)Sml., Sm(OiPr)s, Eu(tfc)s and Scls-catalysed olefins hydroboration with catecholborane
(HBcat) at ambient temperature in 18 hours in THF solvent to afford the corresponding
products, whereas SmBr3, SmCls, SmF3, and Sm(OTf)s were off towards olefin hydroboration

reaction.?

Tueben and co-workers introduced a series of yttrium complexes based on
pentamethylcyclopentadienyl (5-8) and benzamidinate (9-11) ligand backbone, which behaved
as active catalysts for hydroboration of 1-hexene with HBcat.?* But, all the complexes (5-11)
were comparatively less effective than complex 1 because of the smaller size of yttrium and
their increased c-bond metathesis transition state energy.'° They also proposed the mechanism
of 1-hexene hydroboration with HBcat via hydride formation.?*

The conventional reactivity pattern in the hydroboration of alkenes is dependent upon the steric
effect of the alkene and it emulates the order as mono- > di- > tri- > tetra-substituted carbon-
carbon double bonds. In 1995, Villiers and Ephritikhine disclosed a completely contradictory
result, which was observed in UCls- and NdCls-catalysed hydroboration of alkenes in the

presence of the LiBH4 reactions.?®

Livinghouse and co-workers first time applied the homoleptic lanthanum amide,
tris[bis(trimethylsilyl)amide] (12) as a catalyst for the hydroboration of alkenes with
pinacolborane (HBpin) as a hydroborating agent.?® The electron-donating group (e.g., OCHs)
substituted styrene afforded a relatively higher yield than the electron-withdrawing group (e.qg.,
CF3) substituted styrene, whereas upon increasing the alkene substitution the rate of the
hydroboration reaction was curtailed.?® In this literature, authors alluded to the lanthanum-

catalysed alkene hydroboration with HBpin also imitated via lanthanum-hydride formation.

Cyclization/boration reaction of 1,5- and 1,6-dienes:
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S|Me Me3S|
o] o el
%\ Q SiMey Me;Si
(4) (6) Ln =Y (13), Lu (14), Sm (15)

Chart 1.2. Reported organo-lanthanide complexes for cyclization/boration of 1,5- and 1,6-

dienes.

In 2001, Molander and co-workers established a protocol for cyclization/boration reaction
(Scheme 1.5) catalysed by organo-lanthanide complexes 4, 6, 13-15 (Chart 1.2).2" This
reaction resulted in the formation of primary alcohols containing five- and six-membered rings
after oxidative workup. In the presence of HBcat and HBpin, complex 4 was ineffective
towards cyclization/boration reaction, but in the presence of organoborane (A), complex 4 was
effective towards cyclization/boration of 1,5-hexadiene (Scheme 1.5a). Whereas, complex 6
was inactive towards cyclization/boration reaction in the presence of organoborane (A), but
active towards cyclization/boration reaction in the presence of HBpin (Scheme 1.5b). After
that, they synthesized complexes 13-15, which were highly efficient towards

cyclization/boration reaction in the presence of A and delivered good yields.

( A
OH
(a) /\W b oy B :' ) Ln- catalyst R
|| NaOH H202
, (A)
R = H, Ph; R' = Me, Et, 'Pr
OH
NTN"0H
0 (i) catalyst 6 or 13
() A NNF + H-B + +
\O (i) NaOH, H,0, HO A~~~
OH
50%
& J

Scheme 1.5. Ln-catalysed cyclization/boration of 1,5- and 1,6-dienes using borane.?’
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1.4. Lanthanide complexes in the hydroboration of aldehydes and ketones

( A

_Bpin
o p

) Catalyst
JJ\ + H-Bpin ——> 1»|\ 2
R? RTLTR

R' = alkyl/aryl, R? = H (aldehyde)
R' = alkyl/aryl, R? = alkyl/aryl (ketone)

R'l

Scheme 1.6. Hydroboration of carbonyl compounds with HBpin.

The reduction of carbonyl compounds is evermore an essential transformation in synthetic
organic chemistry. The direct hydrogenation method is well explored and using a strong base
like NaBH4, LiAlH4 and B2He sometimes hampers the reaction and shows intolerance in the
other substituted functional group, which reduces the selectivity of the reaction.?® The
hydroelementation (e.g., hydrosilylation, hydroboration) reactions are quite renowned in this
field.?® The reaction involving the hydroboration of ketones and aldehydes with HBpin resulted
in the formation of borylated alcohols (Scheme 1.6). The catalyzed hydroborated products are
used in the synthesis of fine chemicals, drug discovery and valuable renewable sources of fuels
and chemical feedstocks.®® The s-/p-/d-block metal-catalyzed hydroboration reactions have
been broadly investigated over the last two decades.! Marks and co-workers reported the first
instances of carbonyl hydroboration mediated by organo-lanthanide complexes in 2017. In this
groundbreaking work, they achieved the swift and efficient hydroboration of ketones and
aldehydes using HBpin to afford eco-friendly alcohols in the presence of homoleptic lanthanide
amide complexes.®? The catalyst 12 exhibited remarkable efficiency in the hydroboration of
carbonyl compounds, up to turnover frequency (TOF) 40,000 h't. Complexes 16-18 exhibited
as efficient catalysts for carbonyl hydroboration, albeit with a relatively lower yield rate as
compared to complex 12. Excellent yields were observed for all substrates of aldehydes and
ketones in the presence of very low catalyst loading (0.01-1 mol%) at room temperature within
a few minutes (15-90 min), irrespective of electron withdrawing and electron donating group

substituted substrates, along with weal functional group tolerance.

The rate laws for hydroboration of ketones and aldehydes were determined separately,
employing dicyclohexyl ketone and cyclohexanecarbaldehyde as substrates, respectively and

established the overall rate equations (Eq. 1 & 2).

rate = k[12]}[ketone]*[HBpin]* (Eq. 1)

9
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rate = k[12]*[aldehyde]°[HBpin]° (Eq. 2)

Suggesting, first-order dependence in [12], [ketone] and [HBpin], declaring all the components
played a role in the turnover-limiting step of the ketone hydroboration reaction. First-order
dependence with respect to catalyst 12 was observed, but surprisingly, zeroth-order

dependence with respect to aldehyde and HBpin was audited for the aldehyde hydroboration

reaction.
(
= R
(MesSN. _N(SMeg),  R™ Ln(OAns(THF) iPr ﬁ/ ipr
n R
" _.Ln Ar = 2,6-Buy-4-MeCgHy; \/
N(SiMe3), %\ Ln = Yb (25), Y (26) M
R —opl Pr 7\ 'Pr
Ar = 2,6-Pr2CgHa; '\
!
Ln =Y (16), Ce (17), R=H;Ln=Y (19), Yb (20), Ln=Y(27) (THF)2 BHq
Sm (18) Sm (21), Nd (22), La (23) Ar = 2,6-Me;CgH3
R = Me; Ln = La (24) Ln =Y (28), Sm (29), Nd (30)  Ln=Nd (31), Pr(32)
©(\/ij taliat
G\ e
th_ PhHC CHPh, pLy
/ N~ SMes _ R2 7N R2
SIMe3 ;
#Yb , R R’
2 Ln[N(SiMe3),]3
Ln = Yb (36), Nd (37), R'='Bu, R®=H, (39)
Ln = Nd (33) Pr (34) Sc (38) R' = R? = 'Bu (40)

Chart 1.3. Reported lanthanide complexes in aldehydes and ketones hydroboration reaction.

Xue, Bao, Shen and their co-workers introduced homoleptic cyclopentadienyl lanthanide
complexes 19-24 (Chart 1.3) and demonstrated exceptional catalytic performance in the
hydroboration of carbonyl compounds using HBpin as the borating agent in 2017-2018.%
These complexes exhibited remarkable selectivity, effectively hydroborating the carbonyl bond
while remaining unreactive toward other functional groups, such as halides and nitro groups.
Possibly owing to the less electrophilicity and increased steric hindrance around the carbonyl
centre in ketones, they typically exhibited slower reaction rates when compared to their
aldehyde counterparts. Authors observed aldehydes are preferentially reduced over ketones

under identical reaction conditions (Scheme 1.7).%
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e A
A. Intermolecular chemoselectivity
o o Bpln Bpln
0.01 mol% (23)
+ 1 equw HBpin
THF rt, 15 h
Yield = 9% Yield = 91%
B. Intramolecular chemoselectivity Boin
Bpin Bpin 0"
0 o P og
0.01 mol% (23) H
1 equiv. HBpin H H H
H quiv. pin H + H +
THF, i, 15h e oo O
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Scheme 1.7. Comparative investigation of aldehyde/ketone hydroboration selectivity.*

The kinetic studies revealed first-order dependence on catalyst 23, aldehyde/ketone and HBpin,

which is demonstrated in the Equations 3 and 4.
rate = k[23]}[ketone]*[HBpin]* (Eq. 3)
rate = k[23]*[aldehyde][HBpin]* (Eq. 4)

In 2018, Xue, Bao, and co-workers synthesized a series of lanthanide aryloxide complexes 25-
30 (Chart 1.3) and utilized them as catalysts in the hydroboration of carbonyl compounds with
HBpin.3* They suggested that in the hydroboration reaction, complexes that contain bulkier
ligands exhibit superior catalytic activities when compared to complexes with less sterically
hindered ligands. This finding implies that the steric properties of the ligands in the catalyst
play a crucial role in enhancing the reactivity and efficiency of the catalytic process.

The use of bulkier ligands can have several beneficial effects in catalysis:

1. Increased selectivity: Bulkier ligands can help to control the selectivity of the reaction
by shielding certain parts of the catalyst from reacting with unwanted substrates. This
can lead to improved selectivity of the desired product.

2. Enhanced catalyst stability: Bulkier ligands can provide a protective environment
around the catalytically active centre, preventing undesired side reactions or catalyst
degradation.

3. Improved substrate accessibility: While bulky ligands may hinder substrate approach

in some cases, they can also create well-defined and sterically favourable environments
|
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for specific reactions, facilitating the binding of substrates and accelerating the reaction
rate.

4. Greater coordination flexibility: Bulkier ligands can offer more flexible coordination
geometries, allowing the catalyst to adapt to the specific requirements of the reaction.

Overall, the choice of ligands in a catalytic system can significantly impact its performance,
and sometimes, bulkier ligands may be preferred to enhance the catalytic activity and

selectivity for particular reactions.

In 2018, Xue, Shen and co-workers introduced two types of lanthanide complexes, S-diimide
bivalent lanthanide borohydride complexes (31-32) and bis(5-diimide) lanthanide complexes
(33-34), as catalysts for the hydroboration reaction of carbonyl compounds (aldehydes and
ketones) using HBpin to synthesize alcohols.'® Ma and co-workers utilized the ytterbium iodide
complex 35 as an efficient catalyst for aldehyde and ketone hydroboration.®® They
demonstrated that the hydroboration of more sterically bulky ketone substrates was less
effective and required higher catalyst loading compared to aldehyde substrates. This
observation is expected and can be attributed to the steric hindrance caused by the bulky groups
attached to the ketone molecule. Steric hindrance occurs when the bulky substituents on a
molecule hinder or block the approach of other molecules, including reactants and catalysts. In
the context of hydroboration reactions, the presence of bulky groups on ketones can make it
more challenging for the borating agent and the catalyst to access and react with the carbonyl
group of the ketone. As a result, higher catalyst loading or higher reaction temperature or longer
reaction time is often required to overcome this steric hindrance and promote the reaction to
proceed at a reasonable rate. In contrast, aldehydes typically have less steric hindrance around
the carbonyl group compared to ketones because they have one fewer substituent. Therefore,
they are often more reactive and require lower catalyst loading for efficient hydroboration.
Overall, this observation highlights the importance of considering steric effects when designing
and optimizing catalytic reactions, especially when dealing with bulky substrates.

12
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OH
L1:R'=R"=Bu Ph
L2: R'= R" = CMe,Ph Ph
L3:R'=Me,R"=H L6

L4:R' =Bu,R"=H

Chart 1.4. Ligands for the enantioselective hydroboration of ketones.3®

In 2018, Yao, Zhao, and co-workers unveiled a notable achievement, which is the sole example
of an enantioselective reduction of ketones catalysed by lanthanide complexes (12, 36-40)
featuring phenoxy-modified chiral prolinols (Chart 1.4, Scheme 1.8).% This finding represents
a significant contribution to the field of asymmetric catalysis, showcasing the potential of
lanthanide complexes in promoting selective ketone hydroboration with the assistance of chiral
prolinols. Also, they introduced complex 39 as a catalyst due to its structural resemblance to
the in situ formed active species and better yields of up to 99% and ee value of up to 95%.
Complex 40 was an efficient catalyst for the enantioselective hydroboration of «, f-unsaturated

ketone to alcohol with up to 99% yield and up to 87% ee value.3®

e A
Ligand (20 mol%)
12, 36-38 (10 mol%)
" 39-40 (?E) 1% ‘'t
- mo
1J\ , + HBpin : > 1 ,'\ ,
ROR TFA/EtOAC R 'R
R, R?= alkyl or aryl H,O up to 99% yield
\ y,

Scheme 1.8. Hydroboration of ketones an enantioselective approach.3®

1.5. Lanthanide complexes in the hydroboration of esters and epoxides

Ester hydroboration with HBpin using lanthanide catalyst:

The selective reduction of esters is indeed an important transformation in organic chemistry. It
involves the conversion of ester functional groups (RCOOR?) into alcohols (ROH) or
aldehydes (RCHO). There are several synthetic methodologies are reported for selective esters

reduction.
|
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a) Using strong reducing agents: LiAlH4, NaBH4, BH3 etc., which can reduce esters to
primary alcohols. DIBAL-H (diisobutylaluminum hydride), amalgamated zinc (Zn-Hg)
etc. are used for the selective reduction of esters to aldehydes.?’

b) Direct hydrogenation method: Selectively esters can be reduced to alcohols in the
presence of the metal catalyst and hydrogen gas.®

¢) Hydroelementation reaction: Hydrosilylation (used silane) and hydroboration (used

borating agent) are well known for the reduction of esters to alcohols.*

The choice of reducing agent and conditions depends on the specific ester and the desired
product. Selective reduction of esters is a fundamental transformation in organic synthesis, as
it allows chemists to modify and functionalize molecules for various applications, including
drug discovery, material science and the production of fine chemicals.*® Main-group element*!

-catalyzed ester hydroboration has been introduced from the last decade (Scheme 1.9).

o Catalyst H H Hydrolysis H H
1J‘J\ /R2 —_— + Rz—o—Bpin L» 2
R" 0 HBpin R’ “OBpin R1">on t RTOH

R' = alkyl, aryl; R? = alkyl, aryl

Scheme 1.9. Hydroboration of ester with HBpin to alcohol.

In 2019, Sadow and co-workers introduced homoleptic tris(alkyl)lanthanum complex
La[C(SiHMe>)z]s, which is highly efficient toward C-O bond cleavage in the hydroboration of
esters and epoxides.*? Alkyl esters, alkyl benzoates and aryl benzoates were reduced to
borylated alcohols using 41 (5 mol%) as a catalyst (Chart 1.5) at room temperature with
excellent yields. The catalyst 41 was highly chemoselective towards esters hydroboration with
HBpin. Electron-withdrawing group substituted esters afforded higher yields as compared to
electron-donating group substituted esters. They demonstrated the reactivity of catalyst 41 and
HBpin can lead to the formation of lanthanum hydride species. However, those lanthanum
hydride species exhibited notable efficiency towards ketones but not esters. The authors
described the mechanistic pathway of ester hydroboration with HBpin using catalyst
La[C(SiHMe>)z]s by in-depth kinetic studies. They established the experimental rate law with

a ternary-order rate constant (k) in Equation 5.

rate = k’[41]*[ester]*[HBpin]* (Eg. 5)

|
14
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C(SiHM = H” N(SiM
(SiHMey)3 H (SiMe3)2  acac = acetylacetonate

(41) |/ \I

SiMe, (12) (42)

Chart 1.5. Reported lanthanide complexes for ester and epoxide hydroboration reaction.
Catalyst 41 for ester & epoxide hydroboration and catalyst 12 for ester hydroboration.

Sadow and co-workers introduced two possible reaction mechanisms consisting of
experimental rate law. (a) “Ester-first” mechanistic pathway: A reversible interaction of [La]-
H with the ester to form [La]-OCHRY(OR?) and the irreversible reaction of [La]-OCHR(OR?)
with HBpin (Scheme 1.10A). (b) “HBpin-first” mechanistic pathway: A reversible formation
of lanthanum hydridoborate [La]-H2Bpin from [La]-H and HBpin and irreversible binding of
[La]-H2Bpin with ester (Scheme 1.10B). Both the mechanistic pathways A and B are in
accordance with the results of kinetic experiments, notwithstanding, pathway A is considered
less possible due to the reactivity of in-situ produced hydridolanthum species. They concluded
that lanthanum hydride is effective for the chemical transformation of ketones, likely involving
processes such as carbonyl insertion and alkoxide transfer to boron. Nevertheless, for the more
complex and challenging reduction of esters, the presence of [La]-H2Bpin is required to

facilitate the reactions.

15
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Scheme 1.10. Mechanistic pathway of ester hydroboration using catalyst 41.%?

In 2019, Marks and co-workers introduced a synthetic methodology to synthesize alcohols
from the reduction of esters with HBpin by using a highly active, very efficient and selective
catalyst 12.43 A wide range of esters were used for hydroboration reactions using 1 mol% of
catalyst 12 at ambient reaction conditions. Steric hindrance at the alkoxy position (R?) had a
notable negative impact on reaction time for hydroboration of esters, increasing the bulkiness
at the alkoxy position of the ester, reduces the reaction rate. In contrast, steric hindrance at the
acetyl position (RY) had minimal influence on the reactivity of the hydroboration reaction. In
addition to the steric effect, there was a noteworthy increase in turnover number observed for
substrates that had electron-withdrawing substituents at the acetyl position (R?). Furthermore,
the electron density on the alkoxy position (R?) was found to be a crucial factor in determining

reactivity toward hydroboration reaction. Specifically, the introduction of a phenyl group at the

16
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R? position led to a significant reduction in reaction rate. They demonstrated that catalyst 12 is

highly selective towards the ester group for the reaction. The kinetic studies of the ester

hydroboration reaction unveiled that the reaction rate is first-order with respect to catalyst 12

and zeroth-order concerning both HBpin and ester. This relationship is accurately described

by the rate law expressed in Equation 6.

rate = k[12]}[ester]°[HBpin]° (Eq. 6)

Based on the control experiments and DFT (density functional theory) calculations, a plausible

mechanism was proposed in Scheme 1.11. The proposed mechanism:

(i)
(i)

(iii)

(iv)

(v)

(vi)

(vii)

Activation of the ester coordinated complex 12a with HBpin initiates the reaction.
Coordination of another molecule of HBpin results in the formation of the
hemiacetal active species 12b.

In this intermediate, the HBpin molecule promotes the dissociation of the La-O
bond and the formation of the B-O bond, giving rise to intermediate 12c. This
intermediate was simultaneously stabilized by ester molecule.

Intramolecular rearrangement occurs, leading to the formation of the product
R?OBpin.

Subsequently, there was coordination of another HBpin molecule, resulting in
intermediate 12d.

The final step involves hydride transfer from the boron atom of the hydroborate-
lanthanum complex to the coordinated ester 12e, regenerating the active species
12a.

Simultaneously, the product R*CH,OBpin was released.

17
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Scheme 1.11. Proposed mechanistic cycle of ester hydroboration.*?

This proposed mechanism outlines the series of chemical transformations that occur during the

hydroboration reaction, providing insights into the reaction pathway and the role of various

intermediates and reagents.

Epoxide hydroboration with HBpin using lanthanide catalyst:

Hydroboration of epoxides are also a process of C-O bond activation (Scheme 1.12).*! The

hydroboration of epoxides is very uncommon in synthetic organic chemistry. There is only one

report on lanthanide-catalyzed hydroboration of epoxides.

Thesis: Md Jabed Hossain
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> Bpin—O H > HO H
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R R H-Bpin R \R1

R', R? = H, alkyl, aryl

Scheme 1.12. Hydroboration of epoxide with HBpin using lanthanide as catalyst.

Sadow and co-workers disclosed the epoxide hydroboration reaction using catalyst 41, which
IS very active, regioselective and highly efficient towards epoxides hydroboration with
HBpin.*> 5 mol% of the catalyst 41 with 1.3 equivalent HBpin at 25-60 °C temperature in 24
hours was the optimized reaction conditions for epoxide hydroboration and they demonstrated
a series of examples of different type of epoxide hydroboration at the optimized reaction
conditions. The relatively slower rate of epoxide hydroboration has constrained the scope of
comprehensive kinetic investigations. Furthermore, it’s important to note that the mechanism
of this reaction differs significantly from that of ester hydroboration. Although, they
demonstrated two different reaction pathways for epoxide hydroboration. (a) “Ester-first”
mechanistic pathway (Scheme 1.13A) and (b) “HBpin-first” mechanistic pathway (Scheme
1.13B). Hence, the authors introduced the mechanism outlined in Scheme 1.13B is favoured

due to their alignment with analogous rate laws.*?

( )
CH,R?
O K1 2
(A) [tal-H + /N = <=—= |[La]—O H
R R? K4 -
CH,R? ‘ CH,R?2
2
[La]—O H + H-Bpin >  Bpin—O H + [La]-H
R turnover-limiting step R
K4 _
(B) [LalFH + H-Bpin =——= [-al-HBpin
-1
2
O k2 CH2R
[La]-H,Bpin + 1A ) > Bpin—o%H + [La]-H
R R® " turnover-limiting step "
R', R? = H, alkyl, aryl
~ J

Scheme 1.13. Mechanistic pathway for epoxide hydroboration using catalyst 41.42
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There is no such report on lanthanide-catalysed hydroboration of epoxide using HBpin.

1.6.

Lanthanide complexes in the hydroboration of imines and nitriles

( B
Catalyst H Hydrolysis h
1/% /Rz ﬂ» 1J\ /R2 u» R']J\N/RZ
RN HBpin RN .
Imine Bpin H
Borylated amine Amine
Bpin )
4 —. Catalyst ; Hy / Hydrolysis 1 H,
R'=C=N —— = R'—C —N — > R'—C —NH,
HBpin \B .
Nitriles pin Amine
Borylated amine
R', R? = H, alkyl, aryl

Scheme 1.14. Hydroboration of imine and nitrile with HBpin.

Imines and nitriles are emergent functional groups in organic chemistry, their reduction is

indeed an eventual methodology in synthetic organic chemistry to synthesize primary and

secondary amines, which have wide applications in diverse fields. The reduction of imines and

nitriles and its motive are:

>

>

Reduction of imines: Imines are C=N bond-containing compounds and can be
reduced to amines.*

Reduction of nitriles: Nitriles are C=N bond-containing compounds and can be
reduced to primary amines.**

Natural product synthesis: Natural products, e.g., alkaloids, peptides and antibiotics
containing amine functional groups and the reduction of imines and nitriles provide a
key step in the synthesis of those compounds.*

Drug discovery: Amines are verily used in pharmaceuticals. Hence, the reduction of
imines and nitriles is a golden tool in the progression of drugs and pharmaceuticals.*
Polymer science: The various polymers (e.g., polyamides and polyurethanes) can be
synthesized using primary and secondary amines. The reduction of nitriles can be a
crucial step in the preparation of these monomers.*®

Industrial and academics: This methodology is extensively utilized in both industrial

processes and research laboratories for amines synthesis. It enables chemists to access
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diverse amine-containing molecules, contributing to the advancement of chemical

science and technology.*

There are several synthetic methodologies were reported for imines and nitriles reduction
(Scheme 1.14), e.g., direct hydrogenation,*® using strong reducing agents (LiAIH4, NaBHsa,
BHs etc.)*” and hydroelementation reaction (hydrosilylation,*® hydroboration*®). However, all
the broadly reported synthetic strategies have some disadvantages over hydroboration reaction

for the reduction of imines and nitriles to amines.

» Direct hydrogenation method: Using H gas in the presence of the metal catalyst, the
storage and handling of Hz gas is highly risky.*

» Using strong reducing agents: The metal hydrides (LiAlHs, NaBH4) possess very
strong reducing properties, which sometimes hampers the other functional group and
gives less selectivity towards imines and nitriles hydroboration reaction.

» Hydrosilylation reaction: The hydrosilylation reaction is atom efficient and uses
generally mild reaction conditions, but most of the silanes are costly as compared to

HBpin. So, the hydrosilylation reaction is economically less favourable.*

Whereas, hydroboration reactions have good advantages; (i) It is atom efficient, (ii) Usually
mild reaction conditions are used, (iii) high efficiency and high selectivity and (iv) the
hydroborating agents are comparatively cheaper.>® Consequently, the hydroboration reaction

has enticed more academic and industrial amenities for two decades.

( I

Ph

l% ﬁ O \/ es
N} 4&'( /\ U

Ph
Mes = 1, 3, 5-trimethyl-CgH,
M =Y (44), Gd (45), Dy (46), Er (47)

- J

Chart 1.6. Reported lanthanide complexes in imines and nitriles hydroboration reaction.

The transition metal catalysed hydroboration reaction is extensively introduced in organic
transformation; but there are very less reports on lanthanide-catalysed hydroboration of imines
and nitriles compounds.
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Scheme 1.15. Lanthanide hydride-catalysed 1,2-hydroboration of pyridine with HBpin.

In 2014, Marks and co-workers first disclosed the organo-lanthanide-catalysed hydroboration
of a C=N moiety of pyridines.®® In this work, they demonstrated the regioselective 1,2-
dearomatization of pyridines with HBpin by using lanthanum hydride complex 43 (Chart 1.6)
as a catalyst to afford 1,2-dihydropyridines (Scheme 1.15). This report conferments various
advantages, including the utilization of deliberately available, non-toxic, cost-effective
lanthanide hydride complex 43. This complex exhibited exceptional atom efficiency and
demonstrated remarkable 1,2-regioselectivity even with at low catalyst loading (1 mol%) under
mild reaction conditions (Scheme 1.15). This synthetic methodology demonstrated excellent
functional group tolerance, despite the inherent electrophilic nature of the lanthanide centre. In
presence of the electron-withdrawing group at the substrates delivered a higher reaction rate as
compared to the electron-donating group substituted substrates. Other than pyridines, other
benzofused N-heterocycles, e.g., quinoline and isoquinoline underwent rapid hydroboration
yielding the corresponding 1,2-dearomatized products with very good yields. Mechanistic
studies have unveiled an experimental rate law characterized by a variable dependence on

pyridine concentration and a rather unusual inverse first-order dependence on HBpin.

rate = Kobs[43]*[pyridine][HBpin]* (Eq. 7)

22
Thesis: Md Jabed Hossain



Chapter 1

s N\
fast reaction
(@ [Cp*pLaH], + 2nPy ——— > 2 Cp*,LaH(Py),
n=1,2
B #
[ S
A B
A NTH
Cpkat(Py)y  —— Cp*z'-fli/ —> Cp*zLa\Py
L (PY)n1
X X
A | | H
(b) N + HBpin > 'Tl H + Cp*LlaH(Py),
Cp*, La Bpin
P2 \Py p
(c) Cp*,LaH(Py), t HBpin === [Cp*sLaH(Py),-HBpin
nm=1,2
@.\\'@ 0
(d) [Cp9laHl, + 4HBpin ——Sg—=> 2 Lal
P \\ \O
b |
H!lo
B
at /"
H
_ J

Scheme 1.16. Plausible fundamental reaction order for pyridine dearomatization reaction with

HBpin using 43 as catalyst.>

Experimental investigation of the reaction mechanism (Scheme 1.16) revealed a decisive and

dispersive role of catalyst 43 for pyridine dearomatization reaction.

» When catalyst 43 was treated with excess pyridine, afforded [Cp*2La(NCsHe)(Py)]
complex (Scheme 1.16a)

» The addition of 1 equivalent of HBpin subsequently leads to the formation of the
dearomatized B-N product (Scheme 1.16b)

» Theinverse order with respect to [HBpin] suggests that there is kinetic inhibition, which
is competing with the turnover-limiting step in the reaction (Scheme 1.16c). These
results indicate that the catalyst’s “resting state” may be a mononuclear species related

to [Cp*.LaH(Py)n] and the turnover-limiting step likely involves intramolecular C=N

insertion.
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» Upon stoichiometric reaction of catalyst 43 with HBpin (4 equiv.) delivered a rapid and
irreversible formation of catalytically inactive zwitterionic complex 43* (Scheme
1.16d).

In 2018, Wang and co-workers reported a significant advancement by achieving the
hydroboration of a wide range of imines and nitriles using amide-functionalized N-heterocyclic
carbene-mediated rare-earth complexes 44-47 (Chart 1.6) as catalysts.>? This significant
research likely contributed to the development of efficient methods for the synthesis of valuable
amines from imines and nitriles. They introduced these complexes, which exhibited remarkable
catalytic activity in N-benzylideneaniline hydroboration reaction, yielding the desired
hydroborated product in high yields. These complexes 44-47 displayed catalytically higher
reactivities towards hydroboration reaction than other amido-metal complexes, e.g.,
NaN(SiMes)2, KN(SiMes)2, GA[N(SiMes)2]s and [(Me3Si)2N]sLn(u-Cl)Li(THF)3 (where, Ln =
Y, Dy, Er). This observation highlights the significance of the carbene moiety in enhancing the
catalytic activity of these complexes. An exception was observed in the reaction involving a
compound with a strong electron-withdrawing nitro group present in imine. In this case, a poor
yield was obtained due to the coordination of the nitrogen atom to the rare-earth metal centre,
which affected the reaction outcome. Expanding the substrate scope to nitrile compounds, it
was found that both aliphatic and aromatic nitriles could undergo double hydroboration in the
presence of these catalysts irrespective of the electronic or steric properties of the substrates,

resulting in the formation of dihydroborated products with excellent yields.

1.7. Lanthanide complexes in the hydroboration of amides

Reduction of amide to amine is always a significant and emergent process in synthetic organic
chemistry. Because amides are verily abundant in nature (protein, peptide, plant), on the other
hand, amines are fundamental organic compounds with wide-ranging applications in the
pharmaceuticals, agrochemical products, preparation of material dye, textile industry,
production of rubber, cutting oil and for CO, capture.>® In peptide chemistry, the conversion of
amides to amines is very important for modifying peptide structures, creating peptide mimetics
and developing bioactive compounds. Several methodologies have been reported for amide
reduction in the last few decades by using the direct hydrogenation method, transition metal

catalyst, main-group element catalyst and harsh reducing agents.>® Recently, researchers
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developed a new synthetic strategy for amide reduction, known as deoxygenation of amide by

using lanthanide as a catalyst (Scheme 1.17).

( N\
j\ ; Catalyst H)<H |
. - _R" + Bpin-0-Bpin
R” N HBpin R™ON P P
R2 R2
R = H/alkyl/aryl; R = H/alkyl/aryl; R? = H/alkyl/aryl

. /

Scheme 1.17. Deoxygenation of amide to amine using HBpin.

In 2020, Findlater lanthanum-catalysed

hydroboration of amides with HBpin.>® Where they demonstrated the direct deoxygenation of

and co-workers unveiled polyoxometalate

amides using polynuclear lanthanum-diketonato cluster 42 (Chart 1.7) in the presence of
HBpin. Complex 42 was exhibited to be a remarkably versatile hydroboration catalyst,
effectively facilitating the hydroboration of primary (1°), secondary (2°) and tertiary (3°)
amides. Notably, this methodology offers a straightforward approach that exhibits tolerance

for a broad spectrum of functional groups and heteroatoms.
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N(SiMe3)2
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Chart 1.7. Reported lanthanide complexes in amides hydroboration reaction

In 2020, Chen and co-workers introduced rare-earth metal-catalysed deoxygenation of
secondary HBpin.>*
bis(trimethylsilyl)amides of yttrium complex 16 (Chart 1.7) behave as an efficient catalyst for

amides

and homoleptic

tertiary using They displayed
hydroboration of secondary and tertiary amides to corresponding amines in the presence of
HBpin. They showed a capacious substrate scope of secondary and tertiary amides
hydroboration with various functional group substituted examples including electron-donating
and electron-withdrawing groups in good to excellent yields. By utilizing this synthetic
methodology, they synthesized indole and its derivatives, which have a great impact on the

biological field:

|
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> Itisused as an antimicrobial, anticancer agent, anti-hypertensive and anti-inflammatory

agent.
» Used as an intercellular signal molecule.

Further showcased this efficient synthetic methodology through the successful execution of a
gram-scale synthesis of piribedil (Scheme 1.18), a compound used in the treatment of
Parkinson’s disease, achieving an impressive isolated yield of 93%. To investigate whether the
rate-determining step (RDS) involved B-H activation by 48, performed the Kinetic isotope
effect (KIE). The KIE value 1.32, indicating that RDS was not associated with B-H activation

in this reaction.®*

N 0]
N @JJ\©:O> + HBpin 10 (19 mol%) N\)><E>: )
h P Toluene, 100 °C, 24 h L/\r

2.4 equiv. - Bpin-O-Bpin

Yield = 93%
Piribedil

Used for the treatment of
"Parkinson's disease"

Scheme 1.18. “Gram-scale” synthesis of piribedil using HBpin.

In the same year, Marks and co-workers reported homoleptic La-catalysed hydroboration of
secondary and tertiary amide with HBpin under mild reaction conditions.>® The hydroboration
reaction of amides afforded borylated amines and O(Bpin). catalysed by [La(SiMes).]s 12 in
presence of HBpin. This reaction methodology exhibited excellent tolerance for nitro, halide
and amino functional groups. Importantly, this amide reduction process is highly
chemoselective with no competing inter- or intramolecular alkene/alkyne hydroboration
reactions was observed. Kinetic studies suggested that the reduction of tertiary amides followed
an unconventional mixed-order rate law, which was believed to arise from the saturation of the

catalyst with HBpin. The rate law equations were:

(a) At low HBpin concentration

rate = k[12]*[amide]°[HBpin]* (Eq. 8)
(b) At high HBpin concentration
rate = k[12]*[amide]°[HBpin]° (Eqg. 9)

|
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They also performed Hammett plot from the reduction of para-substituted N-benzoylpyridines

with HBpin and established the Hammett equation (Eq. 10), where, Hammett constant p = 0.56.
log(k/kn) = po = 0.560 (Eq. 10)

Marks and co-workers very beautifully and systematically described the catalyst activation
process in the presence of 12, amide and HBpin (Scheme 1.19) via theoretical studies. They
demonstrated that the formation of “lanthanum -hydride” was energetically not favourable and
“lanthanum-hemiaminal” species was proposed as an “active catalyst” for tertiary amide
hydroboration with HBpin.>® Also, they disclosed a catalytic reaction cycle by using density
functional theory (DFT) calculations (Scheme 1.20).

Ve )
O IL R IL R H
- -
P ¢ TP R
R l\ll O HBpin 0 /’B‘o N*-Bpin "N
*N\ /N* *N\ :/N* *N\ :/N*/ "/// |
La L L SN L2 2, oA
N R=aryl N N N™ O\
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IL R pTTTTEEEEEE TN
s ' ‘
Y S
. * |I E o\ o) 9) /:
"Lanthanum-hydride" N\LI/H BT AN
energetically unfavorable |a : ,_{ NIEY I
N* ' N7\, ‘
oo N* H
Proposed "active catalyst"
_ /

Scheme 1.19. Proposed “active catalyst” for tertiary amide hydroboration using 12.%°
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Scheme 1.20. DFT-calculated proposed mechanistic pathway of tertiary amide hydroboration
catalysed by 12.%°

1.8. Lanthanide complexes in C—H bond activation via borylation reaction

Chemodivergent strategies play a crucial role in synthetic organic chemistry by enabling the
efficient introduction of structural diversity into value-added organic products through
straightforward chemical alterations. These methodologies provide chemists with versatile
tools to access a wide range of compounds with diverse structures and properties, making them
invaluable in the design and synthesis of complex molecules for various applications in
pharmaceuticals, material science and chemical research.’® To achieve these objectives,
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numerous effective chemodivergent strategies make use of adjustments such as varying
additives, solvents and catalysts, making slight substrate modifications and employing other
tactical approaches. Regarding catalyst modification, it is well-documented that altering the
choice of metal, especially within a transition-metal series, can have a profound impact on
catalytic selectivity. However, it is often observed in lanthanide/rare-earth catalytic chemistry
that making incremental changes in the ionic radius typically leads to only modest and gradual

variations in catalytic activity.

- N\
R R
Cp*,LuCH(SiMe3),
N (1-6 mol%) X
| 1+ HBpin - |
N~ OH Toluene-dg, 100 °C, 6 h N~ "Bpin
1 equiv. 1 equiv. -Ha
L /

Scheme 1.21. Lanthanide-catalysed a- C—H borylation of substituted pyridine.

Hence, the development of more efficient and selective methods for the a-functionalization of
pyridine and related azines would represent a significant advancement in synthetic
methodology.®” There are few reports on transition-metal-catalysed a-functionalization,®® but

rare-earth metal catalysts are an infant in a-functionalization of organic substrate.

Recently, Marks and co-workers reported chemodivergent Lu-catalysed a-C—H borylation of
pyridines with HBpin (Scheme 1.21).%° Previously, Marks and co-workers introduced the 1,2-
dearomatization of pyridines with HBpin using [Cp*2LaH]2 (39) as a catalyst.>! Ther after, they
hypothesized that a-C—H borylation of pyridines with HBpin occurred in the presence of
smaller lanthanides (such as Lu®* with ionic radius 0.995 A), whereas 1,2-dearomatization of
pyridines with HBpin happened in presence of larger lanthanides (such as La®** with ionic radius
1.250 A) (Scheme 1.22).5°

( A
; SiMe;
:Ln
S SiMe;
Ln = Lu (48), La (1)
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Chart 1.8. Reported lanthanide complexes in a-C-H bond activation of pyridine via borylation
reaction.

R
N 0

|+ nE .
N”H o

R
@

N

|

X
H <: La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu :} |
Pz
N Bpi
Bpin Large Ln3+ € > Small Ln3+ P
1,2-dearomatization a-C-H borylation
High selectivity High selectivity

Scheme 1.22. Chemodivergent Ln-catalysed regioselective 1,2-dearomatization or a-C—H
bond activation of pyridine.*®

They demonstrated a significant number of pyridine substrates including electron-donating and
electron-withdrawing group substituted substrates and all the substrates afforded good yields
under optimized reaction conditions (1-6 mol% catalyst, toluene-ds, 100 °C and 6 h). They
displayed the reaction mechanistic of a-C—H borylation of pyridines by taking DMAP with
HBpin using [Cp*2Lu{CH(SiMes)2}] (48) (Chart 1.8) as a catalyst (Scheme 1.23).%°
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Scheme 1.23. Proposed mechanistic pathway for a-C—H borylation of DMAP with HBpin by
using Lu-catalyst 48.%°

1.9. Motivation and objectives

Lanthanides possess immense coordinating properties in the absence of orbital interactions due
to “lanthanide contraction” and it displays a large flexible coordination number for the
presence of 4f orbitals. On the other hand, lanthanides are highly reactive in nature and behave
as a reducing agent in synthetic chemistry. Upon reviewing the existing literatures on
lanthanide-catalysed hydroboration reactions, it becomes evident that there is a notable gap in
research pertaining to cerium-catalysed hydroboration reactions. It’s worth noting that cerium,
being the most abundant and cost-effective among the lanthanides, presents an intriguing and
potentially valuable avenue for exploration in homogeneous catalysis. The advantages of the
lanthanide-catalysed hydroboration reactions in synthetic organic chemistry: (i) atom efficient
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reaction, (ii) selectivity, (iii) control stereochemistry, (iv) good functional group tolerance, (V)

applications in pharmaceuticals and green chemistry.

In summary, lanthanide-catalysed hydroboration reactions are versatile tools in organic
synthesis, allowing for selective functionalization of molecules and enabling the creation of

complex structures with controlled stereochemistry.

( A
(Me3Si)2N\ /N(SiMe3)2

(0]

C \

€ B-H

(0]

N(SiMej3); Pinacolborane

(HBpin)
Homoleptic cerium amide
(Ce[N(SiMe3),]5)

Figure 1.2. Homoleptic bis(trimethylsilyl)amides of cerium complex Ce[N(SiMe3):]s.

Taking all of those factors into consideration, we synthesized homoleptic
bis(trimethylsilyl)amides of cerium complex (Figure 1.2),%° which have some magnificent

properties:
v' Commercially available
v' Less air and moisture sensitive
v' Comparatively cheaper
v High abundance
v" Low toxicity

Having successfully synthesized Ce[N(SiMes).]3(THF)s, it serves as a catalyst for wide range
of organic transformations in presence of HBpin, e.g., deoxygenation of primary and secondary
amides, hydroboration of esters and epoxides, reduction of CO to methanol, reduction of C=C,
C=C and C=N bonds and selective deoxygenation of isocyanates to form N-boryl methyl

amines.
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2.1. Introduction

The reduction of amides to amines is a challenging organic transformation due to the amides'
less reactive carbonyl bond (C=0) (Scheme 2.1). Several methods are known for the synthesis
of amines, but they lack the ease of synthesis."2 The direct hydrogenation of amides to amines
(using H2) in the presence of late-transition metal catalysts is well explored but requires high
temperature and pressure.® Similarly, strong reducing agents like LiAlH4, B2Hs, etc. require
stoichiometric amounts and sometimes hamper the other functional group and display poor
chemo- and site-selectivity.* Other methods like transfer hydrogenation® and hydrosilylation®
are also known for reducing amides but are still in their infancy. Additionally, silanes cost
much more than boron reagents. Hence, hydroboration can serve as an alternative route for the
reduction of amides. It is evident from the literature that the reduction of 1° amides with
pinacolborane is more difficult compared to 2° and 3° amides.”® There is only one example of
a simple and easily available compound that can be utilized for the hydroboration of 1°
amides.® But, that requires harsh conditions (120°C), which are undesirable for chemo- and

site-selective reductions (Chart 2.1).%2

Recently, significant attention has been paid to the less explored rare-earth metal-based-
catalysts for the hydroboration of amides to the corresponding amines.228 In 2020, Chen and
co-workers introduced the hydroboration of 2° and 3° amides to amines using Y[N(SiMe3)2]s
as a catalyst at 100-120 °C temperature (Scheme 2.2).8° They also tried the hydroboration of
1° amides, but the attempts were unsuccessful.

S
(O oe (@)
)J\" R )\’\ R )\\@ R
R ']l/ ! - R ©) N~ ! - R 'Il/ !
I
R, R2 RZ

The difficulty order of amide reduction: 19> 20> 3°

Scheme 2.1. Resonance stabilization of amide (R1 and R2: H, alkyl or aryl).

Y[N(SiMes), 13 La[N(SiMe3)]; Ca[N(SiMe;), ],(THF),
Chen and co-workers Marks and co-workers Luo and co-workers
2020 2020 2021
2° and 3° amides 2° and 3° amides 1°and 2° amides
10 mol% of catalyst 5 mol% of catalyst 120°C, 36 h
2.4-6 eqv. of HBpin 5 eqv. of HBpin 5 mol% of catalyst
100-120 °C, 24-48 h 25-60 °C, 1-48 h 5 eqv. of HBpin

3° amide (25 °C, 4 h)

|
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Chart 2.1. Reported homoleptic bis(trimethylsilyl)amide catalysts for amide reduction.

a H H

R Ln[N({SiMe R
R)J\Ir U4 e _TINGSMe R)QITI/ 1
Rz Rz
R, =R, =H (I1° amide); R, = aryl/alkyl, R, = H (2° amide); R, = R, = aryl/alkyl (3° amide)

___________________________ O J e e R S P eSS
Findlater and co-workers, 2019} Chen and co-workers, 2020 | Marks and co-workers, 2020 E This work
1
1
= Hydroboration of 2 and 3"! = Hydroboration of 2° & 3°
amides I amides
10 mol% of YIN(SiMe;),];1 * 5 mol% of La[N(SiMe;),];
2.4-6 eqv. of Hbpin = 5eqv. of HBpin
Toluene as a solvent = C,D; as asolvent
100-120 °C temperaturc = 25-60 °C temperature
]
]

* Hydroboration of 1°, 2° & 3°
amides

1.5-3 mol% of La,(O)(acac),,
3-4 eqv. of HBpin

Benzene as a solvent

50-110 °C temperature

7-24 h reaction time

50 examples

= Hydroboration of 1° & 2°
amides

" 2-5mol% of

Ce[N(SiMe,),];(THF),

4.5 eqv. of HBpin

Toluene/C,Dy as solvent

60-70 °C temperature

4-36 h reaction time

29 examples

Commercially available

catalyst

* Indole synthesis

24-48 h reaction time 0.5-96 h reaction time
46 examples 15 examples
Commercially available Commercially available
catalyst catalyst

= Indole synthesis

Scheme 2.2. Reported organo-lanthanide catalysts for the hydroboration of amides.

In the same year, Marks and co-workers also reported the reduction of 2° and 3° with
pinacolborane under mild conditions at 25-60 °C temperature using La[N(SiMes)2]s as a
catalyst (Scheme 2.2),% but they were also not successful in reducing 1° amides using HBpin.
However, they explained the catalyst's activation and mechanistic pathways in detail. Another
significant contribution in this line was made by Findlater and co-workers, who introduced the
polynuclear lanthanide—diketonato clusters as a promising catalyst for the hydroboration of
amides (1°, 2°, and 3°) and esters.® Recently, Sen and co-workers demonstrated the reduction
of amides (1° and 2°) to their corresponding borylated amines in a neat reaction using harsh

conditions with an excess of HBpin (at 100 °C).1°

Encouraged by the previous studies on homoleptic bis(trimethylsilyl)amides as catalysts, we
envisioned using a less explored and easily available Ce[N(SiMez)2]3(THF)s as a catalyst. In
this work, we have demonstrated the deoxygenation of 1° and 2° amides with HBpin in the
presence of easily available Ce[N(SiMez3)2]3(THF)s under mild conditions. Further, we have
shown a broad substrate scope of 1° and 2° amides with different functional group tolerance.
Several experiments and Kinetic studies were performed to understand the mechanistic aspects
of the hydroboration reaction of amides using Ce[N(SiMes)2]s(THF)s. Our detailed results are

discussed herein.
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2.2. Experimental section

2.2.1. General information: All manipulations were carried out under an inert gas atmosphere
of argon using the standard Schlenk technique and in an argon-filled MBRAUN MB 150-Gl
glovebox. All solvents were purified by MBRAUN MB SPS-800 solvent purification system.
All other chemicals were purchased from Sigma Aldrich, Alfa-aesar and BLD Pharma. The *H
and 3C NMR spectra were recorded in CDClz and CsDg using a Bruker 400 MHz spectrometer.
Mass spectra were recorded using an AB Sciex 4800 plus HRMS. The IR spectra were recorded
by using ALPHA-II ECO ATR, Bruker. Ce[N(SiMez3)2]3(THF)3 was synthesized by using
reported synthetic procedure.!

2.2.2. Catalytic reaction procedure: The hydroboration of the primary amide (benzamide)
was carried out in Schlenk tubes and NMR tubes using the Schlenk line. The benzamide (0.2
mmol) was taken in a Schlenk tube and added 0.5 M of HBpin solution in toluene. The reaction
mixture was kept for heating in an oil bath for the mentioned time period. After the completion
of the reaction, the solvent was dried under the vacuum, and mesitylene (0.2 mmol) was added.
To this mixture, 0.5 mL of CDCl3z was added to record the NMR spectrum. The yield of the
borylated product was determined by integrating the corresponding *H NMR spectrum
normalized by mesitylene as an internal standard. In some cases, we used C¢Ds as a solvent
due to the products' volatile nature or low boiling point. We have calculated the yield of the

product by considering the two protons at the reduced carbon centre (Figure 2.1).

s ~
Characteristic protons

Bpin
R' N
Bpin
Borylated product
g J

Figure 2.1. The general structure of the borylated amine as a product of hydroboration of the

primary amide.
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2.3. Results and discussion

2.3.1. Reaction optimization: We started the investigation of the deoxygenation of benzamide
(1° amide) with pinacolborane (HBpin) in the presence of Ce[N(SiMes)2]3(THF)z as a catalyst.
We observed that 5 mol% of the catalyst at 70 °C with 4.5 equivalent of HBpin in 36 hours led
to almost quantitative deoxygenation of benzamide (Entry 2, Table 2.1). During optimization
(Table 2.1), asignificant change in the yields of the hydroborated products was observed under
varying reaction conditions. All the reactions are performed in toluene or benzene-ds solvent.
After optimizing the reaction conditions for the deoxygenation of benzamide, we moved
towards the deoxygenation of secondary amides (acetanilide) with HBpin (Table 2.2). We
found that 2 mol% of the catalyst at 70 °C temperature in 12 hours with 4.5 equivalent of HBpin
are the fruitful conditions to attain the corresponding hydroborated product of acetanilide in
good yields (Entry 3, Table 2.2). After that, we tried to get the deoxygenated product of a
tertiary amide by varying several reaction conditions (up to 100 °C temperature in 48 hours).
Unfortunately, we could not get the desired product from 3° amides. This was a surprising
observation, as two previous reports on organolanthanides-catalyzed deoxygenation of 2° and

3° amides have already been documented.28°

During optimization of the reaction conditions (Table 1 and Table 2.2), it was noticed that the
equivalency of the HBpin greatly influences the deoxygenation of 1° and 2° amides.
Conceptually, 3.0 equivalent of HBpin is required to accomplish the deoxygenative reduction
of 2° amides, but for the completion of the reaction with a higher yield, it requires 4.5
equivalent of HBpin. Similar observations are made in the previous lanthanide-based catalysts,
where it is presumed that the excess of HBpin compensates for the possible formation of

transient amide-borane/amine-borane adducts during the reaction.

Table 2.1. Optimization of reaction conditions for Ce[N(SiMes).]s(THF)s-catalyzed

deoxygenation of 1° amides.

Ce[N SIMe3 2]3 THF
NH, + H— B (Xmol/o Bpln O / < /
Toluene

0.2 mmol y mmol Product

Entry Mol% (X) Eqv. of Temp. Time Yield”
of catalyst HBpin (°C) (h) (%)
1. 5[CeNTMS] 4.5 70 24 63
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2. 5[CeNTMS) 45 70 36 95.5
3. 2[CeNTVS] 45 70 36 30
4. 4[CeNT™S] 45 70 36 49
5, 5[CeNTMS) 45 It 36 185
6. 5[CeNTMS] 45 50 36 405
7. 5[CeNTMS] 45 60 36 725
8. 5[CeNTMS) 35 70 36 54.5
9. 5[CeNTMS) 45 70 36 17#
10. - 45 70 36 13
11. 10[CeCl3] 45 70 36 22
12. 5[LaNTMS] 45 70 36 17
13. 5[YDNTMS] 45 70 36 44

["Yields were determined by the integration of the corresponding *H NMR spectra normalized
with an internal standard (mesitylene); *Reaction in neat condition; LnN™S: Ln[N(SiMes)2]s
(where, Ln =Ce, La, YDb)]

Table 2.2. Optimization of reaction conditions for Ce[N(SiMes).]s(THF)s-catalyzed

deoxygenation of 2° amides.

Bpin
Ce[N(SlMe3)2]3(THF)3 |

M N
N g (X mol%) >( o) 0
+ H—B - Ay + | I
(6] \o /B\O/B\o

Toluene (6]
0.2 mmol y mmol Product
Entry Mol% (X) Eqv. of Temp. Time Yield"

of catalyst HBpin (°C) (h) (%)
1. 2[CeNT™S] 4.5 70 24 >99
2, 2[CeNT™S] 3 70 24 80
3. 2[CeNT™S] 4.5 70 12 98
4. 2[CeNT™S) 4.5 70 8 69
5. 1[CeNT™S] 4.5 70 12 58
6. 2[CeNT™S] 4.5 rt 12 17
7. 2[CeNT™S) 4.5 50 12 68
8. - 4.5 70 12 <3
9. 10[CeCl3] 4.5 70 12 <5
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["Yields were determined by integrating *H NMR spectra in the presence of an internal standard

(mesitylene)]

After finalizing the optimized reaction conditions, we further performed some control reactions
to elucidate the role of Ce[N(SiMes)2]3(THF)z and HBpin for the deoxygenation of 1° and 2°
amides (Table 1 and Table 2.2). For 1° amide (benzamide), when the reaction was performed
without a catalyst, a 13% yield of the product was observed (Table 2.1). Similarly, 10 mol%
of CeCls as a catalyst led to the formation of 22% hydroborated product (Table 2.1). To
exclude the hidden catalysis by BH3, we performed the catalytic reaction in the presence of 20
mol% of TMEDA.!213 This reaction afforded 81.5% yield of the product, confirming a minor
impact of BHs in this 1° amide hydroboration reaction (Scheme 2.3). However, for 2° amide
(acetanilide), the same set of control experiments afforded a significantly less yield of the
product (3-5%) (Entry 8-9, Table 2.2). The presence of 20 mol% of TMEDA in this reaction
gave a 95.5% yield of the product, representing an insignificant role of BHz in 2° amide

hydroboration reaction (Scheme 2.3).

Ce[N(SiMes),la(THF)3 (5 mol%) H H
TMEDA (20 mol%) _
Hy — B - N(Bpin), ? (I)
Toluene, 70 °C, 36 h + 0~ B~o7B~0

Yield = 81.5%

0.2 mmol 0.9 mmol

H Ce[N(SiMej3),]3(THF)3(2 mol%) I?pin
o o TMEDA (20 mol%) N o o
+ H—g > * N
ol % H H 0~ P07 B>

Toluene, 70 °C, 12 h
0.2 mmol 0.9 mmol Yield = 95.5%

Scheme 2.3. Hydroboration of 1° and 2° amides in the presence of TMEDA, a test for “hidden

catalysis”.

2.3.2. Substrate scope of deoxygenation of amides: After optimizing the reaction conditions,
we moved toward the substrate scope to study the influence of different electron-withdrawing
and electron-donating groups on the aromatic and aliphatic primary amides (Scheme 2.4). The
aromatic amides are observed to offer more prolific yields as compared to the aliphatic amides.
The electron-withdrawing and electron-donating groups play an unambiguous preface to afford

the corresponding hydroborated amines.

The electron-withdrawing groups substituted primary amides are conferring comparatively less
yields (1f with pentafluoro group, 1g with -NOz group, 1n with -CN group, 10 with trichloro
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groups, 1p with -OH groups). Surprisingly, 1c shows less yield (65%) than the other substrates,

possibly due to the two methoxy groups at the meta-position (Scheme 2.4).

o 5 mol% of
JJ\ ~ CeIN(SiMe3),]3(THF)3
R1” SNH, T HBpin > R1 ~BPin
Toluene/C gDg -B ~o” \

1 eqv. 4.5 eqv. 60-70 °C, 36 h Bpm

©)< Bpln/(j)< Bpm)g \©)< (Bpin), /@X Bpm/<j)< (Bpin),
OMe
1a (96%) 1b (97%) 1c (65%) 1d (98%) 1e (85%)
H H H H
N(Bpin), N(Bpin), )<
N(Bpin) \)<N(Bpin)2 /\)< N(Bpin),
1h (90%)* 1i (92%)° 1j (83%)"
19 (75%)
1f(46%
H H H H H H /\H)(H
w)%(spm)2 Bpin/\)(mspin)z Bpin/ﬁxmspimz (Bpin),N 1 (770/)N(Bpin>2
n (]
1k (75%)° 11 (93%)* 1m (78%)" H H
H H H H N(Bpin),
X ) Bpino\)< ) \)<
Cl5C N(Bpin), N(Bpin), N(Bpin), OO
10 (62%)® 1p (55%) 1q (73%) 1r (98%)

Scheme 2.4. Substrate scope of Ce[N(SiMes)2]3(THF)s-catalysed primary amide
hydroboration reaction. [2CsDs as solvent. ®72 hours reaction time. Yields were determined by

integrating *H NMR spectra in the presence of an internal standard (mesitylene).]

We used CeDs as a solvent (instead of toluene) for six substrates (1h-1m) as the boiling points
of the desired products in these cases were less. 1a and 1b were obtained in almost similar
yields, there is no significant effect of the -CHs group at the para position of benzamide. The
yield of 1e (yield = 85%; -Cl group at para position) was slightly less than 1d (yield = 98%; -
F group at para position), but a trichloro-substituted group in acetamide afforded 62% of lo.
Due to the presence of -OH and C=C groups, yields of the hydroborated products, 1p, 11, and
1m, were reduced. The phenyl group substituted acetamide (1q) afforded less yield than the
naphthyl group substituted acetamide (1r), though there is not much electronic difference in
the substrate. Important to note that 1p is utilized to scrub the combusted fuel emissions to

remove CO- and H»S gases. We examined the stability of the borylated products in the presence
|
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of air/moisture, which caused the hydrolysis of the borylated product to the corresponding
amine salt with a cationic boron counterpart (Scheme 2.5). These amine salts were
characterized by H and *C NMR spectroscopy and the single crystal X-ray diffraction
technique (CCDC: 2264469 (1b’) and 2264470 (1r’) and confirmed the expected reduction of
amides.

H

o]
g B'ﬁ H
~B~ 0008
0
/@XT air/moisture 0 ‘\é’z_.
S B
O/B\O 2 days o o 0007
. 7N
H H ?
N’E“O
\
,B—O air/moisture
—_—
00 (&

r

Scheme 2.5. Unexpected hydrolysed products of 1b and 1r.

The optimized reaction conditions for the deoxygenation of 2° amide (acetanilide) are much
more energetically favorable and less time-consuming compared to 1° amide (benzamide). All
the desired products were observed in good to excellent yields under the same optimized
conditions (Scheme 2.6), except 2g was obtained in 87% with a long reaction time (24 hours).
On the other hand, cyclic 2° amides (e-caprolactam and its derivative) required lower catalyst
loading (1 mol%) and a shorter reaction time (4 hours) to complete the reaction, leading to
excellent yields of 2h and 2i. The corresponding amine of 2h is an industrially useful

compound, which is being used as an impregnating agent for CO, capture and drug discovery.*
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0 1-2 mol% of Bpin
1 Ce[N(SiMes)ols(THF)s LR
R! N7 + HBpin > R2” 7(
H Toluene, 60 °C, 4-12 h Y
1equ. 4.5 eqv. - Bpin-O-Bpin
Bpln Bpln Bp'” Bpin CF;  Bpin
I
[j x K (j x [jX e
/©/ H H H H
2a (>99%) 2b (>99%) 2¢ (>99%) 2d (40%) 2e (35%)
Fs Bpln Bpln Bpln
>( OBpm
Bpm
2f (60%) 29 (87%)P 2h (>99%)° 2i (>99%)°

Scheme 2.6. Substrate scope of Ce[N(SiMes)2]3(THF)s-catalyzed hydroboration reaction of 2°
amides. [°24 hrs reaction time. °1 mol% of the catalyst and 4 hrs reaction time. Yields were
determined by integrating !H NMR spectra in the presence of an internal standard

(mesitylene)].

2.3.3. Substrate scope of borylated indoles: Synthesis of indoles and their derivatives is in
high demand due to their significant biological role in the human body.® They have wide
applications as anti-microbial, anti-cancer, anti-hypertensive, antiproliferative, and anti-
inflammatory agents.® The most suitable condition for the hydroboration of indolin-2-one to
borylated indole was found to be 4.5 equivalent of HBpin in the presence of 2 mol% of
Ce[N(SiMes)2]3(THF)z at 70°C in 12 hours (Scheme 2.7). A mixture of borylated indole and
borylated indoline products was observed upon increasing the reaction temperature or the
reaction time. The presence of the halide group (-Cl and -Br at 5- and 6-position) on the
substrate did not hamper the completeness of the reaction and displayed almost the same yields
of the products (83% for 2k, 81% for 2I, and 80% for 2m) (Scheme 2.7). But, in the presence
of nitro group (-NO) at the 5™-position, the formation of borylated indole product was reduced
(57%) (Scheme 2.7).
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H 2 mol% of Bpin
TN N Ce[N(SiMe3),]3(THF)3 7 N
R O + HBpin > R— )—H
7 Toluene, 70°C, 12 h =
1 eqv. 4.5 eqv. - Bpin-O-Bpin
Bpin /Bpin /Bpin Bpin Bpin
N Br N Cl N N N
H H H H
J / / / /
Br O2N
2j (85%) 2k (83%) 21 (81%) 2m (80%) 2n (57%)

Scheme 2.7. Synthesis of borylated indole and its derivatives. [Yields were determined by

integrating *H NMR spectra in the presence of an internal standard (mesitylene)].

2.3.4. Gram-scale amine synthesis: Bulk-scale synthesis is always one of the crucial
challenges for industrial purposes. Hence, we tried a gram scale reaction to see the feasibility
of the bulk scale synthesis and a reaction of 1.2 gm (8.88 mmol) of acetanilide with 4.5
equivalent HBpin (40 mmol) using 2 mol% of Ce[N(SiMes)2]3(THF)s at the optimized reaction
conditions was performed (Scheme 2.8). The borylated product was hydrolyzed using a 2 M
NaOH solution, which afforded corresponding N-ethylaniline in 85.4% isolated yield (0.914
gm). The smooth scaling up of this reaction confirms the suitability of Ce[N(SiMe3)2]3(THF)3
as a catalyst for the potential bulk-scale synthesis.

i. Ce[N(SiMe3),]3(THF)3 (2 mol%) H

\”/ Toluene, 70 °C, 12 h X
+ HBpin > W\
ii. 2 M NaOH hydrolysis

1.29(8.88 mmol) (40 mmoI) 20 (0.914 g; 85.4%)
isolated yield

Scheme 2.8. Synthesis of N-ethylaniline from a gram scale reaction of acetanilide.
2.3.5. Analytical data of substrates scope:

1a: '"H NMR (CDCls, 400 MHz, 298 K): § 7.32-7.26 (m, 4H, Ph), 7.19-7.18 (m, 1H, Ph), 6.82
(mesitylene), 4.26 (s, 2H, PhCH>N(Bpin)2), 2.30 (mesitylene), 1.29 (s, 24H, N(Bpin)z), 1.22 (s,
24H, O(Bpin):) ppm; C{'H} NMR (CDCls, 100.613 MHz, 298 K): § 143.1 (Ph), 137.7
(mesitylene), 132.1 (Ph), 127.8 (Ph), 127.55 (Ph), 126.9 (mesitylene), 83.1 (O(Bpin)), 82.3
(PhCH2N(Bpin)2), 47.3 (PhCHoN(Bpin)z), 24.6 (O(Bpin)2), 24.5 (PhCH2N(Bpin),), 21.2
(mesitylene) ppm. ESI-MS: Calculated for C19H31B2NO4: m/z 359.2439. Found m/z 359.3704
(IM]).
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1b: 'THNMR (CDCl3, 400 MHz, 298 K): § 7.23-7.14 (m, 2H, Ph), 7.07-7.05 (m, 2H, Ph), 6.81
(mesitylene), 4.21 (s, 2H, ArCH>(Bpin)»), 2.36 (s, 3H, CH3), 2.29 (mesitylene), 1.28 (s, 24H,
N(Bpin),), 1.21 (s, 24H, O(Bpin),) ppm; *C{'H} NMR (CDCls, 100.5 MHz, 298 K): 5 143.6
(Ph), 137.6 (mesitylene), 131.9 (Ph), 129.4 (Ph), 128.0 (Ph), 126.9 (mesitylene), 82.5
(O(Bpin)2), 82.0 (ArCH:N(Bpin)), 44.9 (ArCH:oN(Bpin)), 24.7 (O(Bpin)), 24.5
(ArCH2N(Bpin)2), 21.1 (mesitylene), 21.0 (MePh) ppm. ESI-MS: Calculated for C20H33B2NO4:
m/z 374.2629. Found m/z 397.5423 ([M+Na]").

lc: '"HNMR (CDCls, 400 MHz, 298 K): 6 6.81 (mesitylene), 6.54 (s, 2H, Ph), 6.31 (broad, 2H,
Ph), 4.19(s, 2H, PhCH>N(Bpin)2), 3.77 (s, 6H, OCHj3), 2.29 (mesitylene), 1.28 (s, 24H,
N(Bpin),), 1.23 (s, 24H, O(Bpin).) ppm; *C{'H} NMR (CDCl;3, 100.613 MHz, 298 K): 6 160.5
(PhOMe), 145.5 (Ph), 137.7 (mesitylene), 128.2 (Ph), 126.9 (mesitylene), 105.4 (Ph), 83.1
(O(Bpin)2), 82.4 (PhCH2N(Bpin)2), 55.2 (PhOMe), 47.5 (PhCH2N(Bpin)2), 24.6 ((Bpin)z), 21.2
(mesitylene) ppm. ESI-MS: Calculated for C21H35B2NO¢: m/z 419.2650. Found m/z 419.2766
(IMI").

1d. '"H NMR (CDCls, 400 MHz, 298 K): § 7.31-7.27 (t, 2H, Ph), 6.95- 6.91 (t, 2H, Ph), 6.81
(mesitylene), 4.19 (s, 2H, PhCH>N(Bpin)»), 2.29 (mesitylene), 1.28 (s, 24H, N(Bpin)), 1.21 (s,
24H, O(Bpin)2) ppm; *C{'H} NMR (CDCls, 100.613 MHz, 298 K): J 162.8 (PAF), 138.9 (Ph),
137.7 (mesitylene), 129.3 (Ph), 128.3 (Ph), 127.0 (mesitylene), 114.6 (Ph), 83.1 (O(Bpin)>),
82.4 (PhCH2N(Bpin)2), 46.6 (PhCH2N(Bpin)2), 24.6 (O(Bpin)2), 24.5 (PhCH2N(Bpin)z), 21.2
(mesitylene) ppm. ESI-MS: Calculated for C19H30B2FNOg: m/z 377.2345. Found m/z 414.2418
(IM+KT").

le: 'H NMR (CDCls, 400 MHz, 298 K): 6 7.35-7.32 (m, 2H, Ph), 7.30-7.24 (m, 2H, Ph), 6.81
(mesitylene), 3.92 (s, 2H, PhCH>N(Bpin)2), 2.29 (mesitylene), 1.26 (s, 24H, N(Bpin)2), 1.20
(s, 24H, O(Bpin),) ppm; *C{'H} NMR (CDCls, 100.613 MHz, 298 K): 6 137.5 (mesitylene),
133.1 (Ph), 129.3 (Ph), 128.7 (Ph), 128.1 (Ph), 126.8 (mesitylene), 82.4 (O(Bpin)2), 82.0
(PhCH2N(Bpin)2), 44.6 (PhCH2N(Bpin)2), 24.7 (O(Bpin)2), 24.5 (PhCH2N(Bpin)2), 21.1
(mesitylene) ppm. ESI-MS: Calculated for C19H30B2CINO4: m/z 393.2049. Found m/z415.2115
([M+Na]".

1f: '"H NMR (CDCls, 400 MHz, 298 K): 6 6.81 (mesitylene), 4.36 (s, 2H, PhCH>N(Bpin),),
2.29 (mesitylene), 1.28 (s, 24H, N(Bpin),), 1.21 (s, 24H, O(Bpin):) ppm; “C{'H} NMR
(CDCls, 100.613 MHz, 298 K): 5 145.6 (Ph), 143.1 (Ph), 139.0 (Ph), 137.8 (mesitylene), 127.0
(mesitylene), 125.4 (Ph), 83.2 (O(Bpin)2), 82.6 (PhCH2N(Bpin),), 33.8 (PhCH2N(Bpin),) 24.6
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(O(Bpin)2), 24.2 (PhCHaN(Bpin)z), 21.3 (mesitylene) ppm. ESI-MS: Calculated for
C19H26B2FsNO4: m/z 449.1968. Found m/z 488.7883 (IM+K]").

1g: '"H NMR (CDCls, 400 MHz, 298 K): 6 8.19-8.16 (d, 2H, Ph), 7.47- 7.44 (d, 2H, Ph), 6.81
(mesitylene), 4.23 (s, 2H, PhCH>N(Bpin)»), 2.29 (mesitylene), 1.28 (s, 24H, N(Bpin)2), 1.23
(s, 24H, O(Bpin),) ppm; *C{'H} NMR (CDCls, 100.613 MHz, 298 K): § 150.6 (Ph), 147.3
(Ph), 137.6 (mesitylene), 129.0 (Ph), 126.9 (mesitylene), 123.5 (Ph), 82.6 (O(Bpin).), 82.4
(PhCH2N(Bpin)2), 44.7 (PhCH2N(Bpin)2), 24.7 (O(Bpin)2), 24.6 (PhCH2N(Bpin).), 21.1
(mesitylene) ppm. ESI-MS: Calculated for Ci19H30B2N20¢: m/z 404.2290. Found m/z 405.1199
(IM+H]).

1h: 'H NMR (CDCls, 400 MHz, 298 K): 0 6.62 (mesitylene), 2.92-2.87 (q, 2H, CH>), 2.10
(mesitylene), 1.09 (s, 24H, N(Bpin)2), 1.06 (s, 24H, O(Bpin)>), 0.88-0.84 (t, 3H, CH3) ppm;
BC{'H} NMR (CDCls, 100.613 MHz, 298 K): 6 137.7 (mesitylene), 127.0 (mesitylene), 83.1
(O(Bpin)2), 82.0 (CH3CH:N(Bpin)2), 38.6 (CH3;CH>N(Bpin)), 24.6 (O(Bpin)), 24.6
(CH3CH2N(Bpin)2), 18.7 (CH3CH2N(Bpin)z) ppm. ESI-MS: Calculated for C14H290BoNO4: m/z
297.2283. Found m/z 297.2383 (IM]").

1i: 'H NMR (CDCls, 400 MHz, 298 K): 6 3.44-3.28 (t, 2H, CH2), 1.68-1.52 (m, 2H, CH?2),
1.11 (s, 24H, N(Bpin)2), 0.77-0.72 (t, 3H, CH3) ppm; *C{!H} NMR (CDCls, 100.613 MHz,
298 K): o0 1377 (mesitylene), 127.0 (mesitylene), 83.1 (O(Bpin)), 82.0
(CH3CH2CH2N(Bpin)2), 45.4 (CH3CH2CH2N(Bpin)2), 26.1 (CH3CH2CH:N(Bpin)z), 24.6
(O(Bpin)2), 24.5 (CH3CH2CH2N(Bpin)2), 21.2 (mesitylene), 11.2 (CH3CH2CH2N(Bpin)2) ppm.
ESI-MS: Calculated for CisH3BoaNO4: m/z 311.2439. Found m/z 311.2540 ([M]").

1j: '"H NMR (CDCl;, 400 MHz, 298 K): & 6.59 (mesitylene), 2.86-2.83(t, 2H,
CH3CH2CH2CH>N(Bpin)), 2.07 (mesitylene), 1.50-1.40 (m, 2H, CH3CH>CH>CH2N(Bpin),)
1.23- 1.20 (m, 2H, CH3CH>CH2CH:N(Bpin)2), 1.07 (s, 24H, N(Bpin)), 1.04 (s, 24H,
O(Bpin),), 0.69-0.72 (t, 3H, CH3CH>CH>CH>N(Bpin)z) ppm; C{'H} NMR (CDCls, 100.613
MHz, 298 K): o6 137.3 (mesitylene), 126.7 (mesitylene), 82.7 (O(Bpin)), 81.6
(CH3CH2CH2CH:N(Bpin)2), 42.9 (CH;CH2CH>CH:N(Bpin)2), 24.7 (O(Bpin)2), 24.3
(CH3CH2CH2CH2N(Bpin)2), 22.5 (CH3CH2CH>CHoN(Bpin)2), 20.9 (mesitylene), 19.4
(CH3CH2CH2CH2N(Bpin)2), 13.8 (CH3CH2CH2CH2N(Bpin)2) ppm. ESI-MS: Calculated for
C16H33B2NO4: m/z 325.2596. Found m/z 325.1259 ([M]").
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1k. 'THNMR (CDCls, 400 MHz, 298 K): 6 6.67 (mesitvlene), 2.70-2.67 (d, 2H, CHLN(Bpin),),
2.13 (mesitylene) 1.50 (broad, 1H, CH), 1.05 (s, 24H, N(Bpin).), 1.01 (s, 24H, O(Bpin)>), 0.76-
0.74 (d, 6H, CH(CH;),) ppm; *C{'H} NMR (CDCls, 100.613 MHz, 298 K): ¢ 137.7
(mesitylene), 126.9 (mesitylene), 83.1 (O(Bpin)2), 81.9 ((CH3)CHCH:N(Bpin)), 51.0
((CH3):CHCH:N(Bpin)2), 34.9 ((CH3):CHCH:N(Bpin)), 24.6 (O(Bpin)), 24.4
((CH3),CHCHuN(Bpin),), 21.2 (mesitylene), 19.6 ((CHz)2CHCHN(Bpin),) ppm. ESI-MS:
Calculated for Ci6H33B2NO4: m/z 325.2596. Found m/z 347.6984 ([M+Na]").

11. 'THNMR (CDCls, 400 MHz, 298 K): 6 6.64 (mesitylene), 2.88-2.85 (t, 2H, CH>N(Bpin),),
2.12 (mesitylene), 1.12 (s, 24H, N(Bpin)2), 1.09 (s, 24H, O(Bpin)2), 1.05-1.04 (m, 2H,
CH>CH->CHz), 0.73-0.69 (t, 2H, CH>Bpin); *C{'H} NMR (CDCl3, 100.613 MHz, 298 K): §
137.7 (mesitylene), 127.0 (mesitylene), 83.1 (O(Bpin)z), 82.1 (N(Bpin)2), 82.0 (CH2(Bpin)),
45.4 (CH2N(Bpin)2), 24.6 (O(Bpin)z), 24.6 (N(Bpin)z), 24.5 (CH2(Bpin)), 22.8 (CH2CH2CH»),
21.3 (mesitylene), 11.2 (CHz2(Bpin)) ppm. ESI-MS: Calculated for C21H42B3NO¢: m/z
437.3291. Found m/z 437.3507 ((M]").

1m: 'HNMR (CDCls, 400 MHz, 298 K): 6 6.64 (mesitylene), 3.05-3.03 (d, 2H, CH>N(Bpin),),
2.11 (mesitylene) 1.49-1.52 (m, 1H, CH), 1.04 (s, 12H, CHCH2(Bpin)), 1.02 (s, 24H, N(Bpin)>),
1.01 (s, 24H, O(Bpin),), 0.88-0.86 (d, 3H, CHCH3), 0.75-0.73 (d, 2H, CHBpin) ppm; *C{'H}
NMR (CDCls, 100.613 MHz, 298 K): 6 137.4 (mesitylene), 126.8 (mesitylene), 83.1
(O(Bpin)2), 83.0 (N(Bpin)2), 82.9 (CHa(Bpin)), 67.8 (CHaN(Bpin)2), 25.5 (CH2(Bpin)) 24.7
(O(Bpin)2), 24.4 (N(Bpin)2), 24.4 (CHz(Bpin)), 24.2 (CH2CHCH»z) 22.6 (CH3), 21.0
(mesitylene) ppm. ESI-MS: Calculated for C22H44B3NOs: m/z 451.3448. Found m/z 453.3172
(IM+2HT).

In: 'H NMR (CDCls, 400 MHz, 298 K): § 6.65 (mesitylene), 3.23-3.05 (t, 4H,
(Bpin)>CH>CH>CH2(Bpin)2)), 2.12 (mesitylene), 1.50-1.45 (m, 2H,
(Bpin):CH>CH->CHx(Bpin),)), 1.08 (s, 24H, O(Bpin)2), 1.02 (s, 48H, N(Bpin),) ppm; *C {'H}
NMR (CDCl;, 100.613 MHz, 298 K): 0 137.8 (mesitylene), 127.0 (mesitylene), 83.2
(O(Bpin)2), 82.6 (N(Bpin)2), 39.9 (CHN(Bpin)2), 24.6 (O(Bpin)z), 24.6 (N(Bpin)2), 22.8
(CH2CH2CHb), 21.3 (mesitylene) ppm. ESI-MS: Calculated for C29HsgBaN2Og: m/z 574.4667.
Found m/z 574.2328 (IM]").

lo: 'H NMR (CDCls, 400 MHz, 298K): & 6.78 (mesitylene), 4.39 (s, 2H, CH>), 2.26
(mesitylene), 1.25 (s, 24H, N(Bpin)2), 1.22 (s, 24H, O(Bpin)2) ppm; *C{'H} NMR (CDCl;,
100.613 MHz, 298 K): ¢ 137.7 (mesitylene), 127.0 (mesitylene), 101.7 (CC13CH), 83.1
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(O(Bpin)2), 82.9 (N(Bpin)2), 61.3 (CCIz3CH2N(Bpin)2), 24.6 (O(Bpin)2), 24.5 (N(Bpin)z), 21.2
(mesitylene) ppm. ESI-MS: Calculated for Ci4H26B2CI13NO4: m/z 399.1114. Found m/z
400.0898 ([M+H]").

1p: '"H NMR (CDCl3, 400 MHz, 298 K): 6.77 (mesitylene), 4.34 (broad, 1H, CHOH), 3.74-
3.71 (t, 2H, CH>OH), 3.24-3.19 (t, 2H, CH>N(Bpin).), 2.24 (mesitylene), 1.24 (s, 24H,
N(Bpin)2), 1.20 (s, 24H, O(Bpin).); C{'H} NMR (CDCl;, 100.613 MHz, 298 K): 6 137.4
(mesitylene), 126.8 (mesitylene), 82.8 (O(Bpin)2), 81.7 (N(Bpin)2), 67.7 (CH2(OBpin)), 44.7
(CH2N(Bpin)2), 24.7 (O(Bpin)), 24.5 (O(Bpin)2), 24.4 (N(Bpin)z), 21.0 (mesitylene) ppm. ESI-
MS: Calculated for C20H40B3NO7: m/z 439.3084. Found m/z 439.3766 ([M]").

1q: 'H NMR (CDCls, 400 MHz, 298 K): 8 7.28-7.24 (m, 2H, Ph), 7.21-7.19 (m, 3H, Ph), 6.81
(mesitylene), 3.34-3.31 (t, 2H, PhCH,CH:N(Bpin)2), 2.76-2.72 (t, 2H, PhCH>CH>N(Bpin)2),
2.29 (mesitylene), 1.28 (s, 24H, N(Bpin),), 1.20 (s, 24H, O(Bpin),) ppm; “C{'H} NMR
(CDCl3, 100.613 MHz, 298 K): 0 139.9 (Ph), 137.7 (mesitylene), 129.0 (Ph), 128.3 (Ph), 126.9
(mesitylene), 126.0 (Ph), 83.0 (O(Bpin)2), 82.0 (PhCH,CH:N(Bpin)), 42.4
(PhCH2CH2N(Bpin)2), 39.9 (PhCH2CH>N(Bpin)2), 24.6 (O(Bpin)2), 24.5 (CH2N(Bpin)z), 21.2
(mesitylene) ppm. ESI-MS: Calculated for C20H33B2NO4: m/z 373.2596. Found m/z 373.2271
(IM").

1r: '"H NMR (CDCl3, 400 MHz, 298 K): 6 7.84-7.80 (m,1H, Naphthalene), 7.71 -7.67 (m, 1H,
Naphthalene), 7.51-7.44 (m, 2H, Naphthalene), 7.38-7.32 (m, 2H, Naphthalene), 7.17-7.15 (m,
1H, Naphthalene), 6.79 (mesitylene), 3.43-3.35 (t, 2H, ArCH,CH>N(Bpin)>), 3.21-3.15 (t, 2H,
ArCH>CH2N(Bpin)»), 2.27 (mesitylene), 1.26 (s, 24H, N(Bpin)2), 1.21 (s, 24H, O(Bpin)>) ppm;
BC{'H} NMR (CDCI3, 100.613 MHz, 298 K): 6 137.7 (Mesitylene), 136.6 (Naphthalene),
133.9 (Naphthalene), 132.6 (Naphthalene), 129.1 (Naphthalene), 128.2 (Naphthalene), 127.1
(Naphthalene), 126.9 (Mesitylene), 126.2 (Naphthalene), 125.4 (Naphthalene), 123.8
(Naphthalene), 122.5 (Naphthalene), 83.1 (O(Bpin)2), 82.2 (CHa:N(Bpin)), 45.0
(ArCH2CH>N(Bpin)2), 37.3 (ArCH2CH2N(Bpin)»), 24.6 (O(Bpin)z), 24.5 (CH2N(Bpin)2)., 21.2
(mesitylene) ppm. ESI-MS: Calculated for C24H35B2NO4: m/z 422.2789. Found m/z 445.1338
([M+Na]".

2a. '"H NMR (CDCls, 400 MHz, 298 K): 6 7.24-7.22 (m, 2H, Ph), 6.87 (mesitylene), 6.79-6.75
(m, 1H, Ph), 6.70-6.67 (m, 1H, Ph), 3.24-3.19 (q, 2H, CH2), 2.35 (mesitylene), 1.34 (s, 12H,
PhN(Bpin)CH2CH3), 1.34 (s, 24H, O(Bpin)2), 1.32-1.30 (t, 3H, PhN(Bpin)CHCHj;) ppm,;
BC{'H} NMR (CDCI3, 100.613 MHz, 298 K): 6 148.4 (Ph), 137.6 (mesitylene), 129.1 (Ph),

53
Thesis: Md Jabed Hossain



Chapter 2

127.0 (mesitylene), 117.3 (Ph), 113.0 (Ph), 83.0 (O(Bpin)2), 82.1 (N(Bpin)), 38.5 (CH2NBpin)),
24.7 (O(Bpin)2), 24.4 (N(Bpin)), 21.2 (mesitylene), 14.8 (CH2CH3) ppm. ESI-MS: Calculated
for C14H2»BNO2: m/z 247.1744. Found m/z 270.1641 ([M+Na]").

2b. '"H NMR (CDCls, 400 MHz, 298 K): J 7.00-6.98 (d, 2H, Ph), 6.81 (mesitylene), 6.55-6.53
(d, 2H, Ph), 3.16-3.11 (q, 2H, CH2), 2.29 (mesitylene), 2.25 (s, 3H, Me),1.28 (s, 12H,
PhN(Bpin)CH2CH3), 1.24 (s, 24H, O(Bpin)2), 1.08-1.12 (t, 3H, PhN(Bpin)CH2CHjs) ppm;
BC{'H} NMR (CDCls, 100.613 MHz, 298 K): 6 146.2 (Ph), 137.7 (mesitylene), 129.7 (Ph),
128.2 (Ph), 126.9 (mesitylene), 113.3 (Ph), 83.1 (O(Bpin)2), 82.9 (N(Bpin)), 39.0 (CH2NBpin)),
24.6 (O(Bpin)), 24.1 (N(Bpin)), 21.2 (mesitylene), 20.4 (PhMe), 14.9 (CH2CH3) ppm. ESI-
MS: Calculated for CisH24BNOa: m/z 261.1900. Found m/z 262.1547 ((M+H]").

2¢c. 'H NMR (CDCls, 400 MHz, 298 K): 6 7.19-7.08 (m, 3H, Ph), 6.85 (mesitylene), 6.81 (s,
IH, Ph), 3.58-3.53 (q, 2H, CH2), 2.36 (s, 3H, Me), 3.32 (mesitylene), 1.32 (s, 12H,
PhN(Bpin)CH2CH3), 1.31 (s, 24H, O(Bpin)2), 1.17-1.15 (t, 3H, PhN(Bpin)CH2CHj;) ppm;
BC{'H} NMR (CDCl;s, 100.613 MHz, 298 K): 6 148.6 (Ph), 138.6 (mesitylene), 129.1 (Ph),
125.0 (mesitylene), 118.1 (Ph), 113.6 (Ph), 83.2 (O(Bpin)2), 82.5 (N(Bpin)), 38.5 (CH2NBpin)),
24.6 (O(Bpin)2), 24.5 (N(Bpin)), 21.7 (PhMe), 21.5 (mesitylene), 15.0 (CH2CH3) ppm. ESI-
MS: Calculated for CisH24BNOa: m/z 261.1900. Found m/z 299.1825 ([M+K]").

2d. '"H NMR (CDCl3, 400 MHz, 298 K): § 7.26-7.24 (d, 2H, Ph), 7.07-7.04 (d, 2H, Ph), 6.73
(mesitylene), 3.46- 3.40 (q, 2H, CH>), 2.21 (mesitylene), 1.21 (s, 12H, PhN(Bpin)CH>CH3),
1.20 (s, 24H, O(Bpin)2), 1.06-1.03 (t, 3H, PhN(Bpin)CH>CH3) ppm; *C{'H} NMR (CDCls,
100.613 MHz, 298 K): ¢ 145.2 (Ph), 137.4 (mesitylene), 131.9 (Ph), 131.5 (Ph), 122.5
(mesitylene), 114.3 (Ph), 83.2 (O(Bpin)2), 82.8 (N(Bpin)), 38.5 (CH2NBpin)), 24.7 (O(Bpin)2),
24.6 (N(Bpin)), 22.8 (mesitylene), 15.2 (CH>CH3) ppm. ESI-MS: Calculated for
C14H21BBrNO»: m/z 325.0849. Found m/z 325.1229 ([M]").

2e. |H NMR (CDCl3, 400 MHz, 298 K): 0 7.60-7.58 (d, 1H, Ph), 7.45-7.41 (m, 1H, Ph), 7.24-
7.15 (m, 2H, Ph), 3.19-3.13 (q, 2H, CH>), 1.23 (s, 12H, PhN(Bpin)CH2CH3), 1.04-1.00 (t, 3H,
PhN(Bpin)CH2CH3) ppm; *C{'H} NMR (CDCls, 100.613 MHz, 298 K): 6 144.4 (Ph), 137.7
(mesitylene), 133.2 (Ph), 132.6 (Ph), 132.3 (Ph), 127.0 (mesitylene), 126.0 (PhCF3), 115.7
(Ph), 111.8 (Ph), 83.1 (O(Bpin)2), 82.6 (N(Bpin)), 38.2 (CH2NBpin)), 24.6 (O(Bpin)), 24.5
(N(Bpin)), 21.2 (mesitylene), 15.7 (CH2CH3) ppm. ESI-MS: Calculated for CisH21BF3NO2: m/z
315.1617. Found m/z 316.1695 (IM+H]").
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2f. '"H NMR (CDCl3, 400 MHz, 298 K): § 7.22-7.20 (m, 1H, Ph), 7.15-7.12 (m, 2H, Ph), 6.77
(mesitylene), 3.82 (s, 3H, OMe), 3.77- 3.75 (q, 2H, CH>), 2.24 (mesitylene), 1.24 (s, 12H,
PhN(Bpin)CH2CH3), 1.21 (s, 24H, O(Bpin)2), 1.19-1.16 (t, 3H, PhN(Bpin)CH2CH;) ppm;
BC{!H} NMR (CDCls, 100.613 MHz, 298 K): § 155.0 (Ph), 137.6 (mesitylene), 129.0 (Ph),
128.2 (Ph), 127.0 (mesitylene), 125.3 (PhCFs), 123.9 (PhCF3), 123.2 (PhCF3), 108.5 (Ph), 83.0
(O(Bpin)2), 82.0 (N(Bpin)), 55.8 (OMe), 37.8 (CH2NBpin)), 24.5 (O(Bpin)2), 24.5 (N(Bpin)),
21.2 (mesitylene), 14.5 (CH2CH3) ppm. ESI-MS: Calculated for C15sH23BN2Os: m/z 322.1700.
Found m/z 323.1522 (IM+H]").

2g. '"H NMR (CDCls, 400 MHz, 298 K): 6 7.32-7.30 (d, 1H, Ph), 7.17-7.13 (m, 2H, Ph), 7.08-
7.06 (m, 2H, Ph) 6.70 (mesitylene), 3.76 (s, 2H, CH>.OH), 291 (s, 2H, PhCH>), 2.18
(mesitylene), 1.16 (s, 12H, PhN(Bpin)CH2CH3), 1.09 (s, 24H, O(Bpin)z) ppm; *C {'H} NMR
(CDCl3, 100.613 MHz, 298 K): 6 137.4 (mesitylene), 134.2 (Ph), 131.0 (Ph), 128.1 (Ph), 127.1
(Ph), 126.7 (mesitylene) 83.0 (O(Bpin)2), 82.9 (N(Bpin)), 67.7 (CH,OH), 49.4 (PhCH>NBpin)),
24.7 (O(Bpin)2), 24.3 (N(Bpin)), 21.0 (mesitylene) ppm. ESI-MS: Calculated for C14H22BNOs:
m/z 263.1693. Found m/z 285.1663 ([M+Na]").

2h. '"H NMR (CDCl;, 400 MHz, 298 K): § 6.76 (mesitylene), 3.01-2.98 (t, 4H,
CH>N(Bpin)CH»), 2.24 (mesitylene), 1.57-1.53 (m, 4H, CH,CH>CH>N(Bpin)CH2CH>CH>),
1.50-1.48 (m, 4H, CH>CH>CH>N(Bpin)CH.CH2CH>),1.23 (s, 24H, O(Bpin)2), 1.18 (s, 12H,
CH>CH>CH2N(Bpin)CH>CH.CH») ppm; *C{'H} NMR (CDCl;, 100.613 MHz, 298 K): ¢
137.7 (mesitylene), 126.9 (mesitylene), 82.4 (O(Bpin)2), 81.0 (N(Bpin)), 47.0
((CH2)2(CHz2)2(CH2)2N(Bpin)), 31.1 ((CH2)2(CH2)2(CH2)2N(Bpin)), 27.3
((CH2)2(CH2)2(CH2)2N(Bpin)), 24.8 (O(Bpin)z2), 24.7 (N(Bpin)), 21.2 (mesitylene) ppm. ESI-
MS: Calculated for C12H24BNO2: m/z 225.1900. Found m/z 248.1964 ([M+Na]").

2i. "H NMR (CDCls, 400 MHz, 298 K): 6 7.17-7.02 (m, 4H, Ph), 6.84 (mesitylene), 2.80-2.77
(t, 2H, PhN(Bpin)CH2(CH2):Ph), 2.31 (mesitylene), 1.80-1.76 (m, 2H,
PhCH>(CHz)3sN(Bpin)Ph), 1.68-1.67 (m, 2H, PANCH2CH>(CHz):PhN(Bpin)), 1.46-1.42 (m,
2H, PhN(CH2).CH>CH2PhN), 1.31 (s, 24H, O(Bpin)z) 1.28 (s, 12H, PhN(Bpin)(CH>)>Ph) ppm;
BC{'H} NMR (CDCls, 100.613 MHz, 298 K): 6 150.1 (Ph), 137.6 (mesitylene), 133.9 (Ph),
130.7 (Ph), 127.0 (mesitylene), 126.5 (Ph), 121.1 (Ph), 119.6 (Ph), 83.0 (O(Bpin),), 82.1
(N(Bpin)), 48.9 (PhCH>CH>CH>CH>N(Bpin)), 35.9 (PhCH,CH,CH>CH>N(Bpin)), 31.8
(PhCH2CH2CH>CHoN(Bpin)), 26.9 (PhCH.CH.CHCH>N(Bpin)), 24.5 (O(Bpin)), 24.5
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(N(Bpin)), 21.2 (mesitylene) ppm. ESI-MS: Calculated for Ci6H24BNO2: m/z 273.1900. Found
m/z 273.1664 ([M]").

2j. 'H NMR (CDCl3, 400 MHz, 298 K): 6 7.68-7.66 (d, 1H, PhN(Bpin)CHCHPh), 7.45-7.43
(d, 1H, Ph), 7.24-7.19 (m, 2H, Ph), 7.15-7.12 (m, 1H, Ph), 6.84 (mesitylene), 6.57-6.56 (d, 1H,
PhN(Bpin)CHCHPh), 2.32 (mesitylene), 1.30 (s, 24H, O(Bpin).), 1.28 (s, 12H,
PhN(Bpin)(CH),Ph) ppm; '*C {'H} NMR (CDCls, 100.613 MHz, 298 K): 6 137.7 (mesitylene),
135.9 (Ph), 127.9 (Ph), 127.0 (mesitylene), 124.5 (PhCHCHN(Bpin)), 121.7 (Ph), 120.6 (Ph),
119.5 (Ph), 111.3 (Ph), 102.1 (PhCHCHN(Bpin)), 83.2 (O(Bpin)z), 82.9 (N(Bpin)), 24.6
(O(Bpin)2), 24.2 (N(Bpin)), 21.2 (mesitylene) ppm. ESI-MS: Calculated for C14Hi19BNO»: m/z
243.1431. Found m/z 282.2215 ((M+K]").

2k. 'H NMR (CDCl;, 400 MHz, 298 K): & 7.67 (s, 1H, Ph), 7.57-7.55 (d, 1H,
PhN(Bpin)CHCHPh), 7.34-7.32 (d, 1H, Ph), 7.28-7.25 (m, 1H, Ph), 6.89 (mesitylene), 6.57-
6.56 (s, 1H, PhN(Bpin)CHCHPh), 2.36 (mesitylene), 1.34 (s, 24H, O(Bpin)2), 1.32 (s, 12H,
PhN(Bpin)(CH),Ph) ppm; *C{'H} NMR (CDCls, 100.613 MHz, 298 K): 6 137.7 (mesitylene),
136.9 (Ph), 129.1 (Ph), 127.0 (mesitylene), 125.7 (PhCHCHN(Bpin)), 125.4 (Ph), 122.6 (Ph),
121.6 (Ph), 114.5 (Ph), 102.1 (PhCHCHN(Bpin)), 83.2 (O(Bpin)2), 82.1 (N(Bpin)), 24.6
(O(Bpin)2), 24.1 (N(Bpin)), 21.2 (mesitylene) ppm. ESI-MS: Calculated for C14H7BBrNO2:
m/z 321.0536. Found m/z 321.3149 (IM]").

21. '"H NMR (CDCls, 400 MHz, 298 K): § 7.85-7.82 (d, 1H, Ph), 7.71-7.71 (d, 1H, Ph), 7.39-
7.38 (d, 1H, PhN(Bpin)CHCHPh), 7.33-7.30 (d, 1H, Ph), 6.81 (mesitylene), 6.53-6.53 (d, 1H,
PhN(Bpin)CHCHPh), 2.29 (mesitylene), 1.28 (s, 24H, O(Bpin)2), 1.25 (s, 12H,
PhN(Bpin)(CH),Ph) ppm; 3C{'H} NMR (CDCl;s, 100.613 MHz, 298 K): 6 137.7 (mesitylene),
129.7 (Ph), 129.1 (Ph), 128.3 (Ph), 127.0 (mesitylene), 124.6 (PhCHCHN(Bpin)), 121.6 (Ph),
117.7 (Ph), 116.4 (Ph), 106.9 (PhCHCHN(Bpin)), 84.7 (O(Bpin)>), 83.2 (N(Bpin)), 24.8
(O(Bpin)2), 24.6 (N(Bpin)), 21.3 (mesitylene) ppm. ESI-MS: Calculated for C14H17BBrNO::
m/z 321.0536. Found m/z 321.2610 ([M]").

2m. 'H NMR (CDCls, 400 MHz, 298 K): & 7.55-7.53 (d, 1H, PhN(Bpin)CHCHPh), 7.42 (s,
IH, Ph), 7.21-7.20 (d, 1H, Ph), 7.09-7.07 (m, 1H, Ph), 6.82 (mesitylene), 6.52 (d, 1H,
PhN(Bpin)CHCHPh), 2.29 (mesitylene), 1.28 (s, 24H, O(Bpin)2), 1.25 (s, 12H,
PhN(Bpin)(CH)2Ph) ppm; *C{'H} NMR (CDCls, 100.613 MHz, 298 K): 6 137.8 (mesitylene),
136.3 (Ph), 127.7 (Ph), 127.0 (Ph), 126.6 (mesitylene), 125.1 (PhCHCHN(Bpin)), 121.5 (Ph),
120.4 (Ph), 111.3 (Ph), 102.5 (PhCHCHN(Bpin)), 83.3 (O(Bpin)), 82.0 (N(Bpin)), 24.8
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(O(Bpin)2), 24.6 (N(Bpin)), 21.3 (mesitylene) ppm. ESI-MS: Calculated for Ci14H17BCINO»:
m/z 277.1041. Found m/z 277.0624 ([M]").

2n. 'H NMR (CDCls, 400 MHz, 298 K): & 8.11-8.00 (d, 1H, Ph), 7.53-7.47 (d, 1H, Ph), 7.24-
7.16 (m, 2H, PhN(Bpin)CHCHPh), 6.80 (mesitylene), 6.74 (s, 1H, PhAN(Bpin)CHCHPh), 2.28
(mesitylene), 1.28 (s, 24H, O(Bpin),), 1.25 (s, 12H, PhAN(Bpin)(CH)2Ph) ppm; *C{'H} NMR
(CDCls, 100.613 MHz, 298 K): & 137.6 (mesitvlene), 134.5 (Ph), 130.3 (Ph), 126.9
(mesitylene), 125.5 (PhCHCHN(Bpin)), 124.4 (Ph), 123.0 (Ph), 116.1 (Ph), 112.8 (Ph), 101.7
(PhCHCHN(Bpin)), 84.6 (O(Bpin)2), 83.2 (N(Bpin)), 24.7 (O(Bpin)2), 24.5 (N(Bpin)), 21.2
(mesitylene) ppm. ESI-MS: Calculated for C14H17BCINO2: m/z 277.1041. Found m/z 277.0624
(IM]"). ESI-MS: Calculated for C14H17BN2O4: m/z 288.1281. Found m/z 289.1295 ([M+H]").

2.4. Kinetic studies

2.4.1. Rate equation of deoxygenation of benzamide:

0 H H
5 mol% of
NH, Ce[N(SiMe3)a]3(THF)3 N(Bpin),
CgDg, 60 °C

0.2 mmol 0.9 mmol - Bpin-O-Bpin Product

To investigate the mechanism of this reaction, the rate law for catalytic benzamide reduction
was determined by a combination of initial rates analysis at various catalyst concentrations.
Firstly, we found initial rates (kobs) of the reaction from [product] vs. time plot and then plotted
log1o(Kebs) Vs. logio(conc. of x) (where, x = catalyst or HBpin or benzamide) to get the order of

the reaction.!®

Order of reaction with respect to the catalyst: Initial rates (kons) were determined from the plot
[product] vs. time (Figure 2.2) by using various concentrations of the catalyst (8 mM, 16 mM,
24 mM, and 40 mM) while keeping the concentration of benzamide (0.4 M) and HBpin (1.8
M) constant (Table 2.3). Further, the order of the reaction with respect to the catalyst was
observed from the plot logio(kobs) Vs. logio(conc. of catalyst) (Figure 2.5a), which was found
to be 0.46. This fractional order indicates that the rate of deoxygenative reduction increases
upon increasing the initial concentration of Ce[N(SiMes)2]3(THF)s on the hydroboration of
benzamide with HBpin.16
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Table 2.3. Initial rates (ko»s) for the hydroboration reaction of benzamide with HBpin carried

out under varying concentrations of Ce[N(SiMes)2]3(THF)s.

SI. No. Ce[N(SiMes):]3(THF)3 [HBpin] [Benzamide] kobs (x107%)
(mM) M) (M)
1. 8 1.8 0.4 1.67
2. 16 1.8 0.4 2.30
3. 32 1.8 0.4 3.20
4. 40 1.8 0.4 3.38
0224w 8mM of Ce[N(SiMe,),],
020 ® 16 mM of Ce[N(SiMe,),],
4 32 mM of Ce[N(SiMe,),],
0187y 40 mMof Ce[N(SiMe,),],
0.16
S 0144
T 0.12-
3
£ 0104 .
oos{ 4
0.06
0.04
0.02

1(IJO 1%0 260 2%0 360 3éO 4(')0 4%0 5[|JO
Time (min)
Figure 2.2. The plot of [Product] vs. time (best linear fitted) used for the determination of the

initial rate (kobs) values of benzamide hydroboration carried out with various concentrations of
Ce[N(SiMe3)2]3(THF)s.

Order of reaction with respect to HBpin: Initial rates (kons) were determined from the plot
[product] vs. time (Figure 2.3) by using various concentrations of HBpin (0.8 M, 1.2 M, 1.6
M, and 2.0 M) while keeping the concentration of catalyst (20 mM) and benzamide (0.4 M)
constant (Table 2.4). After that, the order of the reaction with respect to HBpin was calculated
from the plot logio(kobs) Vs. logio(conc. of HBpin) (Figure 2.5b). The fractional order (0.8) of
the reaction involving HBpin indicates that more than one path is operative for the
hydroboration reaction, revealing a significant impact of the HBpin on hydroboration of the
benzamide in the presence of Ce[N(SiMes)2]3(THF)s.
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Table 2.4. Initial rates (koss) for the hydroboration reaction of benzamide were carried out under

varying concentrations of HBpin.

SL. No.  Ce[N(SiMes):2|3(THF)3 [HBpin] [Benzamide] kobs (x107%)
(mM) (M) M)
L. 20 0.8 0.4 1.96
2. 20 1.2 0.4 2.60
3. 20 1.6 0.4 3.20
4. 20 2.0 0.4 410
0.22
0204 ®™ 0.8 M of HBpin
® 1.2 M of HBpin
0184 A 1.6 M of HBpin
v 2.0 M of HBpin

0.16 4

0.14 4

0.12 4

0.10

[Product] (M)

0.08

0.06

0.04 4

0.02 4

160 15IO 260 2%0 360 3;30 460 4éD 560
Time (min)
Figure 2.3. Plot of [product] vs. time (best linear fitted) used for the determination of the initial

rate (kons) values of benzamide hydroboration carried out with various concentrations of HBpin.

Order of reaction with respect to benzamide: Initial rates (kobs) were determined from plot
[product] vs. time (Figure 2.4) by using various concentrations of benzamide (0.2 M, 0.3 M,
0.4 M and 0.5 M), keeping the concentration of the catalyst (20 mM) and HBpin (1.8 M)
constant (Table 2.5). The order of reaction with respect to benzamide was calculated from the
plot logio(Kebs) Vvs. logio(conc. of benzamide) (Figure 2.5c). The fractional positive rate-order
of 0.42 with respect to benzamide suggests an eventual role of the benzamide on the

hydroboration reaction in the presence of HBpin and Ce[N(SiMe3)2]s(THF)3.16

Table 2.5. Initial rates (koss) for the hydroboration reaction of benzamide were carried out under

varying concentrations of benzamide.
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Sl. No. Ce[N(SiMe3)2|3(THF)3 [HBpin| [Benzamide] kobs (x107%)
(mM) (M) (M)
1. 20 1.8 0.2 2.43
2. 20 1.8 0.3 2.77
3. 20 1.8 04 3.17
4. 20 1.8 0.5 3.57
0.18 +
® 0.2 M of benzamide
0.16 4 ® 0.3 M of benzamide
A 0.4 M of benzamide
014 v 0.5 M of benzamide
’E‘ 0.12
§' 0.10
8
o, 0.08
0.06
0.04
0.02

1(IJO 1%0 260 2%0 360 3éD 4IIJO 4é0 S(I]O
Time (min)
Figure 2.4. Plot of [product] vs. time (best linear fitted) used for the determination of the initial

rate (kons) values of benzamide hydroboration carried out with various concentrations of

benzamide.

(a) (b)
y = 0.46x - 4.20 ;
a15] RP=0.997

-36-

Ios(kabs)
log(k,,.)

3.7

-3.84

T T
08 1.0 1.2 1.4 1.6 -0.1 0.0 0.1 0.2 03
log[catalyst] log[HBpin]
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(c)

3454 y=0.42x-3.33 @
R?=0.977

-3.50 -

-3.55 -

IoQ(knbs)

-3.60

T T T T T
0.7 -0.6 -0.5 -0.4 -0.3

log[benzamide]

Figure 2.5. (a) Plot of log1o(Kobs) Vs logio(conc. of catalyst). (b) Plot of logio(kobs) Vs logio(conc.
of HBpin). (c) Plot of logio(kobs) Vs logio(conc. of benzamide).

The rate equation of the reaction:
rate = k[catalyst]®*¢[benzamide]®*’[HBpin]®® (Eq. 1)
2.4.2. Reaction profile of hydroboration of e-caprolactam:

The kinetics of the hydroboration reaction of e-caprolactam was also investigated to explore
the reactivity pattern of e-caprolactam with HBpin in the presence of Ce[N(SiMes)2]3(THF)a.
The kinetic experiment was done by taking 0.2 mmol of e-caprolactam and 0.9 mmol of HBpin
in CeDs in the presence of 2 mol% of the catalyst at 60°C. The progress of the hydroboration
reaction was monitored by 'H NMR spectra taken at certain intervals (Table 2.6). We
considered the beginning point at time t = 0 when the product yield was zero. The reaction
profile of the hydroboration of e-caprolactam with HBpin using Ce[N(SiMes)2]3(THF)s as a
catalyst over a period of 3 hours was obtained (Figure 2.6). The [product] vs. time plot
demonstrated that the hydroboration of e-caprolactam was promoted firmly, and a fetching
point was seen between 30-45 min of the reaction indicating the formation of in situ active

catalyst. 15016

Table 2.6. Ce[N(SiMes)2]3(THF);3 catalyzed hydroboration of e-caprolactam with various time

H
2 mol% of H
Ce[N SIMe3 2]3(THF)
NH + H— B > N—Bpin
CeDg, 60 °C

0.2 mmol 0.9 mmol - Bpin-O-Bpin Product

intervals.
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Time (min) [product] (M)
0 0
15 0.06
30 0.12
45 0.316
60 0.344
75 0.356
90 0.36

120 0.364
180 0.372
0.4
o’°’°—_°__—_°
0.3 i

0.1

0.0+

Figure 2.6. Reaction profile

caprolactam with HBpin.

2.4.3. Hammett Plot:

T T T
80 120 160

Time (min)

200

for the Ce[N(SiMe3)2]3(THF)3-catalysed hydroboration of -

Table 2.7. The ko»s of the para-substituted benzamide for Hammett plot.

0]

o 5 mol% of H
NH H—B/ Ce[N(SiMe3)2]3(THF)3‘ N(Bpin),
% CgDs, 60°C
R 0.2 mmol 0.9 mmol - Bpin-O-Bpin R
R = Me, H, F, NO, Product
SI. No. Substrate (0.4 M) o-value kobs
1. benzamide 0.000 0.0266

Thesis: Md Jabed Hossain
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2. 4-methylbenzamide -0.170 0.0314
3. 4-fluorobenzamide +0.062 0.0262
4. 4-nitrobenzamide +0.778 0.0154

Hammett plot was also performed to understand the effect of the substituents on the
deoxygenation of 1° amides with HBpin using para-substituted benzamide (Figure 2.7). A
meager increase in activity was audited for the electron-donating group substituted at the para-
position of benzamide with a mediocre negative value of Hammett parameter p = -0.324.
This p = -0.324 value hints that the reaction builds up a positive charge (or loses a negative
charge) at the transition state (or the rate-determining step) as the electron density decreases at
the reaction site. Because this positive charge builds up by o+ substituent in the transition state,
an electron-donating group can facilitate the reaction rate affording a higher yield.'%® On the
contrary, an electron-withdrawing group can slow down the reaction rate causing a lower yield.
The substrate scope of scheme 2.4 supported that electron-withdrawing group substituted
substrates led to lower yields but electron-donating group substituted substrates afforded higher

yields.

0.10

@ Me
0.05 4

0.00 4

-0.05 4

log(/ky)

-0.10

-0.15

-0.20

-0.25 T T T T T T
-02 0.0 0.2 0.4 0.6 0.8

Figure 2.7. Hammett plot of deoxygenation of para-substituted benzamide with HBpin. The
kobs Were determined by the integration of the corresponding *H NMR spectrum in the presence

of an internal standard (mesitylene).
Hammett equation:

log(k/kn) = po = -0.324¢0 (Eq. 2)

|
63

Thesis: Md Jabed Hossain



Chapter 2

2.5. Experimental mechanistic aspects

We performed several experimental studies to understand the mechanistic pathway of
Ce[N(SiMes).]3(THF)3 catalyzed 1° and 2° amides hydroboration reaction as previous organo-
lanthanide compounds did not catalyze the reduction of 3° amides.?8 Also,
Ce[N(SiMes)2]3(THF)3 could not catalyze the hydroboration of tertiary amides (N, N-dimethyl
benzamide), albeit the hydroboration of 3° amides is much easier with HBpin among the other
amides. This unusual behavior of Ce[N(SiMes)2]s(THF)s as a catalyst prompted us to get more

insight into the actual reaction pathway.

To understand the course of the reaction, first, we performed a reaction of
Ce[N(SiMes)2]3(THF)s with benzamide in a 1:1 molar ratio. The *H NMR spectrum of this
mixture was inconclusive, but a small peak at 725.49 was observed in the mass spectrum of
1:1 mixture of Ce[N(SiMes)2]3(THF)z with benzamide, which corresponds to the cerium mono-
amidate complex with two THF molecules attached to it. This reaction mixture was further
treated with 4.5/13.5 equivalents of HBpin at 60 °C for 36 hours, respectively. However, we
did not observe any significant product peak in *H and !B NMR spectra by using 4.5 equivalent
of HBpin but noticed a 73% yield with 13.5 equivalent of HBpin. This indicates that the 1:1
molar ratio of Ce[N(SiMes)2]3(THF)z and benzamide does lead to the most active intermediate

species.

Subsequently, we tried the reaction of Ce[N(SiMez3)2]3(THF)3 with benzamide (1° amide) in a
1:3 molar ratio, which afforded a cerium tris-amidate species. The formation of the tris-amidate
species was confirmed by H NMR, ?°Si NMR, and mass spectrometry (Scheme 2.9).
However, even after repeated attempts, we could not isolate the crystals of this tris-amidate
species. The *H NMR spectrum of the 1:3 reaction of Ce[N(SiMes)2]s(THF)s with benzamide
displayed a new peak at ¢ 0.10 ppm, assigned for HN(SiMes).. The 2°Si NMR spectrum also
revealed a peak at & 1.94 ppm, confirming the formation of HN(SiMe3)2.2%1" The mass
spectrometric data showed an intense peak at m/z 645.5652, which matches well with the mass
of the cerium tris-amidate complex of benzamide with two THF molecules. A similar tris-
amidate species was also observed by Marks and co-workers in the case of [La(N(TMS)2).]s-
catalyzed hydroboration of 2° amides.® They proved the formation of lanthanum tris-amidate
species by monitoring the *H NMR spectrum and also used it for further catalytic reaction. This
species was proven to be catalytically active, but the reaction progress was slow. However,

Chen and co-workers did not mention such tris-amidate formation in their experimental work
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of 2° and 3° amides hydroboration reaction.®

Subsequently, the reaction of
Ce[N(SiMe3)2]3(THF)s with acetanilide (2° amide) in a 1:3 molar ratio in CsDs revealed the
formation of a cerium tris-amidate complex of acetanilide (Scheme 2.9b), which was also
confirmed by NMR spectroscopy and mass spectrometry. To check the reaction of 3’-methyl
acetanilide and e-caprolactam (a cyclic 2° amide) with Ce[N(SiMe3)2]3(THF)3, we adopted the
same method and observed the formation of a similar species. Important to mention that we
did not observe any reaction of N, N-dimethylbenzamide (3° amide) with
Ce[N(SiMe3)2]3(THF)3, which is presumably due to the lack of hydrogen in 3° amides (Scheme

2.9¢).

(a) Formation of tris-amidate species of benzamide

H
SiMe; . |
. NH CgDs, 60 °C N
Ce—N . 3THF + 2 » Ce “,>_Ph *2THF 4+ 3 HN(SiMes),
SiMe3 1-24 h o
3 3
1 eqv. 3 eqv.

(b) Formation of tris-amidate species of acetanilide

Th

, H
/SIMG?, N\n/ CeDs, 60°C N
ceN "3THF + —_— e NM— ['3THF + 3 HN(SiMes),
SiMeg o 4h S
3 3

(0]
1 eqv. 3 eqv.

(c) No formation of tris-amidate species of N, N-dimethylbenzamide

O
SiM o . |
Ses N/ CeDs, 60 °C ! Tris-amidate complex !
Ce—N 3THF  + —_ > !
\ . | ] + '
SiMes 3 24 h . . !
' HN(SlMe3)2 )
1 eqv. 3eqv. e e - e
(d) In situ imine formation and H, molecule evolution
)O]\ 5 mol% of H
Ce[N(SiMes)l3(THF)s )\\ Boi
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Ph”™ "NH, +  HBpin >  pPh” N7 + Bpin—O—Bpin + H,4
0
0.2 mmol 0.6 mmol CeDe. 807C. 24 In situ imine
formation

Scheme 2.9. Control experiments for the mechanistic aspects of hydroboration of amides. (a)
Formation of tris-amidate species of benzamide (1° amide); (b) Formation of tris-amidate

species of acetanilide (2° amide); (c) No formation of tris-amidate species of N, N-
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dimethylbenzamide (3° amide); (d) In situ imine formation and H2 molecule evolution in

hydroboration reaction.

Further, we also performed the reaction of benzamide with 3 equivalents of HBpin in the
presence of 5 mol% of the catalyst in CsDs (Scheme 2.9d) and observed a peak for H: in the
'H NMR spectrum (6 4.47 ppm) along with a peak for imine at § 10.35 ppm, indicating the
possibility of in-situ formation of imine species in amide hydroboration reaction. The formation
of imine was further confirmed by the characteristic peak of imine group carbon at ¢ 168.74
ppm in BC{*H} NMR spectrum.

Luo and co-workers mentioned that the calcium bis-amidate complex of 4-methylbenzamide
was insoluble in the common organic solvents and found to be inactive towards hydroboration
reaction.®? Similarly, we also observed that the cerium tris-amidate complex of benzamide was
initially insoluble in CDClIs, but upon the addition of HBpin, dissolution of the solid was

observed (Figure 2.8).

(b) :

W0 () A TR "

Insoluble
complex

,

Figure 2.8. Images of cerium tris-amidate complex of benzamide in CDCls (a) before addition
of HBpin and (b) after 1 hour of the addition of HBpin (13.5 equiv).

To check the catalytic activity of the tris-amidate complex, we reacted the cerium tris-amidate
complex of benzamide with 13.5 equivalent of HBpin in CDClIs at 60 °C, which led to the
formation of borylated product in 90.5% yield (Scheme 2.10). Likewise, treating cerium tris-
amidate complex of 4-methylacetanilide with 13.5 equivalent of HBpin gave the corresponding
borylated amine product in 97.5% yield (Scheme 2.10). To understand the role of the cerium
tris-amidate complex in the catalytic cycle, we performed some kinetic experiments, which
revealed it to be a resting state. These experiments showed that the most probable first step is
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the formation of cerium-amidate complex, which is a crucial step for the hydroboration of 1°
and 2° amides. It also explains that due to the absence of hydrogen, 3° amide does not form a
cerium-amidate complex, which is the most reasonable explanation for the inactivity of
Ce[N(SiMe3)2]3(THF)3 towards 3° amides. Moreover, we also observed a white precipitation
after the completion of the reaction, which was found insoluble in CDCIs and other common
solvents (Scheme 2.10). The Raman spectrum of the white precipitate shows a distinct peak at

1444.2 cm, which is matches well with the reported Ce-H values.*®

T H H

N CDCls, 60 °C N(Bpin)
Ce >—Ph |"2THF + HBpn ——> P2 L Bpin-0-Bpin

© 3 13.5 eqv. 36 h

-white ppt . . ° .
(CeH,, species) Yield = 90.5% (13.5 eqv. of HBpin)
Il?' Bpin
I

N CDCl3, 60°C NX
Ce ‘>— 3THF + HBpin AY + Bpin-O-Bpin

© 3 13.5 eqv. 12h

hit t . ° . -white ppt
R' = 4-Me-CgH, -white ppt - Yield = 97.5% (13.5 eqv. of HBpin) (CeH, species)
n

(CeH,, species)
Scheme 2.10. Reaction of tris-amidate complexes with HBpin.

Eventually, based on all these experiments and previous reports,®!® we propose a plausible
mechanistic pathway of Ce[N(SiMes).]3(THF)s-catalyzed deoxygenative reduction of primary
amides with HBpin in Scheme 2.11.
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Scheme 2.11. Plausible mechanistic pathway of 1° amide hydroboration reaction.

2.6. Conclusion

We have demonstrated the use of less explored and easily available Ce[N(SiMes)2]s(THF)s as
catalyst for the hydroboration of 1° and 2° amides with HBpin. Previously reported lanthanide
amides, e.g., Y[N(SiMez)2]z and La[N(SiMes)2]s, could only perform the hydroboration of 2°
and 3° amides using HBpin but were unable to reduce 1° amides. On the contrary,
Ce[N(SiMes)2]3(THF)3 was found highly efficient for the hydroboration of 1° and 2° amides
under mild reaction conditions and low catalyst loading. Moreover, various functional group
tolerance and a gram-scale reaction were also demonstrated in the substrate scope using
Ce[N(SiMes)2]3(THF)z as a catalyst. Systematic experimental studies and kinetic experiments
supported the formation of a tris-amidate complex as a crucial active species, which is vital for
the catalytic cycle. This is the first use of Ce[N(SiMes)2]3(THF)3 as a catalyst showing excellent
catalytic performance towards reducing 1° and 2° amides. The easy access of
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Ce[N(SiMes)]3(THF)3 makes it a suitable candidate for bulk-scale synthesis and industrial

application.

2.7. NMR Spectra
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Figure 2.9. *H NMR spectrum of Ce[N(SiMes)2]s-3THF in CeDs [400 MHz, 298 K].
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Figure 2.11. *H NMR (400 MHz) spectrum for hydroboration reaction of acetanilide with 4.5
eg. of HBpin in toluene using 2 mol% of Ce[N(SiMez)2]3(THF)s as a catalyst in presence of 20
mol% of TMEDA for 12 hours at 50°C temperature. [Solvent: CDClz, 298 K; IS: mesitylene].
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Figure 2.13. 3C{*H} NMR [CDCls, 100.613 MHz, 298 K] spectra of 1b’.
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Figure 2.15. 3C{*H} NMR [CDCls, 100.613 MHz, 298 K] spectra of 1r’.
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Figure 2.19. '"H NMR spectrum of molecular hydrogen (Hz) for benzamide hydroboration
[CsDs, 400 MHz, 298 K].
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Figure 2.21. BC{'H} NMR spectrum of in situ generated N-borylated imine [C¢Ds, 100.613
MHz, 298 K].
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Chapter 3

Reduction of esters, epoxides and CO; using
Ce[N(SiMe3)2]3(THF)s as a catalyst
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3.1. Introduction

The activation of the C—O bond is the key factor for the reduction of ester, epoxide and COo.
The reduction of esters, epoxides and CO. procreates valuable functionalized alcohols, which
are utilized in the synthesis of fine chemicals, drug discovery, chemical feedstocks and valuable
renewable sources of fuel.! The common reduction method involves aggressive reducing
agents (e.g., LiAlH4, LiBH4, NaBH4 and BHs), which possesses cabalistic drawback on the
selectivity and the functional group tolerance.? On the other hand, an atom-efficient direct
hydrogenation method demands high pressure and high temperature for the C—O bond
reduction.*  The alternative hydroelementation reactions (e.g., hydrosilylation or
hydroboration) are striking tactics for the reduction of esters and epoxides. There are plenty of
reports on metal-catalysed hydrosilylation of esters,* but, fewer reports on the hydroboration
of esters.> Important to note that, there are very less reports on the hydroboration of

epoxides.>®®

The organo-f-element-catalysed hydroboration of esters’ is juvenile in the organic
transformation, whereas hydroboration of epoxides’® is an infant (Chart 3.1). In 2019, Marks
and co-workers reported the hydroboration of esters using homoleptic lanthanum amide
La[N(SiMes).]s as a catalyst and explained a detailed mechanistic pathway supported by
experimental as well as theoretical studies.”® In the same year, Sadow and co-workers
introduced the hydroboration of ester and epoxide using homoleptic tris(alkyl) lanthanum
La[C(SiHMe>)z3]s as a catalyst, where they investigated the reaction pathway by Kinetic
experiments.’@ Later, Eisen and co-workers revealed the catalytic hydroboration of ester using
thorium and uranium amide complexes as catalysts and proposed a plausible mechanistic

pathway based on the stoichiometric reactions and DFT calculations.”

Although the hydroboration of epoxides produces eco-friendly and industrially useful alcohol,
reports on it are scarce.! Transition metal (Fe, Ni)-catalysed hydroboration of epoxides was
reported by the group of Love®® and Wang® in 2017. In 2022, Nembenna and co-workers
introduced the aluminium-catalysed epoxide hydroboration. ¢ First lanthanide-catalysed
hydroboration of epoxides was reported by Sadow and co-workers in 2019, where they showed
the use of homoleptic tris(alkyl)lanthanum La[C(SiHMe;)3]; as a catalyst under mild reaction

conditions (5-10 mol% of the catalyst, 1.3 equiv. of HBpin, 25-60 °C, 24 h).

The hydroboration reaction is widely explored in the field of the most important and most

challenging CO; reduction process.8 The catalysed products (e.g., formic acid derivatives,
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diols, methanol) are in high demand in the industries.! There has been a gradual increase in the
reports concerning the hydroboration of CO», catalyzed by both transition metal-based catalysts
and main-group catalysts.® However, the lanthanide-catalysed hydroboration of CO, using

HBpin by the homogenous catalytic process is not known in the literature till to date.

In this chapter, we have demonstrated the reduction of esters, epoxides and CO, with HBpin
using easily available Ce[N(SiMes).]3(THF)z as a catalyst. The hydroboration of esters
afforded good to excellent yields under mild reaction conditions (1 mol% of the catalyst, 60°C
temperature and 4-12 hours reaction time). The hydroboration of cyclic esters delivered an
excellent yield (up to >99%) under the same reaction conditions. A detailed kinetic experiments
and stoichiometric reactions elaborated the mechanistic pathway of ester hydroboration
reaction. The hydroboration of epoxides also led to excellent yields of selective borylated

alcohol products under mild reaction conditions.

It is of note that we have also first time unveiled the reduction of CO, with HBpin to afford the
borylated methanol catalysed by homoleptic lanthanide-amide complex as a catalyst. The
Ce[N(SiMe3)2]3(THF)s-catalysed hydroboration of CO; is highly selective towards the
borylated methanol synthesis. It gives up to >99% yield at room temperature in 24 hours,
whereas >99% yield was observed at 85°C temperature in 3 hours by using 0.087 mol% of the
catalyst. The observed maximum TON was ~1146 and the TOF was ~382 h? for the
hydroboration of CO> to borylated methanol at 85°C.

(Me3Si)2N\
An SiMe; This work

(MegSip,N~ N
La[C(SiHMe2)3]3 La[N(SiMe3)2]3 SiMe3 U[N(SIMe3)2]3 :' :
An =Th, U 1 Ce[N(SiMe3)l3(THF)3
Sadow, 2019~ Marks, 2019 Eisen, 2022 Eisen, 2022 Ester/enoxide/CO !
Ester/epoxide Ester Ester Ester ster/epoxi e‘ 2
hydroboration  hydroboration hydroboration hydroboration hydroboratlo o

Chart 3.1. Organo-f-complexes for selective ester/epoxide hydroboration reaction with HBpin.

3.2. Experimental section

All manipulations were carried out under an inert gas atmosphere of argon using the standard
Schlenk technique and in an argon-filled MBRAUN MB 150-GI glovebox. All solvents were
purified by the MBRAUN MB SPS-800 solvent purification system. All other chemicals were
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purchased from Sigma Aldrich, Alfa-Aesar, ChemScene and BLD Pharma. The *H and **C
NMR spectra were recorded in CDClz and CsDs using a Bruker 400 MHz spectrometer. Mass
spectra were recorded using an AB Sciex 4800 plus HRMS. Ce[N(SiMe3)2]3(THF)s was
synthesized by using the reported synthetic procedure.®

General catalytic reaction procedure of ester hydroboration: The Ce[N(SiMes)2]3(THF)3
catalyst was taken into a 25 mL Schlenk tube inside the glovebox and added ester (0.2 mmol)
and 0.88 mL of HBpin solution (0.5 M). The reaction mixture was stirred for 5 h at 60 °C
temperature. After that, the solvent was dried under a high vacuum. Then, mesitylene (0.2
mmol) was added as an internal standard into the tube and added 0.5 mL of CDCI3 and the
crude reaction mixture was submitted for *H and 3C NMR experiments. The yield of the
products was calculated by integrating the mesitylene as an internal standard in *H NMR
spectra. We have calculated the yield of the product by considering the two protons at the

reduced carbon centre.

General catalytic reaction procedure of epoxide hydroboration: The
Ce[N(SiMes)2]3(THF)3 catalyst was taken into a 25 mL Schlenk tube inside the glovebox and
added epoxide (0.2 mmol) and 0.88 mL of HBpin solution (0.5 M). The reaction mixture was
stirred for 5 h at 60 °C temperature. After that, the solvent was dried under a high vacuum.
Then, mesitylene (0.2 mmol) was added as an internal standard into the tube and added 0.5 mL
of CDCls and the crude reaction mixture was submitted for *H and *C NMR experiments. The
yield of the products was calculated by integrating the mesitylene as an internal standard in *H
NMR spectra.

General catalytic reaction procedure of CO2 hydroboration: We have taken 1 mg (0.0012
mmol) of Ce[N(SiMes).]3(THF)s as a catalyst in a 25 mL Schlenk tube inside the argon-filled
glovebox. After that, 300 puL (2.06 mmol) of HBpin was added into the tube by using the
Schlenk line under an inert atmosphere. Then, the CO. gas was purged into the tube for 5
minutes from the CO> cylinder and packed the tube under the CO2 atmosphere and kept it for
1h,2h,3h,4h,6h,8h, 12 h, 16 h and 24 h at 25 °C, 45 °C, 65 °C and 85 °C temperature
accordingly. After completion of the reaction, added 95 pL (0.67 mmol) of mesitylene and
CDCl; as solvent and recorded the *H NMR (400 MHz, 298 K). Calculated the yields of the

borylated methanol by integration of mesitylene peak in *H NMR spectra.®
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3.3. Results and discussion of ester hydroboration reaction

3.3.1. Reaction optimization

Acyl carbon Alkoxy carbon
\?\ Ce[N(SiMe3),]3(THF)3
e + H-Bpin > Ph—CH,—OBpin + Ph—O0OBpin
Ph 0 Toluene 2 P P
1 0.44 mmol 2 3

Borylated products

Scheme 3.1. Hydroboration of ester with HBpin using Ce[N(SiMe3)2]3(THF); as a catalyst.

The esters hydroboration with HBpin in the presence of Ce[N(SiMes)2]z as a catalyst is
selective towards Cacyi—O bond cleavage, which afforded products 2 and 3 (Scheme 3.1). 1
mol% of Ce[N(SiMes).]s at 60 °C in 5 hours is the optimized reaction condition for the
selective reduction of ester (methyl benzoate) with HBpin to achieve a productive yield of
borylated alcohol. At room temperature, the hydroboration of the phenyl benzoate led to the
formation of product in only 46% yield in 12 hours. We performed three experiments to
understand the preface of the catalyst: (i) without catalyst (Table 3.1; Entry 8): Demonstrated
27% yield at 60 °C temperature in 5 hours; (ii) 10 mol% CeCls as a catalyst (Table 3.1; Entry
9): Afforded 24% vyield at the optimized conditions; (iii) 20 mol% of TMEDA
(tetramethylethylenediamine) as an additive with 1 mol% of the catalyst (Table 3.1; Entry
10): Delivered 89% yield, which indicated the negligible impact of “hidden BH3 catalysis™*°
in the ester hydroboration reaction. All these three distinguish experiments notified that
Ce[N(SiMes)2]3(THF)s behaves as an efficient catalyst for the ester reduction with HBpin

under mild reaction conditions.
Table 3.1. Reaction optimization of methylbenzoate hydroboration reaction.

Ce[N(SIM63)2]3(THF)3

)?\ . (x mol%) N . .
N H-Bpin Toluene Ph—CHyO—Bpin + Ph—0-Bpin
0.2 mmol 0.44 mmol Borylated product
SI. No. Catalyst Mol% Temp. (°C) Time (h) Yield*(%)
1 Ce[N(SiMes)2]3(THF)3 0.5 60 12 45
2 Ce[N(SiMe3)2]3(THF)3 1 60 12 >99
3. Ce[N(SiMe3).]3(THF)3 1 60 5 >99
4 Ce[N(SiMe3)2]3(THF)3 1 60 3 79
|
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5 Ce[N(SiMez)2]3(THF)3 1 rt 5 5

6. Ce[N(SiMes)z]a(THF)s I 50 5 86
7 - - 60 5 22
8 C(—:‘Cl3 10 60 5 20
9. Ce[N(SiMe3)2]s(THF)s (in 1 60 5 100

presence of 20 mol% of

TMEDA

[Yields were determined by integrating *H NMR spectra in the presence of an internal standard

(mesitylene).]
3.3.2. Substrate scope of ester hydroboration

Broad substrates were carried out using Ce[N(SiMes)2]3(THF)s as a catalyst at optimized
reaction conditions. The electron-withdrawing and electron-donating group substituted
aromatic esters afforded very good yields in 5 hours (Scheme 3.2). The methylbenzoate with -
OH and -OMe group substitutions unexpectedly exhibited a lower yield compared to the others
(29 and 2i; Scheme 3.2). We achieved good to excellent yields of borylated products from
aliphatic ester hydroboration within a 12 hours timeframe. An electron-withdrawing group
containing methylbenzoate also provided a decent yield of the borylated alcohol product in the
presence of Ce[N(SiMes)2]3(THF)s as a catalyst. All the substrates demonstrated the kinetically
labile cleavage of the Cacyi—O bond in the ester group neglecting the Cakoxy—O bond cleavage
in the presence of electrophilic Ce[N(SiMez3)2]3(THF)3 as a catalyst. A complete list of the
products is mentioned in Table 3.2.

Ce[N(SIMe3)2]3(TH F)3

o)
. 1 mol%
R1lI\O/R2 + H-Bpin Mo > R'-CH,-O—Bpin + R2-O-Bpin
Toluene/C ¢Dg, 60°C, 5-12 h
0.2 mmol  0.44 mmol (2) (3)
™1 R' = aryl/alkyl; R? = aryl/alkyl
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@*@*@* @*@w

2a (>99%) b (>99%) (99%) (99%) (87%)
f (>99%) g (45%) h (90%) i (44%) j (74%)?
2k (95%) 21 (85%) 2m (>99%)? 5 2n (>99%)?

j\o/\ \Hko/\ )J\/\(\ /\Hk )J\ -Ph

Br
20 (82%)% 2p (93%)% 2q (80%)ab 2r (>99%) 2s (85%)2°

Scheme 3.2. Substrate scope of catalytic hydroboration of esters with HBpin using catalyst
Ce[N(SiMes)2]3(THF)s. [“12 h reaction time. “C¢Ds as a solvent. Yields were determined by the
integration of the corresponding 'H NMR spectra normalized on the internal standard

(mesitylene)]
Table 3.2. Substrate scope of esters hydroboration.

1 mol% of Ce[N(SiMej),l3

R1J\O/R2 + H-Bpin > R'-CH,-O-Bpin + R?-O-Bpin
Toluene/C ¢Dg, 60°C, 5-12 h
0.2 mmol  0.44 mmol (2) (3)
) R' = aryl/alkyl; R? = aryl/alkyl
Substrate Products

H3;C—0OBpin
3a

(0]
O)ko/ ©)<OBDIH
1a
(0]
@ -Ph O)QOBpm Ph—OBpin

3b
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0
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0 H H
/U\O/Ph )QOBpin Ph—OBpin
1s 2 3s

[212 h reaction time. °CsDs as a solvent. Yields were determined by the integration of the

corresponding *H NMR spectra normalized on the internal standard (mesitylene)]

We took two cyclic esters e.g., e-caprolactone and lactide, which are very popular and common
monomers for polymerization reactions to deliver polycaprolactone (PCL) and polylactic acid
(PLA).1! Surprisingly in the presence of Ce[N(SiMes)]s(THF)s hydroboration of caprolactone
and lactide with HBpin afforded borylated alcoholic products instead of polymerized products
(Scheme 3.3). Both the cyclic esters, showed an excellent yield of the corresponding borylated
alcohol products (>99%).

0]
Ce[N(SiMe3),]3(THF)3 H H
(0] 0
. (1 mol%) O~~~ X
+ HBpin > Bpin OBpin
Toluene, 60°C, 12 h
Caprolactone 2.2 equiv. 2v (>99%)
1v
@]

\)k Ce[N(SlMe3)2]3(THF)3 H H
0 . (1 mol%) 0
0 + HBpin > Bpin”~ OBpin
, Toluene, 60°C, 12 h
2.2 equiv.

(@] 2w (>999
Lactide w %)

1w

Scheme 3.3. Substrate scope of catalytic hydroboration of cyclic esters with HBpin using
catalyst Ce[N(SiMes)2]3(THF)z. [Yields were determined by the integration of the

corresponding *H NMR spectra normalized on the internal standard (mesitylene)]
Analytical data of borylated alcohol:

2a + 3a: 'H NMR (CDCls, 400 MHz, 298 K): § 7.28-7.22 (m, 4H, Ph), 7.19-7.15 (m, 1H, Ph),
6.72 (s, 3H, mesitylene), 4.85 (s, 2H, CH>), 3.83 (s, 3H, CH3), 2.19 (s, 9H, mesitylene), 1.18 (s,
12H, OBpin) ppm; BC{*H} NMR (CDCls;, 100.613 MHz, 298 K): ¢ 139.2 (Ph), 137.7
(mesitylene), 129.6 (Ph), 128.3 (Ph), 127.4 (mesitylene), 126.9 (Ph), 83.0 (OBpin), 66.7 (CH>),
24.6 (OBpin), 21.2 (mesitylene) ppm.
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2b + 3b: *H NMR (CDCls, 400 MHz, 298 K): 6 7.25-7.20 (m, 4H, 2Ph), 7.17-7.14 (m, 2H,
2Ph), 7.09-7.07 (m, 2H, 2Ph), 6.76-6.75 (m, 2H, 2Ph), 6.69 (s, 3H, mesitylene), 4.84 (s, 2H,
CHy>), 2.17 (s, 9H, mesitylene), 1.16 (s, 24H, 20Bpin) ppm; *C{*H} NMR (CDCls, 100.613
MHz, 298 K): ¢ 139.2 (Ph), 137.7 (mesitylene), 129.5 (Ph), 128.3 (Ph), 127.5 (mesitylene),
127.0 (Ph), 126.8 (Ph), 121.8 (Ph), 120.2 (Ph), 115.5 (Ph), 83.3 (OBpin), 83.1 (OBpin), 66.8
(CHy), 24.6 (OBpin), 24.5 (OBpin), 21.2 (mesitylene) ppm.

2c: 'H NMR (CDCls, 400 MHz, 298 K): § 7.26-7.20 (m, 8H, 2Ph), 7.17-7.13 (m, 2H, 2Ph),
6.70 (s, 3H, mesitylene), 4.83 (s, 4H, 2CH>), 2.18 (s, 9H, mesitylene), 1.16 (s, 24H, 20Bpin)
ppm; BC{*H} NMR (CDClIs, 100.613 MHz, 298 K): ¢ 137.8 (mesitylene), 133.1 (Ph), 129.8
(Ph), 128.7 (Ph), 128.4 (Ph), 127.0 (mesitylene), 83.0 (OBpin), 66.8 (CH>), 24.7 (OBpin), 21.3

(mesitylene) ppm.

2d + 3d: 'H NMR (CDCls, 400 MHz, 298 K): 6 7.26-7.20 (m, 5H, Ph), 6.97-6.95 (m, 2H,
CHasPh), 6.89-6.87 (m, 2H, CH3sPh), 6.70 (s, 3H, mesitylene), 4.84 (s, 2H, CHy), 2.18 (s, 3H,
PhCHj3), 2.18 (s, 9H, mesitylene), 1.21 (s, 12H, OBpin), 1.18 (s, 12H, OBpin) ppm; BC{*H}
NMR (CDCls, 100.613 MHz, 298 K): ¢ 151.3 (Ph), 139.3 (Ph), 137.7 (mesitylene), 132.5 (Ph),
129.8 (Ph), 128.3 (Ph), 127.4 (mesitylene), 127.0 (Ph), 126.8 (Ph), 119.3 (Ph), 83.5 (OBpin),
83.0 (OBpin), 66.8 (CH2), 24.7 (OBpin), 24.6 (OBpin), 21.3 (mesitylene), 20.7 (CHs) ppm.

2e + 3e: 'H NMR (CDCl3, 400 MHz, 298 K): 6 7.74-7.68 (m, 4H, Naphthalene), 7.48-7.39 (m,
1H, Naphthalene), 7.35-7.33 (m, 2H, Naphthalene) 6.69 (s, 3H, mesitylene), 4.99 (s, 2H, CH>),
3.50 (s, 3H, CH30Bpin), 2.17 (s, 9H, mesitylene), 1.17 (s, 12H, OBpin), 1.15 (s, 12H,
CH30Bpin) ppm; *C{*H} NMR (CDCls, 100.613 MHz, 298 K): ¢ 137.7 (mesitylene), 135.6
(Naphthalene), 132.5 (Naphthalene), 131.1 (Naphthalene), 129.4 (Naphthalene), 128.3
(Naphthalene), 128.2 (Naphthalene), 127.8 (Naphthalene), 127.0 (mesitylene), 126.7
(Naphthalene), 125.8 (Naphthalene), 125.3 (Naphthalene), 83.1 (OBpin), 66.8 (CH>), 52.3
(CH30Bpin), 24.5 (OBpin), 21.2 (mesitylene) ppm.

2f + 3f: 'TH NMR (CDCl3, 400 MHz, 298 K): ¢ 7.16-7.14 (m, 2H, Ph), 7.05-7.03 (m, 2H, Ph),
6.71 (s, 3H, mesitylene), 4.79 (s, 2H, CHy), 2.24 (s, 3H, CH3Ph), 2.18 (s, 9H, mesitylene), 1.17
(s, 12H, OBpin) ppm; BC{*H} NMR (CDCls, 100.613 MHz, 298 K): § 137.7 (mesitylene),
137.0 (CHsPh), 136.3 (CHsPh), 129.7 (CHsPh), 129.0 (CHsPh), 126.9 (mesitylene), 83.1
(OBpin), 83.0 (OBpin), 66.6 (CH.), 52.0 (CH3OBpin), 24.6 (OBpin), 24.5 (OBpin), 21.2
(mesitylene) ppm.
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29 + 3g: *H NMR (CDCls, 400 MHz, 298 K): § 7.95-7.93 (d, 2H, Ph), 6.95-6.93 (d, 2H, Ph),
6.82 (s, 3H, mesitylene), 4.85 (s, 2H, CHy), 2.24 (s, 3H, CHsPh), 2.29 (s, 9H, mesitylene), 1.29
(s, 12H, OBpin), 1.28 (s, 12H, PhOBpin) ppm; BC{*H} NMR (CDCls, 100.613 MHz, 298 K):
0 155.7 (PhOH), 137.7 (mesitylene), 131.9 (PhOH), 128.8 (PhOH), 126.9 (mesitylene), 115.5
(PhOH), 83.3 (OBpin), 83.2 (OBpin), 66.7 (CH2), 52.0 (CH3OBpin), 24.6 (OBpin), 24.5
(OBpin), 21.2 (mesitylene) ppm.

2h + 3h: 'H NMR (CDCls, 400 MHz, 298 K): § 6.82 (s, 3H, mesitylene), 6.66-6.61 (m, 4H,
Ph), 4.81 (s, 2H, CH>), 2.30 (s, 9H, mesitylene), 1.28 (s, 12H, OBpin), 1.27 (s, 12H, NBpin)
ppm; BC{*H} NMR (CDCls, 100.613 MHz, 298 K): ¢ 146.0 (PhNH,), 137.7 (mesitylene),
131.6 (PhNH), 128.7 (PhNH2), 126.9 (mesitylene), 113.7 (PhNH), 83.1 (OBpin), 82.8
(OBpin), 66.8 (CH), 51.5 (CH30Bpin), 24.6 (OBpin), 24.5 (OBpin), 21.2 (mesitylene) ppm.

2i + 3i: 'H NMR (CDCls, 400 MHz, 298 K): § 7.33-7.31 (d, 2H, Ph), 6.91-6.89 (d, 2H, Ph),
6.84 (s, 3H, mesitylene), 4.89 (s, 2H, CH>), 3.82 (s, 3H, OCHz3), 2.31 (s, 9H, mesitylene), 1.30
(s, 12H, OBpin) ppm; *C{*H} NMR (CDCls, 100.613 MHz, 298 K): § 159.1 (PhOMe), 137.7
(mesitylene), 131.7 (PhOMe), 128.6 (PhOMe), 127.0 (mesitylene), 113.7 (PhOMe), 83.1
(OBpin), 82.9 (OBpin), 66.5 (CH.), 55.3 (OMe), 51.9 (CHsOBpin), 24.7 (OBpin), 24.6
(OBpin), 21.2 (mesitylene) ppm.

2j + 3j: 'H NMR (CDCls, 400 MHz, 298 K): 6 7.62-7.60 (d, 2H, Ph), 7.49-7.47 (d, 2H, Ph),
6.82 (s, 3H, mesitylene), 5.01 (s, 2H, CH>), 2.30 (s, 9H, mesitylene), 1.30 (s, 12H, OBpin) ppm;
BC{'H} NMR (CDCls, 100.613 MHz, 298 K): § 143.3 (PhCFs3), 137.8 (mesitylene), 130.1
(PhCFs3), 127.0 (mesitylene), 126.7 (PhCFs), 125.3 (PhCFs), 83.3 (OBpin), 66.0 (CH.), 52.6
(CH30Bpin), 24.7 (OBpin), 24.6 (OBpin), 21.3 (mesitylene) ppm.

2k + 3k: *H NMR (CDCls, 400 MHz, 298 K): 6 7.30-7.30 (d, 2H, Ph), 6.81 (s, 3H, mesitylene),
4.90 (s, 2H, CHy2), 2.29 (s, 9H, mesitylene), 1.28 (s, 12H, OBpin), 1.27 (s, 12H, CH3OBpin)
ppm; BC{*H} NMR (CDCls, 100.613 MHz, 298 K): § 161.1 (FPh), 137.7 (mesitylene), 129.1
(FPh), 128.3 (FPh), 127.0 (mesitylene), 125.4 (FPh), 83.1 (OBpin), 82.8 (OBpin), 66.1 (CH>),
52.6 (CHsOBpin), 24.6 (OBpin), 24.5 (OBpin), 21.2 (mesitylene) ppm.

21 + 31: *H NMR (CDCls, 400 MHz, 298 K): 6 7.36-7.33 (m, 2H, Ph), 7.06-7.01 (m, 2H, Ph),
6.83 (s, 3H, mesitylene), 4.91 (s, 2H, CH>), 2.30 (s, 9H, mesitylene), 1.29 (s, 12H, OBpin) ppm;
BC{*H} NMR (CDCls, 100.613 MHz, 298 K): 6 137.7 (mesitylene), 135.1 (CIPh), 132.2
(CIPh), 128.7 (CIPh), 127.0 (mesitylene), 115.1 (CIPh), 83.1 (OBpin), 83.0 (OBpin), 66.1
(CHy), 52.2 (CH30Bpin), 24.7 (OBpin), 24.6 (OBpin), 21.2 (mesitylene) ppm.
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2m + 3m: 'H NMR (CDCls, 400 MHz, 298 K): ¢ 7.69-7.67 (m, 2H, Ph), 7.13-7.11 (m, 2H,
Ph), 6.83 (s, 3H, mesitylene), 4.89 (s, 2H, CH>), 2.31 (s, 9H, mesitylene), 1.29 (s, 12H, OBpin)
ppm; BC{'H} NMR (CDCls, 100.613 MHz, 298 K): § 137.8 (IPh), 137.7 (IPh), 137.4
(mesitylene), 131.1 (IPh), 128.7 (IPh), 127.0 (mesitylene), 83.2 (OBpin), 83.1 (OBpin), 66.1
(CHy), 52.3 (CH30Bpin), 24.7 (OBpin), 24.6 (OBpin), 21.3 (mesitylene) ppm.

2n + 3n: 'H NMR (CDCls, 400 MHz, 298 K): 6 7.61-7.59 (m, 1H, Ph), 7.46-7.42 (m, 1H, Ph),
7.33-7.28 (m, 2H, Ph), 6.83 (s, 3H, mesitylene), 4.95 (s, 2H, CHz), 4.50 (s, 2H, BrCH2Ph), 2.30
(s, 9H, mesitylene), 1.30 (s, 12H, OBpin) ppm; *C{*H} NMR (CDCls, 100.613 MHz, 298 K):
0 138.3 (BrCH2Ph), 137.8 (mesitylene), 133.5 (BrCH:Ph), 130.8 (BrCH:Ph), 130.2
(BrCHzPh), 129.6 (BrCH2Ph), 129.0 (BrCHzPh), 127.0 (mesitylene), 83.2 (OBpin), 66.3
(CHy), 52.3 (CH30Bpin), 32.5 (BrCHzPh), 24.7 (OBpin), 24.6 (OBpin), 21.3 (mesitylene) ppm.

20+ 30: 'H NMR (CsDs, 400 MHz, 298 K): 6 6.67 (s, 3H, mesitylene), 3.94-3.84 (m, 4H, CH>),
2.14 (s, 9H, mesitylene), 1.02 (s, 24H, OBpin), 0.98-0.94 (t, 6H, CHz) ppm; B¥C{*H} NMR
(CeDs, 100.613 MHz, 298 K): ¢ 137.6 (mesitylene), 127.3 (mesitylene), 83.2 (OBpin), 60.1
(CHy), 25.0 (OBpin), 21.3 (mesitylene), 17.5 (CHs) ppm.

2p + 3p: *H NMR (CDCls, 400 MHz, 298 K): § 6.76 (s, 3H, mesitylene), 4.06-4.02 (m, 1H,
BrCH), 3.96-3.89 (m, 4H, CH3CH(Br)CH2 + CH3CHy>), 2.23 (s, 9H, mesitylene), 1.50-1.48 (d,
3H, CH3:CHBr), 1.19-1.17 (t, 3H, CH3CHy), 1.15 (s, 12H, OBpin), 1.13 (s, 12H, OBpin) ppm;
BC{*H} NMR (CesDs, 100.613 MHz, 298 K): 6 137.5 (mesitylene), 127.3 (mesitylene), 83.2
(OBpin), 70.2 (CHsCH(Br)CH.), 60.6 (CHsCH:), 48.4 (CHsCHBr), 25.0 (OBpin), 24.7
(OBpin), 22.1 (CH3CHBr), 21.3 (mesitylene), 17.5 (CH3CH>) ppm.

2q + 3qg: *H NMR (CDCls, 400 MHz, 298 K): § 6.82 (s, 3H, mesitylene), 3.82-3.75 (m, 4H,
CH3CH2 + CHCHy), 2.30 (s, 9H, mesitylene), 1.40-1.39 (d, 1H, CH), 1.36-1.31 (m, 8H,
(CHa)4), 1.27 (s, 24H, OBpin), 0.92-0.88 (t, 9H, (CHs)3) ppm; *C{*H} NMR (CDCls, 100.613
MHz, 298 K): ¢ 137.8 (mesitylene), 127.0 (mesitylene), 82.7 (OBpin), 67.1 (CHCH,OBpin),
60.8 (CH3CH20Bpin), 41.1 (CH), 30.1 (CH2), 29.1 (CH), 24.7 (OBpin), 23.4 (CH), 23.2
(CH>), 21.3 (mesitylene), 17.3 (CH3CH>), 14.2 (CHsCH2CH), 11.2 (CH3sCH2CH2CH2) ppm.

2r: 'H NMR (CDCls, 400 MHz, 298 K): ¢ 6.81 (s, 3H, mesitylene), 3.78-3.77 (d, 4H,
(BrCHz)2), 3.74-3.70 (m, 4H, CHCH2 + CH2CHgs), 3.23-3.17 (m, 1H, CH), 2.29 (s, 9H,
mesitylene), 1.29 (s, 24H, OBpin), 1.26-1.25 (t, 3H, CH3) ppm; *C{*H} NMR (CDCls, 100.613
MHz, 298 K): ¢ 137.7 (mesitylene), 126.9 (mesitylene), 83.2 (OBpin), 52.6 (CHCH.OBpin),
48.6 ((BrCH2)2CH), 30.5 ((BrCH>).CH), 24.5 (OBpin), 21.2 (mesitylene) ppm.
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2s:'H NMR (CDCls, 400 MHz, 298 K): § 6.83 (s, 3H, mesitylene), 3.88-3.85 (m, 2H, CH>),
2.31 (s, 9H, mesitylene), 1.28 (s, 12H, OBpin), 0.94-0.91 (t, 3H, CH3) ppm; BC{*H} NMR
(CsDs, 100.613 MHz, 298 K): 6 137.5 (mesitylene), 127.3 (mesitylene), 83.2 (OBpin), 82.9
(OBpin), 60.6 (CH3CH.OBpin), 25.0 (OBpin), 24.6 (OBpin), 21.3 (mesitylene), 14.1
(CH3CH20Bpin) ppm.

3.3.3. Kinetic studies

All the kinetic experiments were accomplished by *H NMR (400 MHz) spectroscopic data
using mesitylene (0.4 M) as an internal standard in CsDe as a solvent. All the yields (in molar
concentration) were determined using *H NMR spectra by integrating the corresponding peak

of the internal standard (mesitylene).

We started the kinetic experiments to determine the overall order and the rate equation of the
hydroboration reaction of methyl benzoate with HBpin using Ce[N(SiMes3)2]3(THF)3 as a
catalyst. We started the investigation one by one: (i) the order of the hydroboration reaction
with respect to the catalyst, (ii) the order of the hydroboration reaction with respect to HBpin,

and (iii) the order of the hydroboration reaction with respect to methyl benzoate.

Representative procedure for the methyl benzoate hydroboration reaction carried out with
various concentrations of Ce[N(SiMes)2]3(THF)s: The order of dependence of the catalyst
(Ce[N(SiMe3)2]3(THF)3 for hydroboration reaction of methyl benzoate with HBpin was
determined by the methods of initial rates.!? Initial rate (kobs) were determined using various
concentrations of Ce[N(SiMes)2]3(THF)z (1 mM, 2 mM, 4 Mm, and 6 mM) by keeping the
concentration of HBpin (0.88 M) and methyl benzoate (0.4 M) constant. We recorded four *H
NMR spectra at a certain interval time (60 min) and plotted [product] vs time graph by using
OriginPro 9.0 software (Figure 3.1). We observed kobs Values of the reaction from [product] vs
time plot, which was equal to the slope of the linear fit lines (Table 3.3). The experimental

procedure that has been used is described below.

At first, the catalyst (in different concentrations, 1 mM, 2 mM, 4 mM, and 6 mM) was added
to the NMR tube inside the glove box, and then the methyl benzoate (0.4 M), HBpin (0.88 M)
and CeDs (as solvent) were added to the NMR tube under argon atmosphere by using Schlenk
line. After that, the *H NMR spectra were recorded at various time intervals. The varying
catalyst concentration and the concentration of HBpin and methyl benzoate for each set of

experiments are given in Table 3.3 and represent the data graphically.
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Table 3.3. Initial rates (kobs) for the hydroboration reaction of methyl benzoate with HBpin

carried out under varying concentrations of Ce[N(SiMe3)2]3(THF)s.

SI. No.  [Ce[N(SiMes)2]3(THF)3] [HBpin] [Benzamide] Kobs (x1074)
(mM) (M) (M)
1. 1 0.88 0.4 1.80
2. 2 0.88 0.4 3.07
3. 4 0.88 0.4 8.53
4, 6 0.88 0.4 12.70

03] W 1mMofcatalyst
’ ® 2 mM of catalyst
A 4 mM of catalyst
¥ 6 mM of catalyst
—~ 0.24
2
=
3
o
2
a
0.1 4
—0
el M~
%: =
0.0 ) I ) ) L)
20 40 60 80 100 120
Time (min)

Figure 3.1. The plot of [Product] vs. time (best linear fitted) used for the determination of the
initial rate (kops) values of methyl benzoate hydroboration carried out with various
concentrations of Ce[N(SiMes)2]3(THF)s.

Representative procedure for the methyl benzoate hydroboration reaction carried out with
various concentrations of HBpin: Initial rate (Kons) was determined using various concentrations
of HBpin (0.4 M, 0.6 M and 0.8 M) by keeping the concentration of Ce[N(SiMes)2]3(THF)3 (4
mM) and benzamide (0.4 M) constant. We recorded four *H NMR spectra at a certain interval
time (60 min) and plotted [product] vs time graph by using OriginPro 9.0 software (Figure
3.2). We observed kobs values of the reaction from [product] vs time plot, which was equal to
the slope of the linear fit lines (Table 3.4). The experimental procedure that has been used is

described below.
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At first, Ce[N(SiMe3)2]3(THF)3 (4 mM) was added to the NMR tube inside the glove box, and
then the benzamide (0.4 M), HBpin (in different concentrations, 0.4 M, 0.6 M and 0.8 M) and
CeDs (as solvent) were added to the NMR tube under argon atmosphere by using Schlenk line.
After that, the *H NMR spectra were recorded at various time intervals. The varying HBpin
concentration and the constant concentration of Ce[N(SiMes)2]s(THF)z and benzamide for

each set of experiments are given in Table 3.4 and represent the data graphically.

Table 3.4. Initial rates (kons) for the hydroboration reaction of benzamide were carried out under

varying concentrations of HBpin.

SI. No. [Ce[N(SiMes)2]3s(THF)s3] [HBpin] [Benzamide] Kobs (x1074)
(mM) (M) (M)
1. 4 0.4 0.4 4.00
2. 4 0.6 0.4 5.13
3. 4 0.8 0.4 6.00

m 0.4 M of HBpin
¢ 0.6 M of HBpin
4 0.8 M of HBpin

0.24

)
o
]
=]
L

[product] (M

0.16

0.12 1

1 1
120 180 240 300
Time (min)

Figure 3.2. Plot of [product] vs. time (best linear fitted) used for the determination of the initial
rate (kobs) values of methyl benzoate hydroboration carried out with various concentrations of
HBpin.

Representative procedure for the methyl benzoate hydroboration reaction carried out with
various concentrations of methyl benzoate: Initial rates (kobs) were determined using various

concentrations of methyl benzoate (0.4 M, 0.6 M, and 0.8 M) by keeping the concentration of
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Ce[N(SiMes)2]s(THF)s (4 mM) and HBpin (0.88 M) constant. We recorded four *H NMR
spectra at a certain interval time (60 min) and plotted [product] vs. time graph by using
OriginPro 9.0 software (Figure 3.3). We observed kops Values of the reaction from [product]
vs. time plot, which was equal to the slope of the linear fit lines (Table 3.5). The experimental

procedure that has been used is described below.

At first, Ce[N(SiMes)2]3(THF)3 (4 mM) was added to the NMR tube inside the glove box, and
then the methyl benzoate (in different concentrations, 0.4 M, 0.6 M, and 0.8 M), HBpin (0.88
M) and CeDe (as solvent) were added to the NMR tube under argon atmosphere by using
Schlenk line. After that, the 'H NMR spectra were recorded at various time intervals. The
varying methyl benzoate concentration and the constant concentration of
Ce[N(SiMes)2]3(THF)3 and HBpin for each set of experiments are given in Table 3.5 and
represent the data graphically.

Table 3.5. Initial rates (kons) for the hydroboration reaction of methyl benzoate were carried

out under varying concentrations of methylbenzoate.

SI.No.  [Ce[N(SiMes)2]3(THF)3] [HBpin] [methylbenzoate]  Kops (x10)

(mM) (M) (M)
1. 4 0.88 0.4 8.73
2. 4 0.88 0.6 8.33
3. 4 0.88 0.8 8.33

m 0.40 M of methylbenzoate
® 0.75 M of methylbenzoate
4 1.00 M of methylbenzoate

0.30 4

0.25 4

0.20 4

[Product] (M)

0.15 1

T T T
60 120 180 240

Time (min)
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Figure 3.3. Plot of [product] vs. time (best linear fitted) used for the determination of the initial
rate (Kobs) Values of methyl benzoate hydroboration carried out with various concentrations of

methylbenzoate.

The rate constants were determined using the method of initial rates by varying the initial
concentration of catalyst, HBpin and methyl benzoate, which conferred a brief concept about
the reaction pathway of the ester hydroboration reaction.!? The plot logio(Kops) VS.
logio[catalyst] (Figure 3.4a) displays a slope of 1.1, indicating an approximately first-order
dependence with respect to catalyst Ce[N(SiMes)2]s(THF)s for the hydroboration of ester with
HBpin, which also suggests a strong involvement of the catalyst in the rate-determining step.?
Upon increasing the initial concentration of the catalyst increases the rate of the reaction. A
slope of 0.6 was attained from the plot of logio(kobs) Vs. logio[HBpin] (Figure 3.4b), declaring
a fractional order hydroboration reaction dependence on HBpin. This positive rate order with
respect to HBpin would mean the HBpin reacts in more than one step by the ester hydroboration
reaction.’® A slope of -0.027 was obtained from the plot of logio(Kobs) Vs.
logio[methylbenzoate] (Figure 3.4c) demonstrating the rate of the hydroboration reaction was
independent on the initial concentration of methylbenzoate and displayed a zeroeth order with

respect to methylbenzoate.?
The rate equation of the ester hydroboration with HBpin:

rate = k[catalyst]**[HBpin]®®[methylbenzoate] *% (Eq. 3.1)

(a)
y = 1.144x - 3.786

3004 R?*=0.978
-3.25 4

<

o

2 350
-3.75 4

T
0.00 0.25 0.50 0.75
log, [catalyst]
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-3.20

(b)

-3.25 4

-3.30

IOgm(kobs)

-3.35 4

-3.40

0.4 -0.3 02 -0.1
log,,[HBpin]

(c)

y = -0.027x - 3.07
2754 R*=0.81

-3.00

®

¢
&

|0910(k0b5)

-3.25 4

-3.50 4

I I
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Figure 3.4. (a) Plot of logio(kebs) Vs logio[catalyst]. (b) Plot of logio(kobs) Vs logio[HBpin]. ()
Plot of logzo(kobs) Vs logio[methylbenzoate]. [Rates were determined via integration of product
1H NMR spectra relative to a mesitylene as an internal standard.]

3.3.4. Control experiments for mechanistic investigation

Upon treatment of Ce[N(SiMez3)2]s(THF)3 (1 equiv.) with HBpin (1/2/3 equiv.), formation of
(SiMe3)2N-Bpin (Scheme 3.3) was observed. (SiMe3z)2N-Bpin was characterized by a signal at
6 25.65 in the B NMR spectrum. We didn’t notice any off-cycle products as reported by
Marks and co-workers.”™ Following this, we added methyl benzoate (1 equiv.) into the reaction
mixture and recorded H, *C, DEPT-135 and HSQC NMR spectra, audited a new peak in H
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NMR spectrum at ¢ 5.18 ppm, which indicates the formation of [Ce]OCH2Ph species (B) via
the cerium-hemiacetal species (A) formation (Scheme 3.4).7277¢ The HSQC NMR spectrum
also displayed a 2D-correlation of the signal at ¢ 5.18 ppm (*H NMR) with a signal at ¢ 66.46
ppm (13C NMR), corresponding to the [Ce]OCH2Ph species (B).

Ce[N(SiMe3)2ls  + HBpin [Ce]—H + (Me3Si),N—Bpin

CeDs

0.06 mmol 1/2/3 equiv. Confirmed by 'H & ''B NMR

Scheme 3.3. Reversible reaction between Ce[N(SiMes)2]s(THF)z and HBpin with cerium-
hydride and (MesSi)2N-Bpin.

Furthermore, we commenced the investigation by taking methylbenzoate and
Ce[N(SiMes)2]s(THF)3 (1:1 ratio) in C¢De and recorded *H and *3C NMR spectra, but did not
observe any significant changes in the NMR spectra. However, when we treated methyl
benzoate, HBpin and Ce[N(SiMes)2]3(THF)3 (1:2:1 ratio reaction, respectively) in CeDe, first
the formation of [Ce]OCH2Ph species (B) was observed, which was followed by the cerium-
hemiacetal species (A), as indicated by *C, DEPT-135 and HSQC NMR spectra. A sharp
single peak at § 25.60 ppm in the !B NMR spectrum manifested (SiMes).N-Bpin as a side
product.”” Based on these experiments, we proposed a plausible mechanistic cycle for the
hydroboration of ester with HBpin by using Ce[N(SiMe3)2]3(THF)s as a catalyst (Scheme 3.4).

( B
Ph
Sl i
_Bpin
H™ 0 Ph)J\O/
[Ce]—H
HBpin
H /O H
[Cet-0—Ph [Cel__ O><ph
H
(B) A\
Confirmed by NMR Cerium-hemiacetal species
HBpin
CH3;0—Bpin
& J
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Scheme 3.4. Plausible mechanistic pathway for ester hydroboration reaction using
Ce[N(SiMe3)2]3(THF)a.

3.4. Results and discussion of epoxide hydroboration reaction

3.4.1. Reaction optimization

We started our examination by taking styrene (0.2 mmol) and 1.2 equivalent of HBpin with 1
mol% of Ce[N(SiMes).]3(THF)z in toluene. After that, we varied the mol% of the catalyst,
reaction temperature and time and finally observed that 1 mol% of the catalyst at 60 °C
temperature in 12 hours were the fertile reaction conditions for the epoxide hydroboration. We
have also done one blank reaction without the catalyst, which led to only a trace yield of the
product (Entry 6; Table 3.6). We have also performed a reaction in the presence of 20 mol%
of TMEDA (tetramethylethylenediamine) to check the “hidden BHs catalysis ”.*° But we found
an 87% yield of the borylated product, which denoted that there is a very less impact of BHs in
the epoxide hydroboration reaction in the presence of the catalyst Ce[N(SiMes)2]3(THF)3
(Entry 7; Table 3.6).

Table 3.6. Reaction optimization of ester hydroboration reaction.

o OBpin
Ce[N(SiMes)o]s(THF)3 (x mol%) OBpin
+ H-Bpin > +
Touene, heat, time
0.2 mmol 0.22 mmol major minor
Borylated products
S1. No. Catalyst Mol% Temp. (°C) Time (h) Yield*(%)
1. Ce[N(SiMe3).]3(THF)3 2 60 12 96
2. Ce[N(SiMe3)2]3(THF)3 2 60 8 75
3. Ce[N(SiMes)z]s(THF)s3 1 60 12 53
4. Ce[N(SiMe3).]3(THF)3 2 rt 12 4
5. Ce[N(SiMe3).]3(THF)3 2 50 12 82
6. - - 60 12 trace
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7. Ce[N(SiMe3)2]s(THF)3 2 60 12 87
(in presence of 20 mol%

of TMEDA

[Yields were determined by integrating *H NMR spectra in the presence of an internal standard

(mesitylene).]
3.4.2. Substrate scope of epoxide hydroboration

After the optimization of reaction conditions, we extended our research towards the different
substrate scope to obtain ring-opening epoxides using HBpin. Good to excellent yields (>99%)
were observed for the selective hydroboration of epoxide substrates (Scheme 3.5) and only
mixture products were noticed for hydroboration of styrene oxide (90:10 ratio) under the same
reaction conditions. Other substrate scope provided single-side C—O bond activation to afford
branched selective hydroboration of epoxides. The cyclic substrates (4b and 4c) exhibited
comparatively higher yields compared to the acyclic substrates (4d and 4e). However, substrate
4f afforded less yield (56%) due to the presence of electron-withdrawing hydroxyl group (-
OH).

Ce[N(SlMe3)2]3(TH F)3

H i BpinQ H
O R4 . (2 mol%) OBpin p . \
R R3 + HBpin > R2 R¥ + R R
R2 Toluene/CgDg, 60°C, 12 h 3 R 3
O'Z(T)m' 0-24 mmol Maior (5) Minor (6)
R', R?, R3, R* = H/alkyl/aryl (Borylated alcohol)
OBpin C[OBPIH OBpin OBpin OBpin OBpin H  OBpin
H H HO H
Ph H H Bu Bu Ph Ph
5a(96%)  5b (99%) 5c (94%) 5d (73%) 5e (80%) 5f(56%)  5g (56%)

Scheme 3.5. Substrate scope of catalytic hydroboration of epoxides with HBpin using catalyst
Ce[N(SiMes)2]s(THF)s. [Yields were determined by the integration of the corresponding 'H

NMR spectra normalized on the internal standard (mesitylene)]
Analytical data of borylated alcohols:

5a: 'H NMR (CDCl3, 400 MHz, 298 K): § 7.39-7.37 (m, 2H, Ph), 7.34-7.30 (m, 2H, Ph), 7.24-
7.22 (m, 1H, Ph), 6.81 (s, 3H, mesitylene), 5.29-5.24 (q, 1H, PhCH(OBpin)CHj3), 4.09-4.05 (t,
2H, CH20Bpin), 2.91-2.87 (t, 2H, CH2Ph), 2.29 (s, 9H, mesitylene), 1.52-1.50 (d, 3H, CHs),
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1.25 (s, 12H, OBpin) ppm; *C{*H} NMR (CDCls, 100.613 MHz, 298 K): 6 144.7 (Ph), 137.8
(mesitylene), 128.3 (Ph), 127.2 (Ph), 127.0 (mesitylene), 125.4 (Ph), 82.8 (OBpin), 72.7
(PhCH(OBpin)CHa), 25.5 (CH3), 24.6 (OBpin), 21.3 (mesitylene) ppm.

5b: 'H NMR (CDCls, 400 MHz, 298 K): ¢ 6.81 (s, 3H, mesitylene), 4.03-3.99 (m, 1H,
CH(OBpin)), 2.28 (s, 9H, mesitylene), 1.86-1.84 (m, 2H, CHy), 1.75-1.72 (m, 2H, CH>), 1.53-
1.50 (m, 2H, CHy), 1.40-1.32 (m, 4H, CH2CH>), 1.26 (s, 12H, OBpin) ppm; B¥C{*H} NMR
(CDCl3, 100.613 MHz, 298 K): ¢ 137.7 (mesitylene), 127.0 (mesitylene), 82.5 (OBpin), 72.7
(CHOBpin), 34.3 (CH>), 25.5 (CH2), 24.6 (OBpin), 23.9 (CHy), 21.2 (mesitylene) ppm.

5¢c: 'H NMR (CDCls, 400 MHz, 298 K): 6 6.81 (s, 3H, mesitylene), 3.85-3.82 (m, 1H,
CH(OBpin)), 2.28 (s, 9H, mesitylene), 1.76 (b, 2H, CH>), 1.60-1.54 (m, 2H, CH>), 1.44-1.33
(m, 4H, CH2CHy), 1.26 (s, 12H, OBpin) ppm; *C{*H} NMR (CDClIs, 100.613 MHz, 298 K):
0 137.8 (mesitylene), 127.0 (mesitylene), 82.9 (OBpin), 65.1 (CHOBpin), 34.8 (CH>), 31.6
(CHy), 28.4 (CHy), 24.7 (OBpin), 23.2 (CH2), 21.3 (mesitylene) ppm.

5d: 'H NMR (CDCls, 400 MHz, 298 K): ¢ 6.82 (s, 3H, mesitylene), 4.22-4.14 (m, 1H,
CH(OBpin)), 2.30 (s, 9H, mesitylene), 1.36-1.31 (m, 4H, CH2CHy), 1.29 (b, 2H, CH>), 1.27 (s,
12H, OBpin), 1.22-1.20 (d, 3H, CH(OBpin)CHs), 0.93-0.90 (t, 3H, CH2CH3) ppm; *C{*H}
NMR (CDClz, 100.613 MHz, 298 K): ¢ 137.8 (mesitylene), 127.0 (mesitylene), 82.5 (OBpin),
71.0 (CHOBpin), 38.0 (CH2), 27.8 (CH2), 24.7 (CH2), 24.6 (OBpin), 22.7 (CHzs), 21.3
(mesitylene), 14.2 (CHz) ppm.

5e: 'H NMR (CDCls, 400 MHz, 298 K): 6 6.82 (s, 3H, mesitylene), 4.20-4.16 (m, 1H,
CH(OBpin)), 2.30 (s, 9H, mesitylene), 1.57-1.49 (m, 2H, CH>), 1.45-1.38 (m, 2H, CH>), 1.32-
1.29 (m, 6H, CH2CH2CHy), 1.27 (s, 12H, OBpin), 1.21-1.20 (d, 3H, CH(OBpin)CHs), 0.92-
0.89 (t, 3H, CH2CHs) ppm; *C{*H} NMR (CDCl;, 100.613 MHz, 298 K): ¢ 137.8
(mesitylene), 127.0 (mesitylene), 82.5 (OBpin), 71.0 (CHOBpin), 38.3 (CH>), 32.0 (CH>), 29.3
(CHy), 25.6 (CH), 24.7 (CH>), 24.6 (OBpin), 22.7 (CHs), 21.3 (mesitylene), 14.2 (CH3) ppm.

5f: IlH NMR (CDCls, 400 MHz, 298 K): & 7.33-7.29 (m, 2H, Ph), 7.17-7.16 (m, 8H, Ph), 6.80
(s, 3H, mesitylene), 5.30-5.27 (t, 1H, PhCH(OBpin)), 3.01-3.00 (d, 2H, PhCH>), 2.28 (s, 9H,
mesitylene), 1.27 (s, 12H, OBpin) ppm; *C{*H} NMR (CDCls, 100.613 MHz, 298 K): § 134.5
(Ph), 129.6 (Ph), 128.6 (Ph), 128.5 (Ph), 127.9 (Ph), 127.6 (Ph), 127.0 (Ph), 126.0 (Ph), 83.3
(OBpin), 75.5 (PhCHOBpin), 46.2 (CH>), 24.7 (OBpin) ppm.
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59: 'H NMR (CDCls, 400 MHz, 298 K): 6 6.82 (s, 3H, mesitylene), 4.35-4.28 (m, 1H,
CH(OBpin)), 3.54-3.51 (t, 2H, CH20Bpin), 2.29 (s, 9H, mesitylene), 1.28 (s, 12H, OBpin),
1.26 (s, 12H, OBpin), 1.20-1.18 (d, 3H, CH(OBpin)CHs) ppm; *C{*H} NMR (CDCls, 100.613
MHz, 298 K): ¢ 137.7 (mesitylene), 127.0 (mesitylene), 83.1 (OBpin), 82.8 (OBpin), 70.4
(CHOBpin), 69.2 (BpinOCHy), 24.7 (OBpin), 24.6 (OBpin), 21.3 (mesitylene), 18.6 (CHs)
ppm.

3.4.3. Kinetic studies

The kinetic experiments of the epoxide hydroboration reaction were performed by taking
styrene oxide and cyclohexene oxide with HBpin in the presence of Ce[N(SiMes)2]3(THF)3 as
a catalyst. The reaction kinetic data (*H NMR spectra) were recorded after every 60 minutes
time interval for 5 hours. Only the zeroth-order plot ([product] vs time) was linear with both
the substrates (R = 0.992 for styrene oxide and R? = 0.997 for cyclohexene oxide) (Figure 3.5
and Figure 3.6), indicating that the epoxide hydroboration reaction in presence of
Ce[N(SiMes)2]s(THF)s follows the zeroth-order reaction.”™

For styrene oxide: We have taken 0.4 M of styrene oxide and 0.88 M of HBpin in an NMR
tube and also added 0.4 M of mesitylene as an internal standard in solvent C¢Ds (0.5 mL). After
that, the NMR tube was kept in heating at 60 °C and recorded the *H NMR (400 MHz, 298 K)
in every 60 min interval. Then, we calculated the yield of the product by integration of the

mesitylene peak and converted the yield into molar concentration.
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Figure 3.5. (a) Plot [product] vs. time with R? = 0.992. Indicating the hydroboration of epoxide
with HBpin follows zeroth-order reaction. (b) Plot In[product] vs. time with R? = 0.952.
Indicating the hydroboration of epoxide with HBpin not follows first-order reaction. (c) Plot

[product]? vs. time with R? = 0.881. Indicating the hydroboration of epoxide with HBpin not
follows second-order reaction.™

For cyclohexene oxide: We have taken 0.4 M of cyclohexene oxide and 0.88 M of HBpin in
an NMR tube and also added 0.4 M of mesitylene as an internal standard in solvent C¢Ds (0.5
mL). After that, the NMR tube was kept in heating at 60 °C and recorded the *H NMR (400
MHz, 298 K) in every 60 min interval. Then, we calculated the yield of the product by

integration of the mesitylene peak and converted the yield into molar concentration.
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Figure 3.6. (a) Plot [product] vs. time with R? = 0.997. Indicating the hydroboration of epoxide
with HBpin follows zeroth-order reaction. (b) Plot In[product] vs. time with R? = 0.897.
Indicating the hydroboration of epoxide with HBpin not follows first-order reaction. (c) Plot
[product]? vs. time with R? = 0.691. Indicating the hydroboration of epoxide with HBpin not
follows second-order reaction.™

3.4.4. Control experiments for mechanistic investigations

We bestowed our effort to unveil the reaction mechanistic pathway of the reduction of epoxide-
catalysed by the Ce[N(SiMe3).2]3(THF)s with HBpin by putting equimolar reaction between
styrene oxide, HBpin and Ce[N(SiMes)2]s(THF)s, but didn’t observe any cabbalistic shift in *H
as well as C NMR spectra. Hence, we are unable to demonstrate a plausible reaction
mechanistic pathway of the reduction of epoxide with HBpin using Ce[N(SiMez)2]3(THF)3 as
a catalyst.
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3.5. Results and discussion of CO; hydroboration

The hydroboration process is an infant in the field of the most important and most challenging
COz reduction process.® Transition metal-catalysed hydroboration of CO; is more explored as
compared to the main-group catalysed CO. hydroboration reaction, but the lanthanide-
catalysed hydroboration of CO> is not known in the literature till to date. Herein, we have
demonstrated the highly selective hydroboration reaction of CO: towards the borylated
methanol. This fresh methodology of the CO: reduction with HBpin in the presence of
Ce[N(SiMes)2]3(THF)3 as a catalyst selectively led to the formation of only borylated methanol,
which is one of the most valuable feedstocks of CO; reduction.'*

Catalyst Q Catalyst H, Catalyst _ Catalyst Not yet
CO, ——— Bpin__C., ————> Bpin—0—-C -O—-Bpin —— > H3C—-0—-Bpin ———— CH,
HBpin O(A)H HBpin B HBpin D) HBpin E reported
®) - BpinOBpin (C) - BpinOBpin

Scheme 3.6. Stepwise CO2 hydroboration with HBpin and expected products.

The stepwise hydroboration of CO, with HBpin pay produces borylated formic acid, borylated
methanediol, borylated methanol and methane (yet not reported), respectively (Scheme 3.6).%°
Selectivity makes a catalyst extraordinary by producing a specific product. Here,
Ce[N(SiMes)2]s-catalysed CO2 reduction with HBpin afforded only borylated methanol
(Scheme 3.7). The hydroboration of CO2 with HBpin was taken place in the presence of 0.087
mol% (1 mg) of the Ce[N(SiMez3)2]s(THF)3 as a catalyst, which delivered a 99% yield of

borylated methanol at room temperature in 24 hours.

Ce[N(SiMe3)2]3 )O]\
(1 mg, 0.087 mol%) Boi H H
CO; + HBpin = 40P+ Bpin. X___Bpin + H;C—O-Bpin
Neat, 25-85°C, 3-20 h Pi~g>o =P 2 Pl
1atm  0.2mL _ . highly selective
1.375 mmol ~ Bpin—O—Bpin Not observed Not observed product

Scheme 3.7. Selective borylated methanol synthesis by CO2 hydroboration with HBpin using
catalyst Ce[N(SiMes3)2]s(THF)s. [Yields were determined by the integration of the

corresponding *H NMR spectra normalized on the internal standard (mesitylene).]

The Ce[N(SiMe3).]3-catalysed hydroboration of CO> with HBpin was accomplished at various
reaction temperatures (25 °C, 45 °C, 65 °C and 85 °C) to afford the percentage yield of the
borylated methanol and turn-over frequency (TOF) (Figure 3.7). It was well-acquainted that
the percentage yield and TOF of Ce[N(SiMez)z]s-catalysed CO2 reduction with HBpin were

immensely effective on the reaction temperature, which gradually increased upon increasing
|
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the reaction temperature of CO; hydroboration reaction (yield®®>*©=>99% in 20 hours, yield*™
=>99% in 12 hours, yield®™ = >99% in 8 hours and yield®®® = >99% in 3 hours). The turn-
over number (TON) of the hydroboration of CO> to borylated methanol is 1146. However, the
TOF of the hydroboration of CO- varies depending on both the reaction time and the reaction
temperature. The reaction time rending a very emergent role in maximizing the formation of
borylated methanol product (Figure 3.8). The TOF (h™!) vs. Temperature (°C) plot (Figure 3.7)
elucidates the influence of both the reaction temperature and the reaction time on
Ce[N(SiMes).]s-catalysed CO, reduction with HBpin to borylated methanol product.®

300
—@—Formation of CH,-OBpin

225

150

75 /

T T T
20 40 60 80

TOF (h™)

Teperature (°C)

Figure 3.7. Effect of temperature on TOF (hl) to the formation of CHs-OBpin by CO;
reduction with HBpin. [The TOF was calculated in units of h™ according to the equation TOF
= (Nproduct/Neatatyst) X (1/t), where Nproduct 1S the number of moles of the corresponding product,

Neatalyst IS the number of moles of catalyst and t is the reaction time in hours.]*®
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Figure 3.8. Bar plot for temperature dependent CO> conversion to borylated methanol.

3.6. Conclusion

In this report, we have demonstrated the catalytic activity of Ce[N(SiMes)2]3(THF); towards
the reduction of esters, epoxides and CO; under mild reaction conditions. Previously, Marks
and co-workers introduced homoleptic lanthanum amide La[N(SiMes).]s-catalysed
hydroboration of ester only, whereas the hydroboration of esters and epoxides was reported by
Sadow and co-workers by using homoleptic tris(alkyl) lanthanum La[C(SiHMe:)3]3 as a
catalyst. Herein, first time we have explored the catalytic efficiency of the lanthanide amide
complex Ce[N(SiMe3)2]3(THF)3 for the reduction of CO» with HBpin to borylated methanol
synthesis. The kinetic experiments elaborated the order of reaction, where demonstrated first-
order dependence with respect to catalyst with a slope of 1.1 and a slope of 0.6 described a
fractional order dependence with respect to HBpin and the rate of the hydroboration reaction
was independent on the initial concentration of the ester, shown zeroth-order reaction with
respect to ester. A plausible mechanistic pathway was revealed for the hydroboration of esters
using Ce[N(SiMes3)2]3(THF)3 as a catalyst, based on the kinetic studies, control experiments

and the reported literature. We demonstrated an affordable and riskless synthetic methodology
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for the selective conversion of CO; to methanol using HBpin (instead of risky H> gas) and
verily available catalyst Ce[N(SiMes)2]3(THF);. The effect of temperature on TOF (h!) for the
COz reduction with HBpin to borylated methanol was investigated, where maximum TOF was
observed ~382 h! at 85°C reaction temperature. Overall, Ce[N(SiMe;3):]3(THF); behaves as an

efficient catalyst for the C—O activation under the mild reaction conditions.

3.7. NMR spectra
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Figure 3.9. 'TH NMR (400 MHz) spectrum for hydroboration of methylbenzoate with 2.2
equivalent of HBpin in toluene. [Solvent: CDCls, IS: Internal standard as mesitylene]
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Figure 3.10. 'H NMR (400 MHz) spectrum for hydroboration of methylbenzoate with 2.2
equivalent of HBpin in toluene. [Solvent: CDCls, IS: Internal standard as mesitylene]
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Figure 3.11. 'H NMR (400 MHz) spectrum for hydroboration of methylbenzoate with 2.2
equivalent of HBpin in toluene in presence of 20 mol% TMEDA. [Solvent: CDCls, IS: Internal

standard as mesitylene]
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Figure 3.12. 'H NMR (400 MHz) spectrum for hydroboration of styrene oxide with 1.2

equivalent of HBpin in toluene. [Solvent: CDCls, IS: Internal standard as mesitylene]
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Figure 3.13. 'H NMR (400 MHz) spectrum for hydroboration of styrene oxide with 1.2
equivalent of HBpin in toluene in presence of 20 mol% of TMEDA. [Solvent: CDCl3, IS:

Internal standard as mesitylene]
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Figure 3.14. *'H NMR [400 MHz, CDCls, 298 K] spectrum of hydroboration of CO; at 25 °C
temperature in 24 hours reaction time in presence of catalyst Ce[N(SiMes)2]3(THF)s. The peak

at 3.56 ppm is corresponding to CHz of borylated methanol.
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Figure 3.15. 'H NMR [400 MHz, CDCls, 298 K] spectrum of hydroboration of CO> at 45 °C
temperature in 12 hours reaction time in presence of catalyst Ce[N(SiMe3).]3(THF)s. The peak

at 3.53 ppm is corresponding to CHz of borylated methanol.
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Figure 3.16. 'H NMR [400 MHz, CDCls, 298 K] spectrum of hydroboration of CO> at 65 °C
temperature in 8 hours reaction time in presence of catalyst Ce[N(SiMes).]3(THF)z. The peak

at 3.53 ppm is corresponding to CHz of borylated methanol.

2
E
&
o
5
£
o
B W0 = w o N
Bpin——0——"CHs 8% 8 3 N
| | Y
+ |
Bpin—— O——Bpin |
s
.
1
1S
|
[ 1 T
T 1 ):
g 8 8 g
i a - o
11.0 10.5 10.0 95 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5
1 (ppm)

115
Thesis: Md Jabed Hossain



Chapter 3

Figure 3.17. *H NMR [400 MHz, CDCls, 298 K] spectrum of hydroboration of CO; at 85 °C
temperature in 3 hours reaction time in presence of catalyst Ce[N(SiMe3)2]3(THF)s. The peak

at 3.55 ppm is corresponding to CHz of borylated methanol.
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Figure 3.18. 'H NMR [400 MHz, CDCls, 298 K] spectrum of hydroboration of CO> at 85 °C

temperature in 3 hours reaction time in absence of catalyst.
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Figure 3.19. !B NMR spectra of the reaction of Ce[N(SiMes)2]s(THF)s with different

equivalent of HBpin.
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Figure 3.20. 'H NMR [400 MHz, CeDs, 298 K] spectrum of 1:2:1 ratio reaction of

Ce[N(SiMes)2]3(THF)s, HBpin and methylbenzoate.
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Figure 3.21. !B NMR [128.3 MHz, C¢Ds, 298 K] spectrum of 1:2:1 ratio reaction of
Ce[N(SiMe3)2]3(THF)3, HBpin and methylbenzoate.
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Figure 3.22. ¥C NMR [100.613 MHz, CsDs, 298 K] spectrum of 1:2:1 ratio reaction of
Ce[N(SiMes)2]3(THF)3, HBpin and methylbenzoate.
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Figure 3.23. DEPT-135 NMR [100.613 MHz, CeDs, 298 K] spectrum of 1:2:1 ratio reaction
of Ce[N(SiMe3).]3(THF)3, HBpin and methylbenzoate.
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Figure 3.24. HSQC-NMR [CeDs, 298 K] spectrum of 1:2:1 ratio reaction of
Ce[N(SiMes)2]3(THF)3, HBpin and methylbenzoate.
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Homoleptic cerium amide-catalysed
hydroboration of multiple bonds (C=C, C=C,
C=N and N=C=0)
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4.1. Introduction

A fundamental research goal in contemporary science is to prioritize environmental
friendliness and promote development of the sustainable catalysts and synthetic
methodologies. Regioselective hydroboration of unsaturated organic compounds containing
C=C, C=C, C=N and N=C=0 groups is of paramount importance, as it plays a crucial role in
the preparation of pharmaceutical intermediates, fragrances, fine chemicals and various bulk
products. Specially, catalytic reduction of unsaturated bonds using pinacolborane (HBpin)
under ambient reaction conditions stands out as an economical, atom-efficient and
environmentally friendly transformation.? There are plenty of heterogeneous methodologies
reported for the reduction of unsaturated bonds using harsh reaction conditions (high pressure
and high temperature), which demonstrated functional group tolerance and suboptimal
selectivity.® Several homogeneous catalysts are also well explored for this purpose, which were
found to be highly diligent and abuzz, but mostly transition metal-based catalysts.* From the
last two decades, researchers have become more curious about the synthesis of fascinating
main-group element-based catalysts for the reduction of unsaturated bonds as a sustainable
option.> However, the lanthanides are infants in the field of homogenous catalysis for the
organic transformation reactions. Apart from direct hydrogenation reaction of unsaturated
bonds,® transfer hydrogenation,” hydrosilylation® and hydroboration® reactions are much more
convenient due to the mild reaction conditions for the reduction of alkynes to alkenes, alkenes
to alkanes, nitrile to imines or amines and isocyanates to amides or amines (Scheme 4.1).
Hydrosilylation reactions are widely investigated in synthetic organic chemistry, but
hydroboration reaction is still less explored. The hydroboration is cost effective over the
hydrosilylation reaction because the hydroborating reagents are comparatively cheaper than

silanes.
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Scheme 4.1. Hydroboration of unactivated C=C, C=C, C=N and N=C=0 bonds using HBpin.

In 1992, Marks and co-workers reported the catalytic hydroboration of alkenes using
catecholborane in the presence of lanthanum (La) and samarium (Sm)-based organo-
lanthanides 1-4 (Chart 4.1).1° After that, groups of Evans (1993),!! Tueben (1995),'? Villiers
and Ephritikhine (1995)*® disclosed the rare-earth-catalysed (Sc, Y, Pr, Nd, Sm and Lu)
hydroboration of olefins using HBcat. In 2004, Livinghouse and co-workers introduced
homoleptic lanthanum amide (5)-catalysed (3 mol% of catalyst) olefins hydroboration using 2

equivalents of pinacolborane (HBpin) at 90 °C temperature in 19-25 hours.*
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Chart 4.1. Reported lanthanide complexes for the olefins and nitriles hydroboration reaction.

In 2018, Wang and co-workers made a significant breakthrough by successfully enabling the
hydroboration of a diverse array of nitriles and imines through the utilization of amide-
functionalized N-heterocyclic carbene-ligated lanthanide complexes 6-8 (Chart 4.1) as
catalysts with 2 mol% of the catalyst and 3 equivalents of HBpin at 110 °C temperature.® But,
there are no reports on lanthanide-catalysed hydroboration of alkynes and isocyanate
compounds using HBpin. The isocyanates are affordable and readily available feedstock,
highly valuable in a wide array of organic transformations.'® Our study commenced with an
exploration of the reaction conditions for the homoleptic cerium amide-catalysed

hydroboration reaction of isocyanates.

Herein, we have developed the homoleptic cerium bis(trimethylsilyl)amides complex and
manifested the highly regioselective hydroboration of unactivated C=C, C=C, C=N and
N=C=0 bonds using HBpin under mild reaction conditions. The noteworthy aspects of the
current synthetic strategy include: (i) atom efficient hydroboration reaction, (ii) use of HBpin,
(ii1) high regioselectivity in the reduction of unactivated and unsaturated bonds (C=C, C=C,
C=N and N=C=0 bonds), (iv) easily synthesized Ce[N(SiMez)2]3(THF)3 (also commercially
available Ce[N(SiMes).]3), (v) use of the most abundant lanthanide cerium as a catalyst, (vi)
comparatively cheaper among the other lanthanides (vii) low toxicity of cerium, (viii) mild
reaction conditions (60-80 °C temperature, 12-36 h reaction time) and (ix) broad substrates

scope.
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4.2. Experimental section

All manipulations were carried out under an inert gas atmosphere of argon using the standard
Schlenk technique and in an argon-filled MBRAUN MB 150-GI glovebox. All solvents were
purified by the MBRAUN MB SPS-800 solvent purification system. All other chemicals were
purchased from Sigma Aldrich, Alfa-Aesar, ChemScene and BLD Pharma. The *H and *C
NMR spectra were recorded in CDClz and CsDs using a Bruker 400 MHz spectrometer. Mass
spectra were recorded using an AB Sciex 4800 plus HRMS. Ce[N(SiMes)2]3(THF)3 was
synthesized by using the reported synthetic procedure.’

General catalytic reaction procedure of alkene (C=C) hydroboration: The
Ce[N(SiMes)2]3(THF)3 catalyst was taken into a 25 mL Schlenk tube inside the glovebox and
added alkene (0.2 mmol) and 0.44 mL of HBpin solution (0.5 M). The reaction mixture was
stirred for 36 h at 80 °C temperature. After that, the solvent was dried under high a vacuum.
Then, mesitylene (0.2 mmol) was added as an internal standard into the tube and added 0.5 mL
of CDCls and the crude reaction mixture was submitted for *H and *C NMR experiments. The
yield of the products was calculated by integrating the mesitylene as an internal standard in *H
NMR spectra.

General catalytic reaction procedure of alkyne (C=C) hydroboration: The
Ce[N(SiMes)2]3(THF)3 catalyst was taken into a 25 mL Schlenk tube inside the glovebox and
added alkyne (0.2 mmol) and 0.44 mL of HBpin solution (0.5 M). The reaction mixture was
stirred for 12 h at 70 °C temperature. After that, the solvent was dried under a high vacuum.
Then, mesitylene (0.2 mmol) was added as an internal standard into the tube and added 0.5 mL
of CDCl; and the crude reaction mixture was submitted for *H and *C NMR experiments. The
yield of the products was calculated by integrating the mesitylene as an internal standard in *H
NMR spectra.

General catalytic reaction procedure of nitrile (C=N) hydroboration: The
Ce[N(SiMes)2]3(THF)s catalyst was taken into a 25 mL Schlenk tube inside the glovebox and
added nitrile (0.2 mmol) and 0.88 mL of HBpin solution (0.5 M). The reaction mixture was
stirred for 24 h at 80 °C temperature. After that, the solvent was dried under a high vacuum.
Then, mesitylene (0.2 mmol) was added as an internal standard into the tube and added 0.5 mL
of CDClI3 and the crude reaction mixture was submitted for *H and *3C NMR experiments. The
yield of the products was calculated by integrating the mesitylene as an internal standard in *H
NMR spectra.
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General catalytic reaction procedure of deoxygenation of isocyanate (N=C=0): The
Ce[N(SiMes)2]3(THF)3 catalyst was taken into a 25 mL Schlenk tube inside the glovebox and
added isocyanate (0.2 mmol) and 0.44 mL of HBpin solution (0.5 M). The reaction mixture
was stirred for 24 h at 80 °C temperature. After that, the solvent was dried under a high vacuum.
Then, mesitylene (0.2 mmol) was added as an internal standard into the tube and added 0.5 mL
of CDCls and the crude reaction mixture was submitted for *H and *C NMR experiments. The
yield of the products was calculated by integrating the mesitylene as an internal standard in H
NMR spectra.

4.3. Results and discussion of alkene (C=C) hydroboration reaction

4.3.1. Reaction optimization:

Our investigation commenced with the hydroboration of styrene (0.2 mmol) using
pinacolborane (HBpin, 0.24 mmol) in the presence of Ce[N(SiMes)2]3(THF)s as a catalyst. The
yield of the borylated product undergoes substantial variations upon altering the catalyst’s
mol% in conjunction with the changes in the reaction temperature and duration (Table 4.1).
Our observations revealed that utilizing 2 mol% of the catalyst at 80 °C temperature, along with
1.1 equivalents of HBpin over a span of 36 hours, resulted in nearly complete hydroboration
of styrene. We did two control experiments: (i) without catalyst at 80 °C in 36 hours, but we
didn’t observe any significant yield of the borylated product, which suggests a pivotal role of
the catalyst Ce[N(SiMez)2]s(THF)3 in alkene hydroboration reaction (Entry 8; Table 4.1); (ii)
hidden BHz catalysis test: 2 mol% of catalyst in presence of 20 mol% of TMEDA
(tetramethylethylenediamine) at 80 °C in 36 hours, we observed 87% yield of the borylated
product (Entry 9; Table 4.1), which indicates negligible effect of BHs in the alkene
hydroboration reaction.8

Table 4.1. Optimization of reaction conditions for alkene hydroboration.
H

Ce[N(SlMe3)2]3(THF)3 Bpi
N _ (x mol%) pin
+ HBpin >
Toluene, heat, time

0.2 mmol  0.22 mmol Highly regioselective
linear product

Entry Ce[N(SiMe3)2]s(THF)s ~ Temperature Time Yield*
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(mol%) O (h) (%)
1. 1 80 12 27
2. 2 80 12 40
3. 2 80 24 66
4, 2 80 36 >99
5. 2 60 36 41
6. 2 rt 36 trace
7. 2 70 36 83
8. - 80 36 8
9. 2 (in presence of 20 80 36 87

mol% of TMEDA)

[Yields were determined by integrating *H NMR spectra in the presence of an internal standard

(mesitylene).]
4.3.2. Substrate scope:

Following the optimization of reaction conditions, our investigation expanded to explore the
substrate scope, aiming to examine the impact of various electron-donating and the electron-
withdrawing groups on aromatic and aliphatic alkenes. Both aromatic and aliphatic substituted
terminal alkenes afforded good to excellent yields for the products. However, a noticeable
decrease in the yield of electron-withdrawing group substituted terminal alkenes was observed,
whereas electron-donating group substituted terminal alkenes delivered higher yields of the
products (Scheme 4.2). We observed highly regioselective linear borylated products for all the
substrates. In an effort to broaden the catalytic scope, naturally occurring terpenes like R-
limonene and disubstituted a-methylstyrene were investigated for the selective hydroboration
of their C=C bonds. Ce[N(SiMez)2]s(THF)s-catalysed hydroboration of R-limonene afforded
>99% yield with 5 mol% of catalyst loading (Scheme 4.2). Also, disubstituted terminal alkene
(a-methylstyrene) yielded >99% in the presence of 5 mol% of the catalyst at 80 °C in 36 hours

instead of optimized 2 mol% of the catalyst (Scheme 4.2).
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R Ce[N(SiMeg),]3(THF)3 H

2 mol% ! .
AL * HBpin Emo) . R\ spin
R Toluene, 80 °C, 36 h R
1a 1.1 equiv. 2a

R = alkyl or aryl; R' = H or alkyl

2a (>99%) 2b (>99%) 2¢ (>99%) 2d (75%)
H
. . H .
Bpin Bpin H Bpin
O e
H
2e (60%) 2f (>99%) 29 (>99%) 2h (77%) 2i (>99%)

Scheme 4.2. Substrate scope of Ce[N(SiMes):]s(THF)s-catalysed alkene hydroboration
reaction. [Yields were determined by integrating *H NMR spectra in the presence of an internal
standard (mesitylene)]

Analytical data of the borylated products:

2a: 'H NMR (CDCls, 400 MHz, 298 K): § 7.28-7.23 (m, 4H, Ph), 7.19-7.15 (m, 1H, Ph), 6.83
(s, 3H, mesitylene), 2.8-2.76 (t, 2H, PhCH>), 2.30 (s, 9H, mesitylene), 1.24 (s, 12H, OBpin),
1.20-1.16 (t, 2H, CH20Bpin) ppm; C{*H} NMR (CDCls, 100.613 MHz, 298 K): & 144.5
(Ph), 137.8 (mesitylene), 128.3 (Ph), 128.1 (Ph), 127.0 (mesitylene), 125.6 (Ph), 83.2 (OBpin),
30.1 (CH2Bpin) 24.9 (CH2Bpin), 24.7 (CH2Ph)) 21.2 (mesitylene) ppm.

2b: 'H NMR (CDCls, 400 MHz, 298 K): 'H NMR (CDCls, 400 MHz, 298 K): 5 7.03-7.01(d,
2H, Ph), 6.98-6.96 (d, 2H, Ph), 6.71 (s, 3H, mesitylene), 2.64-2.60 (t, 2H, CH2Ph), 2.21 (s, 3H,
CHsPh), 2.18 (s, 9H, mesitylene), 1.13 (s, 12H, CH2Bpin), 1.06-1.02 (t, 2H, CH2.Bpin) ppm;
13C{*H} NMR (CDCls, 100.613 MHz, 298 K): ¢ 141.5 (Ph), 137.8 (mesitylene) , 134.9 (Ph),
129.0 (Ph), 128.0 (Ph),127.0 (mesitylene), 83.1 (Bpin), 29.6 (CH2Bpin), 24.9 (Bpin), 24.6
(CH2Ph), 21.3 (mesitylene), 21.1 (CHsPh) ppm.

2c: 'H NMR (CDCls, 400 MHz, 298 K): ¢ 7.02-7.00(d, 2H, Ph), 6.80-6.78 (d, 2H, Ph), 6.71
(s, 3H, mesitylene), 2.65-2.61 (t, 2H, CH2Ph), 2.19 (9H, s, mesitylene), 1.23 (s, 9H,
PhOC(CHa)s), 1.10 (s, 12H, CH,Bpin), 1.07-1.03 (t, 2H, CH2Bpin) ppm; *C{*H} NMR
(CDCls, 100.613 MHz, 298 K): ¢ 153.1 (tBuOPh) , 139.3 (Ph) , 137.8 (mesitylene), 128.4 (Ph),
127.0 (mesitylene), 124.1 (Ph), 83.1 (Bpin), 78.0 (OC(CHs)3), 29.3 (CH2Bpin), 28.9
(OC(CHz3)3), 24.9 (Bpin), 24.7 (CH2Ph), 21.3 (mesitylene) ppm.
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2d: 'H NMR (CDCls, 400 MHz, 298 K): 6 6.86 (s, 2H, Ph), 6.85 (s, 3H, mesitylene), 2.74-2.70
(t, 2H, CH2Ph), 2.34 (s, 6H, CHsPh), 2.32 (s, 9H, mesitylene), 2.28 (s, 3H, CHsPh), 1.31 (s,
12H, CH2Bpin), 1.03-0.98 (t, 2H, CH2Bpin) ppm; *C{*H} NMR (CDClIs, 100.613 MHz, 298
K): 0 138.8 (Ph), 137.8 (mesitylene), 135.7 (Ph), 134.7 (Ph), 128.9 (Ph), 127.0 (mesitylene),
83.2 (Bpin), 31.8 (CH2Bpin), 25.0 (Bpin), 23.4 (CH3Ph), 21.3 (mesitylene), 20.9 (CHsPh), 19.8
(CH2Ph) ppm.

2e: 'H NMR (CDCls, 400 MHz, 298 K): § 7.72-7.64 (m, 3H, Ph), 7.55 (s, 1H, Ph), 7.34-7.27
(m, 3H, Ph), 6.71 (s, 3H, mesitylene), 2.85-2.81 (t, 2H, CH2Ph), 2.18 (s, 9H, mesitylene), 1.12
(s, 12H, CHBpin), 1.09-1.04 (t, 2H, CH2Bpin) ppm; *C{*H} NMR (CDCls, 100.613 MHz,
298 K): 0 142.1 (Napthyl), 137.8 (mesitylene), 133.9 (Napthyl), 132.1 (Napthyl), 128.1
(Napthyl), 127.8 (Napthyl), 127.7 (Napthyl), 127.5 (Napthyl), 127.4 (Napthyl), 127.0
(mesitylene), 125.8 (Napthyl), 125.0 (Napthyl), 83.3 (Bpin), 30.2 (CH2:Bpin), 24.9
(CH2(Napthyl)), 24.6 (Bpin), 21.3 (mesitylene) ppm.

2f: 'H NMR (CDCls, 400 MHz, 298 K): ¢ 7.17-7.15 (d, 2H, Ph), 7.09-7.08 (d, 2H, Ph), 6.71
(s, 3H, mesitylene), 2.54-2.50 (t, 2H, CH2Ph), 2.19 (s, 9H, mesitylene), 1.67-1.63 (t, 2H,
CH2CH:Bpin), 1.15 (s, 12H, CH,Bpin), 0.76-0.73 (t, 2H, CH:Bpin) ppm; ¥C{*H} NMR
(CDCls3, 100.613 MHz, 298 K): ¢ 142.8 (Ph), 137.8 (mesitylene), 128.7 (Ph), 128.3 (Ph), 127.0
(mesitylene), 125.7 (Ph), 83.0 (Bpin), 38.7 (CH2Ph), 26.2 (CH2CH2Bpin), 24.9 (CH2CH2Bpin),
24.7 (CH2CH2Bpin), 21.3 (mesitylene) ppm.

29: *H NMR (CDCls, 400 MHz, 298 K): ¢ 6.81 (s, 3H, mesitylene), 2.29 (s, 9H, mesitylene),
1.75-1.68 (m, 5H, CH2CH-cyclohexane), 1.26 (s, 12H, CH2Bpin), 1.20-1.12 (m, 6H, CH,-
cyclohexane), 0.90-0.84 (m, 2H, CHCH2CH,Bpin), 0.80-0.76 (t, 2H, CH2Bpin) ppm; *C{*H}
NMR (CDCls, 100.613 MHz, 298 K): ¢ 137.8 (mesitylene), 127.0 (mesitylene), 82.9 (Bpin),
40.1 (CH), 33.1 (CH2), 31.5 (CH>), 26.9 (CH>), 26.6 (CH?2), 24.9 (Bpin), 24.6 (CH2Bpin), 21.3

(mesitylene) ppm.

2h: IH NMR (CDCls, 400 MHz, 298 K): ¢ 6.83 (s, 3H, mesitylene), 2.30 (s, 9H, mesitylene),
1.60-1.51 (m, 1H, CH(CHz3)2) ,1.48-1.40 (m, 2H, CH2CH:Bpin), 1.27 (s, 12H, CH2Bpin), 1.21-
1.17 (m, 2H, CH>CH(CHs)2), 0.90-0.88 (d, 6H, CH(CHs3)2), 0.80-0.76 (t, 2H, CH2Bpin) ppm;
13C{*H} NMR (CDCls, 100.613 MHz, 298 K): § 137.8 (mesitylene), 127.0 (mesitylene), 83.0
(Bpin), 42.1 (CH.CH(CHa)2), 27.9 (CH(CHs)2), 24.9 (Bpin), 24.7 (CH(CHa)2), 22.8
(CH2CH2Bpin), 21.9 (CH.CH2Bpin), 21.3 (mesitylene) ppm.
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2i: *H NMR (CDCls, 400 MHz, 298 K): 7.30-7.25 (m, 3H, Ph), 7.20-7.16 (m, 2H, Ph), 6.82 (s,
3H, mesitylene), 3.11-2.93 (m, 1H, PhCHCHz), 2.29 (s, 9H, mesitylene), 1.31-1.28 (d, 5H,
Ph(CH3)CHCH_Bpin), 1.17 (s, 12H, CH,Bpin) ppm; *C{*H} NMR (CDCls, 100.613 MHz,
298 K): 0 149.3 (Ph), 137.8 (mesitylene), 129.1 (Ph), 128.3 (Ph), 127.0 (mesitylene), 125.8
(Ph), 83.1 (Bpin), 35.9 (CH), 25.0 (CHs), 24.8 (Bpin), 24.6 (CH2Bpin), 21.3 (mesitylene) ppm.

4.4. Results and discussion of alkyne (C=C) hydroboration reaction
4.4.1. Reaction optimization:

While it is recognized that the reduction of C=C bonds is generally more facile than that of
C=C bonds, our investigation began by utilizing phenylacetylene (0.2 mmol) with 1.1
equivalents of HBpin in the presence of Ce[N(SiMes).2]s(THF)z as a catalyst. The yield of the
borylated product varies with the change in the reaction conditions, which includes mol% of
the catalyst, temperature and reaction time (Table 4.2). We observed that 1 mol% of the
catalyst at 70 °C temperature in 12 hours is the optimized reaction conditions for the
hydroboration of phenylacetylene with 1.1 equivalents of HBpin. Similarly, we did two control
experiments: (i) without catalyst at 70 °C in 12 hours, but we observed only 26% yield of the
corresponding borylated product, suggesting a pivotal role of catalyst Ce[N(SiMe3)2]3(THF)3
in alkyne hydroboration reaction (Entry 6; Table 4.2); (ii) hidden BHj3 catalysis test: 2 mol%
of catalyst in presence of 20 mol% of TMEDA at 70 °C in 12 hours, we observed 94% yield of
the borylated product (Entry 7; Table 4.2), which suggests the negligible effect of BHz in the
phenylacetylene hydroboration reaction and its followed the true catalysis pathway.®

Table 4.2. Optimization of reaction conditions for phenylacetylene hydroboration.

Ce[N(SiMe3),]3(THF)3 H
< > _ _ (x mol%) x._Bpin
=— + HBpin -
Toluene, heat, time
0.2 mmol 0.22 mmol Highly regioselective
linear borylated product
Entry Ce[N(SiMes)2]3(THF):  Temperature Time Yield*

(mol%o) (O (h) (%)
1. 1 70 12 99
2. 0.5 70 12 85
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3. 1 70 8 72
4. 1 60 12 59
5. 1 rt 12 <5
6. - 70 12 26
7. 1 (in presence of 20 70 12 94

mol% of TMEDA)

[Yields were determined by integrating *H NMR spectra in the presence of an internal standard

(mesitylene).]
4.4.2. Substrate scope:

After successfully fine-tuning the reaction parameters for the regioselective hydroboration of
the C=C bond in phenylacetylene, we have explored the substrate scope using 1 mol% of
Ce[N(SiMes)2]3(THF)3 at 70 °C temperature in 12 hours. All the substrates scope delivered
moderate to very good yields (Scheme 4.3). However, the electron-withdrawing group
substituted alkynes afforded comparatively less yields than the electron-donating group
substituted alkynes. -CF3 group containing alkyne yielded 65% (4€), whereas, -CHz, -CH2CH3
and -OCH3 group containing alkynes afforded higher yields (up to >99%). On the other hand,
the presence of two -CF3 groups in the substrate (4h) diminished the formation of regioselective
linear borylated product (Scheme 4.3). We have also performed hydroboration of 1,4-
diethynylbenezene and 1,3,5-triethynylbenzene with 2 equivalents and 3 equivalents of HBpin,
respectively, to achieve corresponding borylated products (41 & 4m), but afforded less yields
(Scheme 4.3).
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Ce[N(SiMe3),]3(THF);3

(1 mol%)
R——= + HBpin /K/Bpln
Toluene/CgDg, 70 °C, 12h

1.1 equiv. Product
R = aryl or alkyl
H
©)\/Bp|n /@)\/Bpin /@A/Bpin /@)\/Bpln
4 4b Et 4c MeO 4d
>99% (100:0) 86% (100:0) 94% (100:0) >99% (100:0)

X _Bpin /@/Bpln X _Bpin F3C Xx_ Bpin
4h

30% (100 0)

65% (100 0) 89% (100 0) 92% (100 0) CF;
x_Bpin CI A Bpm/©/§/8p|n Xx_Bpin
>99% 100 0) 86% ( 100 0) 45% ( 100 0) 45%:2 (100 0)

Scheme 4.3. Substrate scope of Ce[N(SiMez)2]3(THF)s-catalysed alkyne hydroboration
reaction. 25 mol% of catalyst and 24 h reaction time. ®5mol% of catalyst and 48 h reaction time.
Ratios in parentheses report the ratio of regioisomers (linear vs. branched). [Yields were

determined by integrating *H NMR spectra in the presence of an internal standard (mesitylene)]
Analytical data of the borylated products:

4a: 'H NMR (400 MHz, CDCls, 298 K): § 7.55-7.53 (m, 2H, Ph), 7.49-7.44 (d, 1H, PhCH),
7.40-7.33 (m, 3H, Ph), 6.26-6.21 (CHBpin), 6.85 (mesitylene), 2.32 (mesitylene), 1.36 (Bpin)
ppm; *C NMR (100.613 MHz, CDCls, 298 K): ¢ 149.6 (PhCH), 137.8 (mesitylene), 137.6
(Ph), 129.0 (Ph), 128.7 (Ph), 127.2 (Ph), 127.0 (mesitylene), 116.5 (CHBpin), 83.4 (Bpin), 24.9
(Bpin), 21.3 (mesitylene) ppm.

4b: 'H NMR (400 MHz, CDCls, 298 K): § 7.32-7.27 (m, 3H, Ph), 7.05-7.03 (d, 2H, Ph +
CHPh), 6.71 (s, 3H, mesitylene), 6.05-6.01 (d, 1H, CHBpin), 2.25 (s, 3H, CH3Ph), 2.18 (s, 9H,
mesitylene), 1.22 (s, 12H, Bpin) ppm; *C NMR (100.613 MHz, CDCls, 298 K): § 149.6
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(PhCH), 139.0 (mesitylene), 137.7 (Ph), 134.9 (Ph), 129.4 (Ph), 127.1 (Ph), 127.0 (mesitylene),
115.2 (CHBpin), 83.3 (Bpin), 24.8 (Bpin), 21.4 (CH3Ph), 21.2 (mesitylene) ppm.

4c: 'H NMR (400 MHz, CDCls, 298 K): 6 7.47-7.46 (d, 2H, Ph), 7.45-7.42 (d, 1H, PhCH),
7.22-7.20 (d, 1H, Ph), 6.85 (s, 3H, mesitylene), 6.20-6.15 (d, 1H, CHBpin), 2.71-2.65 (q, 2H,
CH3CH2Ph), 2.32 (s, 9H, mesitylene), 1.36 (s, 12H, Bpin), 1.29-1.26 (t, 3H, CH3CH2Ph) ppm;
13C NMR (100.613 MHz, CDCls, 298 K): 6 149.7 (PhCH), 137.8 (mesitylene), 135.2 (Ph),
132.2 (Ph), 128.2 (Ph), 127.2 (Ph), 127.0 (mesitylene), 115.4 (CHBpin), 83.4 (Bpin), 28.8
(CH3CH2Ph), 24.9 (Bpin), 21.3 (mesitylene), 15.5 (CH3sCH2Ph) ppm.

4d: *H NMR (400 MHz, CDCls, 298 K): 6 7.48-7.46 (d, 2H, Ph), 7.42-7.37 (d, 1H, PhCH),
6.90-6.88 (d, 2H, Ph), 6.83 (s, 3H, mesitylene), 6.08-6.03 (d, 1H, CHBpin), 3.82 (s, 3H, OCHa),
2.31 (s, 9H, mesitylene), 1.34 (s, 12H, Bpin) ppm; **C NMR (100.613 MHz, CDCls, 298 K): ¢
160.4 (Ph), 149.2 (PhCH), 137.7 (mesitylene), 130.5 (Ph), 129.3 (Ph), 128.5 (Ph), 127.0
(mesitylene), 114.0 (CHBpin), 83.3 (Bpin), 55.3 (CH3OPh), 24.8 (Bpin), 21.2 (mesitylene)
ppm.

4e: 'H NMR (400 MHz, CDCls, 298 K): § 7.62-7.57 (m, 4H, Ph), 7.46-7.41 (d, 1H, PhCH),
6.83 (s, 3H, mesitylene), 6.31-6.27 (d, 1H, CHBpin), 2.30 (s, 9H, mesitylene), 1.29 (s, 12H,
Bpin) ppm; **C NMR (100.613 MHz, CDCls, 298 K): § 147.8 (PhCH), 140.9 (Ph), 137.8
(mesitylene), 127.3 (Ph), 127.0 (mesitylene), 125.7 (Ph), 125.7 (Ph), 122.9 (CFsPh), 120.2
(CHBpin), 83.7 (Bpin), 24.9 (Bpin), 21.3 (mesitylene) ppm.

4f: 'H NMR (400 MHz, CDCls, 298 K): ¢ 7.50-7.46 (d, 2H, Ph), 7.41-7.36 (d, 1H, PhCH),
7.06-7.02 (d, 2H, Ph), 6.82 (s, 3H, mesitylene), 6.13-6.08 (d, 1H, CHBpin), 2.30 (s, 9H,
mesitylene), 1.29 (s, 12H, Bpin) ppm; 3C NMR (100.613 MHz, CDCls, 298 K): 6 164.5 (FPh),
148.3 (PhCH), 137.7 (mesitylene), 133.8 (Ph), 128.8 (Ph), 128.7 (Ph), 127.0 (mesitylene),
115.7 (CHBpin), 83.5 (Bpin), 24.8 (Bpin), 21.2 (mesitylene) ppm.

4g: 'H NMR (400 MHz, CDCls, 298 K): ¢ 7.38-7.36 (d, 2H, Ph), 7.26-7.24 (d, 2H, Ph), 7.22-
7.16 (d, 1H, PhCH), 6.72 (s, 3H, mesitylene), 6.09-6.05 (d, 1H, CHBpin), 2.19 (s, 9H,
mesitylene), 1.23 (s, 12H, Bpin) ppm; *C NMR (100.613 MHz, CDCls, 298 K): § 148.2
(PhCH), 137.8 (mesitylene), 136.5 (Ph), 131.9 (Ph), 128.6 (Ph), 127.0 (mesitylene), 123.0 (Ph),
117.5 (CHBpin), 83.6 (Bpin), 24.9 (Bpin), 21.3 (mesitylene) ppm.

4h: *H NMR (400 MHz, CDCls, 298 K): 6 7.97-7.92 (d, 2H, Ph), 7.85-7.82 (d, 1H, Ph), 7.48-
7.43 (d, 1H, PhCH), 6.84 (s, 3H, mesitylene), 6.38-6.34 (d, 1H, CHBpin), 2.31 (s, 9H,
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mesitylene), 1.36 (s, 12H, Bpin) ppm; *C NMR (100.613 MHz, CDCls, 298 K): § 146.0
(PhCH), 139.7 (Ph), 137.8 (mesitylene), 132.3 (Ph), 132.0 (Ph), 127.0 (mesitylene), 124.7 (Ph),
122.1 ((CF3)2Ph), 118.4 (CHBpin), 83.9 (Bpin), 24.9 (Bpin), 21.3 (mesitylene) ppm.

4i: *H NMR (400 MHz, CDCls, 298 K): § 7.42-7.40 (d, 2H, Ph), 7.39-7.34 (d, 1H, PhCH), 6.81
(s, 3H, mesitylene), 6.67-6.65 (d, 2H, Ph), 5.97-5.92 (CHBpin), 2.97 (s, 6H, N(CH3).), 2.29 (s,
9H, mesitylene), 1.32 (s, 12H, Bpin) ppm; *C NMR (100.613 MHz, CDCls, 298 K): § 151.0
((CH3)2NPh), 149.9 (PhCH), 137.7 (mesitylene), 129.1 (Ph), 128.4 (Ph), 127.0 (mesitylene),
126.0 (Ph) 112.0 (CHBpin), 83.0 (Bpin), 40.3 ((CH3)NPh), 24.8 (Bpin), 21.2 (mesitylene)
ppm.

4j: 'H NMR (400 MHz, CDCls, 298 K): 6 7.49 (broad, 1H, Ph), 7.39-7.37 (m, 1H, Ph), 7.36-
7.34 (d, 1H, PhCH), 9.29-7.28 (m, 2H, Ph), 6.83 (s, 3H, mesitylene), 6.23-6.19 (d, 1H,
CHBpin), 2.31 (s, 9H, mesitylene), 1.35 (s, 12H, Bpin) ppm; 1*C NMR (100.613 MHz, CDCls,
298 K): ¢ 150.3 (PhCH), 143.1 (CIPh), 137.6 (mesitylene), 135.6 (Ph), 127.5 (Ph), 127.4
(mesitylene), 123.1 (Ph), 118.1 (CHBpin), 83.6 (Bpin), 24.7 (Bpin), 21.3 (mesitylene) ppm.

4k: 'H NMR (400 MHz, CDCls, 298 K): ¢ 7.51-7.47 (m, 4H, PhPhCH), 7.35-7.31 (m, 3H,
PhPhCH), 7.26-7.22 (m, 2H, PhPhCH), 7.11-7.06 (d, 1H, PhPhCH), 6.70 (s, 3H, mesitylene),
6.15-6.10 (d, 1H, CHBpin), 2.18 (s, 9H, mesitylene), 1.23 (s, 12H, Bpin) ppm; *C NMR
(100.613 MHz, CDCls, 298 K): 6 149.2 (PhPhCH), 141.7 (PhPhCH), 140.7 (PhPhCH), 137.8
(mesitylene), 136.6 (Ph), 128.9 (Ph), 128.8 (Ph), 127.7 (Ph), 127.4 (Ph), 127.1 (Ph), 127.0
(mesitylene), 116.7 (CHBpin), 83.5 (Bpin), 24.9 (Bpin), 21.3 (mesitylene) ppm.

41: 'H NMR (400 MHz, CDCls, 298 K): § 7.37-7.35 (m, 2H, Ph), 7.32-7.27 (m, 2H, Ph), 7.14-
7.09 (d, 2H, CHPhCH), 6.71 (s, 3H, mesitylene), 6.12-6.07 (d, 1H, (CHBpin)2), 2.18 (s, 9H,
mesitylene), 1.22 (s. 24H, (Bpin)2) ppm; C NMR (100.613 MHz, CDCls, 298 K): 6 149.0
(PhCH), 137.8 (mesitylene), 132.5 (Ph), 132.1 (Ph), 129.1 (Ph), 127.4 (Ph), 127.0 (mesitylene),
117.0 (CHBpin), 83.5 (Bpin), 24.9 (Bpin), 21.3 (mesitylene) ppm.

4m: 'H NMR (400 MHz, CDCls, 298 K): d 7.34 (s, 2H, Ph), 7.21-7.16 (d, 3H, (PhCH)3), 7.05
(s, 1H, Ph), 6.59 (s, 3H, mesitylene), 6.01-5.96 (d, 3H, (CHBpin)3), 2.06 (s, 9H, mesitylene),
1.12 (s, 36H, (Bpin)s) ppm; *C NMR (100.613 MHz, CDCls, 298 K): § 148.1 (PhCH), 137.8
(mesitylene), 131.0 (Ph), 127.0 (mesitylene), 123.0 (Ph), 115.4 (CHBpin), 83.6 (Bpin), 24.9
(Bpin), 21.3 (mesitylene) ppm.
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4.5. Results and discussion of nitrile (C=N) hydroboration reaction

4.5.1. Reaction optimization:

Nitriles represent a valuable methodology in organic chemistry for the synthesis of primary
amines. Primary amines find diverse applications across various fields, adding to their
significance.'® Several synthetic methodologies have been reported for the reduction of nitriles,
but hydroboration reaction possesses more advantages due to its atom efficiency and mild
reaction conditions.? We started the experiment by taking benzonitrile (0.2 mmol) and HBpin
(0.44 mmol) in toluene in the presence of catalyst Ce[N(SiMes)2]s(THF)s. Subsequently, we
conducted experiments involving variations in catalyst loading, temperature and reaction time.
Ultimately, we observed that the optimized conditions for the hydroboration reaction of
benzonitrile were achieved with 2 mol% of the catalyst at 80 °C for a duration of 12 hours
(Table 4.3).

In the same manner, we did two control experiments by taking benzonitrile (0.2 mmol) and
HBpin (0.44 mmol): (i) without catalyst at 70 °C in 12 hours, but we observed an 18% yield of
the corresponding borylated amine product (Entry 7; Table 4.3), suggesting a significant role
of catalyst Ce[N(SiMe3)2]3(THF)3 in benzonitrile hydroboration reaction; (ii) hidden BHs
catalysis test: 2 mol% of catalyst in presence of 20 mol% of TMEDA at 70 °C in 12 hours, we
observed 94% yield of the borylated product (Entry 8; Table 4.3), revealing the negligible
effect of BHs in the benzonitrile hydroboration reaction and it followed the true catalysis

pathway.®

Table 4.3. Optimization of reaction conditions for benzonitrile hydroboration.

N CelN(SiMes)zls(THF)3 SVAR
©/ (x mol%) ©)<N/Bpln
+ HBpin > L
Toluene, heat, time Bpin

0.2mmol  0.44 mmol Borylated amine product
Entry Ce[N(SiMes)2]3(THF): ~ Temperature Time Yield*
(mol%) (°C) (h) (%)
1. 2 70 24 >99
2. 2 70 12 >99
3. 1 70 12 51
4, 2 50 12 51
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5. 2 70 8 45
6. 2 rt 12 5}
7. - 70 12 18
8. 2 (in presence of 20 70 12 94

mol% of TMEDA)

[Yields were determined by integrating *H NMR spectra in the presence of an internal standard

(mesitylene).]
4.5.2. Substrate scope:

After finalizing the optimization of the reaction conditions for the hydroboration of benzonitrile
with HBpin in the presence of Ce[N(SiMe3)2]3(THF)3, we extended our investigation to
encompass a wide range of aromatic and aliphatic substrates under these same optimized
conditions. We demonstrated a variety of substrates containing electron-withdrawing and
electron-donating group substituted nitriles and observed good to excellent yields under the
optimized reaction conditions (Scheme 4.4). We audited comparatively less yields for the
hydroboration of aliphatic nitriles than aromatic nitriles. We observed that the ortho- and meta-
substituted benzonitriles affected more in yield of the borylated amine products (6g, 6h, 6i &
6l). In presence of two -CFs group at the meta-position of benzonitrile, afforded less yield
(42%, 61). We also performed the hydroboration of 4-acetylbenzonitrile, which delivered 100%
yield corresponding to the hydroboration of the ketone group and 38% yield corresponding to

the hydroboration of the nitrile group (6m, Scheme 4.4).
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Ce[N(SIMeg)2]3(TH F)3

2 1% _Bpi
R-C=N + HBpin @mol%) RXN pin
Toluene, 70°C, 12 h Bpin
5 0.44 mmol R = aryl/alkyl
Sz ] Borylated amine product__
H H H H
_Bpi i _Bpin _B
l}l pin N,Bpln /©)< pin Bpln
I
Bpin BPIN a0 Bpln Bpln Bpln
6a (>99%) 6b (>99%) c (>99%) 6d (>99%) e (>99%)
OMe H NHoH H
Bpln Bpln Bpln Bpln Bpln
Bpln Bpln Bpln Bpln Bpln
f (>99%) 69 (58%) 6h (85%) 6i (95%) j (>99%)
/@)4 .Bpin Bpln Bpln
Bpln Bpln Bpan Bpln
k (>93%) 61 (80%) (38%), (100%)°

Scheme 4.4. Substrate scope of Ce[N(SiMes)2]s(THF)s-catalysed nitriles hydroboration
reaction. #Hydroboration of ketone. °CsDs as a solvent. [Yields were determined by integrating

'H NMR spectra in the presence of an internal standard (mesitylene)]
Analytical data of the borylated products:

6a: 'H NMR (400 MHz, CDCls, 298 K): 6 7.34-7.31 (t, 3H, Ph), 7.28-7.24 (m, 2H, Ph), 6.82
(s, 3H, mesitylene), 4.26 (s, 2H, PhCH>), 2.30 (s, 9H, mesitylene), 1.22 (s, 24H, N(Bpin)2) ppm;
13C NMR (100.613 MHz, CDCls, 298 K): 6 143.2 (Ph), 137.8 (mesitylene), 128.4 (Ph), 127.6
(Ph), 127.0 (mesitylene), 126.2 (Ph), 82.4 (Bpin), 47.4 (CH2Ph), 24.6 (Bpin), 21.3 (mesitylene)
ppm.

6b: *H NMR (400 MHz, CDCls, 298 K): § 7.23-7.21 (d, 2H, Ph), 7.07-7.05 (d, 2H, Ph), 6.81
(s, 3H, mesitylene), 4.21 (s, 2H, CH>), 2.31 (s, 3H, CH3sPh), 2.29 (s, 9H, mesitylene), 1.21 (s,
24H, N(Bpin)2) ppm; C NMR (100.613 MHz, CDCls, 298 K): § 139.9 (Ph), 137.7
(mesitylene), 129.0 (Ph), 128.5 (Ph), 127.5 (Ph) ,127.0 (mesitylene), 82.3 (Bpin), 45.0 (CH2Ph),
24.6 (Bpin), 21.2 (mesitylene), 21.1 (CH3Ph) ppm.

6¢: H NMR (400 MHz, CDCl3, 298 K): 6 7.30-7.28 (d, 2H, Ph), 6.83 (s, 3H, mesitylene), 6.81
(bs, 2H, Ph), 4.20 (s, 2H, PhCHy), 3.80 (s, 3H, PhOCHz), 2.31 (s, 9H, mesitylene), 1.24 (s,
24H, N(Bpin)2) ppm; 3C NMR (100.613 MHz, CDCls, 298 K): § 158.4 (PhOCHs), 137.6
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(mesitylene), 129.5 (Ph), 127.9 (Ph), 126.9 (mesitylene), 113.7 (Ph), 82.1 (Bpin), 55.2
(OCH3Ph), 44.6 (CH2Ph), 24.7 (Bpin), 21.2 (mesitylene) ppm.

6d: *H NMR (400 MHz, CDCls, 298 K): 6 7.21-7.19 (d, 2H, Ph), 7.01-6.99 (d, 2H, Ph), 6.84
(s, 3H, mesitylene), 4.18 (s, 2H, PhCHy), 2.32 (s, 9H, mesitylene), 1.24 (s, 24H, N(Bpin)2) ppm;
13C NMR (100.613 MHz, CDCls, 298 K): § 142.0 (Ph), 137.7 (mesitylene), 128.5 (Ph), 127.6
(Ph), 126.9 (mesitylene), 117.6 (Ph), 83.0 (PhN(Bpin)2) 82.2 (Bpin), 44.8 (CH2Ph), 24.6 (Bpin),
21.2 (mesitylene) ppm.

6e: 'H NMR (400 MHz, CDCls, 298 K): 6 7.28-7.26 (d, 2H, Ph), 7.24-7.22 (d, 2H, Ph), 6.82
(s, 3H, mesitylene), 4.21 (s, 2H, PhCHy>), 2.30 (s, 9H, mesitylene), 1.22 (s, 24H, N(Bpin)z) ppm;
13C NMR (100.613 MHz, CDCls, 298 K): § 141.7 (CIPh), 137.8 (mesitylene), 131.8 (Ph), 129.0
(Ph), 128.0 (Ph), 127.0 (mesitylene), 82.5 (Bpin), 46.7 (CH2Ph), 24.6 (Bpin), 21.3 (mesitylene)

ppm.

6f: TH NMR (400 MHz, CDCls, 298 K): ¢ 7.41-7.39 (d, 2H, Ph), 7.24-7.22 (d, 2H, Ph), 6.84
(s, 3H, mesitylene), 4.21 (s, 2H, PhCHy), 2.32 (s, 9H, mesitylene), 1.24 (s, 24H, N(Bpin)z2) ppm;
13C NMR (100.613 MHz, CDCls, 298 K): 6 142.2 (BrPh), 137.7 (mesitylene), 131.4 (Ph), 130.9
(Ph), 129.4 (Ph),127.0 (mesitylene), 82.5 (Bpin), 46.8 (CH2Ph), 24.6 (Bpin), 21.3 (mesitylene)

ppm.

6g: 'H NMR (400 MHz, CDCls, 298 K): 6 7.59-7.54 (m, 1H, Ph), 7.19-7.16 (m, 1H, Ph), 7.04-
6.98 (m, 1H, Ph), 6.93-6.89 (m, 1H, Ph) ,6.84 (s, 3H, mesitylene), 4.32 (s, 2H, PhCHy), 3.82
(s, 3H, OCH3Ph), 2.31 (s, 9H, mesitylene), 1.22 (s, 24H, N(Bpin).) ppm; *C NMR (100.613
MHz, CDCls, 298 K): ¢ 161.3 (MeOPh), 137.7 (mesitylene), 134.4 (Ph),133.8 (Ph), 126.9
(mesitylene), 120.8 (Ph), 120.4 (Ph), 111.3 (Ph), 82.0 (Bpin), 56.0 (OCH3sPh) 40.9 (CH2Ph),
24.6 (Bpin), 21.2 (mesitylene) ppm.

6h: 'H NMR (400 MHz, CDCls, 298 K): § 7.44-7.31 (m, 3H, Ph), 6.82 (s, 3H, mesitylene),
6.76-6.72 (m, 1H, Ph), 4.49 (s, 2H, PhCHy), 2.30 (s, 9H, mesitylene), 1.29 (s, 24H, N(Bpin).)
ppm; BC NMR (100.613 MHz, CDCls, 298 K): ¢ 149.8 (Ph), 137.7 (mesitylene), 134.0 (Ph),
132.3 (Ph), 126.9 (mesitylene), 120.1 (Ph), 117.8 (Ph) ,115.2 (Ph), 83.1 (Bpin), 43.8 (CH2Ph),
24.6 (Bpin), 21.2 (mesitylene) ppm.

6i: *H NMR (400 MHz, CDCls, 298 K): 6 7.33-7.31 (m, 2H, Ph), 7.24-7.20 (m, 1H, Ph), 7.16-
7.12 (m, 1H, Ph), 6.84 (s, 3H, mesitylene), 4.39 (s, 2H, PhCHy), 2.31 (s, 9H, mesitylene), 1.22
(s, 24H, N(Bpin)2) ppm; °C NMR (100.613 MHz, CDCls, 298 K): ¢ 140.1 (Ph), 137.7
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(mesitylene), 132.8 (Ph), 129.3 (Ph), 128.9 (Ph), 128.3 (Ph), 127.9 (Ph), 127.0 (mesitylene),
82.5 (Bpin), 45.2 (CH2Ph), 24.6 (Bpin), 21.3 (mesitylene) ppm.

6j: 'H NMR (400 MHz, CDCls, 298 K): § 7.16-7.13 (m, 3H, Ph), 6.99-6.97 (d, 1H, Ph), 6.81
(s, 3H, mesitylene), 4.23 (s, 2H, PhCHy>), 2.32 (s, 3H, CH3sPh), 2.29 (s, 9H, mesitylene), 1.22
(s, 24H, N(Bpin)2) ppm; *C NMR (100.613 MHz, CDCls, 298 K): ¢ 143.0 (Ph), 137.7
(mesitylene), 128.4 (Ph), 127.8 (Ph), 127.0 (mesitylene), 126.8 (Ph), 124.6 (Ph), 123.9 (Ph),
82.3 (Bpin), 47.2 (CH2Ph), 24.6 (Bpin), 21.4 (CH3Ph), 21.2 (mesitylene) ppm.

6k: 'H NMR (400 MHz, CDCls, 298 K): 6 7.53-7.51 (d, 2H, Ph), 7.43-7.41 (d, 2H, Ph), 6.81
(s, 3H, mesitylene), 4.29 (s, 2H, PhCHy>), 2.29 (s, 9H, mesitylene), 1.21 (s, 24H, N(Bpin)2) ppm;
13C NMR (100.613 MHz, CDCls, 298 K): 6 147.2 (Ph), 137.8 (mesitylene), 129.2 (Ph), 128.4
(Ph), 127.8 (Ph), 127.0 (mesitylene) ,124.9 (CFsPh), 82.6 (Bpin), 47.1 (CH2Ph), 24.6 (Bpin),
21.3 (mesitylene) ppm.

6l: 'H NMR (400 MHz, CDCls, 298 K): 6 7.36-7.22 (m, 8H, Ph), 7.16-7.13 (m, 2H, Ph), 6.81
(s, 3H, mesitylene), 4.26-4.22 (t, 1H, (Ph).CHCHz), 3.73-3.71 (d, 2H, CHCH), 2.29 (s, 9H,
mesitylene), 1.16 (s, 24H, N(Bpin)2) ppm; 3C NMR (100.613 MHz, CDCls, 298 K): ¢ 143.5
(Ph), 137.8 (mesitylene), 128.8 (Ph), 128.2 (Ph), 127.0 (mesitylene), 126.1 (Ph), 82.2 (Bpin),
53.6 (CHCH2Ph), 48.5 (CHCH2Ph), 24.5 (Bpin), 21.3 (mesitylene) ppm.

6m: 'H NMR (400 MHz, CDCls, 298 K): 6 7.34-7.24 (m, 4H, Ph), 6.82 (s, 3H, mesitylene),
5.28-5.20 (m, 1H, PhCH(OBpin)CH3), 4.23 (s, 2H, PhCHy), 2.29 (s, 9H, mesitylene), 1.51-1.48
(d, 3H, PhCH(OBpin)CHs), 1.28 (s, 24H, N(Bpin)), 1.21 (s, 12H, OBpin) ppm; 3C NMR
(100.613 MHz, CDCls, 298 K): § 143.0 (Ph), 141.8 (Ph), 137.7 (mesitylene), 126.9
(mesitylene), 126.6 (Ph), 125.4 (Ph), 82.7 (OBpin), 82.2 (N(Bpin)2), 72.4 (CHsCHOBpin), 45.0
(PhCH_), 25.5 (CH3CHOBpin), 24.6 (OBpin), 24.5 (N(Bpin)2), 21.2 (mesitylene) ppm.

4.6. Results and discussion of deoxygenation of isocyanate (N=C=0)

4.6.1. Reaction optimization:

We initiated our exploration toward the hydroboration of isocyanate by taking 0.2 mmol of p-
tolyl isocyanate with 3.3 equivalents of HBpin in the presence of Ce[N(SiMes)2]3(THF)s as a
catalyst afforded highly selective deoxygenated product. After that, we utilized 2.2 and 1.1

equivalents of HBpin to get dihydroborated and monohydroborated products, respectively. But
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surprisingly we only noticed the deoxygenated product of p-tolyl isocyanate (Entry 4 & 5,
Table 4.4), which indicates that the catalyst Ce[N(SiMes)2]s(THF)z is highly selective towards
the deoxygenation of isocyanates in presence of HBpin in different concentrations. Thereafter,
we examined the reaction conditions for hydroboration of p-tolyl isocyanate and found that 2
mol% of Ce[N(SiMes)2]s(THF)z with 3.3 equivalents of HBpin at 80 °C temperature in 24
hours were the productive parameters for p-tolyl isocyanate hydroboration to afford N-boryl

methyl amine in a quantitative yield (Table 4.4).

Similarly, we did two control experiments by taking p-tolyl isocyanate (0.2 mmol) and HBpin
(0.66 mmol): (i) without catalyst at 80 °C in 24 hours, but we observed 33% yield of the
corresponding N-boryl methyl amine product (Entry 10; Table 4.4), which suggests a
cabalistic role of catalyst Ce[N(SiMes)2]3(THF)3 in isocyanates hydroboration reaction; (ii)
hidden BH3 catalysis test as a model experiment of hydroboration reaction in presence of
HBpin: 2 mol% of catalyst in presence of 20 mol% of TMEDA at 80 °C in 24 hours, we
observed 93% vyield of the N-boryl methyl amine product (Entry 11; Table 4.4), intimating
that the negligible effect of BHz in the p-tolyl isocyanate hydroboration reaction and the
hydroboration of isocyanate in presence of HBpin and Ce[N(SiMes)2]3(THF)s followed the true

catalysis pathway.8

Table 4.4. Optimization of reaction conditions for p-tolyl isocyanate hydroboration.

Ce[N(SiMe3),]3(THF)3 Bpin Bpin Bpin
R-N=C=0 + HBpin xmol%) . N_o + N_ _OBpin + R
_ Toluene, heat, time R \[4 R” 7< R™ "CHj
O:2mmol Y equl. i g pin-0-Bpin; N-boryl H H N-boryl
R=p-tolyl teeeeeeeeeoe- formamide Hemiaminal methyl amine
Not observed Not observed Observed
Entry Ce[N(SiMes)2]3(THF)s  HBpin Temperature Time Yield*
(mol%) (equiv.) (°O) (h) (%)
1. 5 3.3 80 24 >99
2. 2 3.3 80 24 >99
3. 1 3.3 80 24 57
4, 2 2.2 80 24 80
5. 2 1.1 80 24 25
6. 2 3.3 rt 24 20
7. 2 3.3 70 24 72
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8. 2 3.3 80 20 95
9. 2 33 80 24 85"
10. - 33 80 24 33
11. 2 (in presence of 20 3.3 80 24 93

mol% of TMEDA)

[Yields were determined by integrating *H NMR spectra in the presence of an internal standard

(dibromomethane).]
4.6.2. Substrate scope:

Having completed the optimization of the hydroboration reaction, we proceeded to investigate
the scope of isocyanate substrates. All the substrates yielded deoxygenated N-boryl methyl
amine products with moderate to excellent yields (up to >99%). Adamantane substituted
isocyanate delivered >99% vyield of the deoxygenated N-boryl methyl amine product. So,
Ce[N(SiMes)2]3(THF)3 behaves as an efficient and highly selective catalyst for the
hydroboration of isocyanate using HBpin to synthesize deoxygenated N-boryl methyl amine
product. In presence of two isocyanate groups in a substrate decreases the yield of the N-boryl
methyl product (8i & 8j, Scheme 4.5) due to the highly electrophilic nature of the -N=C=0
group. In 2022, Khalimon and co-workers reported a catalyst free approach of the isocyanate
hydroboration reaction. Which is quite in line with our Ce[N(SiMes)2]3(THF)s-catalysed
hydroboration of isocyanates (for example 8a; yield without catalyst was 98% and yield with
our catalyst was >99%). Ce[N(SiMe3)2]3(THF)3-catalysed hydroboration of 7d afforded
almost complete conversion to 8e with >99% yield, whereas catalyst-free condition did not
work for this substrate 7d. On the other hand, 7e and 7g delivered higher yield at neat and
catalyst-free condition, whereas our catalyst was comparatively less reactive toward the
substrates 7e and 7g. But, at the catalyst-free condition 7g delivered a mixture of products N-
boryl formamide and N-boryl methyl amine. So, we can conclude that always a solvent-free
and catalyst-free condition is the best conditions, but for all the substrates its does not work
and we need a better catalyst to perform the catalytic reaction, which accelerate to reach the

desire products.

144
Thesis: Md Jabed Hossain



Chapter 4

Ce[N(SlMe3)2]3(THF)3 Bpln
2 mol% I . .
R—N=C=O0 + HBpin > N + Bpin-O-Bpin
7 Toluene, 80°C,24h R CHj
0.66 mmol _
0.2 mmol R=aryloralkyl  N_poryl methyl amine
I?pin Bp|n Bp|n Bpln Bpm
N\
8a (>99%) 8b (75%) 8¢ (60%) 8d (>99% 8e (55%)
H3C. ,Bpln Bpln\N/
Bpin Bpln Bpln
O ey @ o Q‘
8f (82%) 8g (37%) 8N (99%) 8i (38%) HyC”' Bpin

8j (13%)

Scheme 4.5. Substrate scope of Ce[N(SiMes)2]s(THF)s-catalysed isocyanate hydroboration
reaction. [Yields were determined by integrating *H NMR spectra in the presence of an internal

standard (dibromomethane)]

Analytical data of the borylated products:

8a: 'H NMR (400 MHz, CDCls, 298 K): 6 7.20-7.18 (d, 2H, Ph), 7.07-7.05 (d, 2H, Ph), 4.92
(s, 2H, dibromomethane), 3.04 (s, 3H, NCHzs), 2.28 (CHsPh), 1.29 (s, 12H, NBpin), 1.28 (s,
24H, O(Bpin)2) ppm; 3C NMR (100.613 MHz, CDCls, 298 K): § 147.1 (Ph), 129.6 (Ph), 124.6
(Ph), 112.7 (Ph), 82.9 (Bpin), 31.0 (NCHs), 24.5 (Bpin), 20.3 (CH3sPh), 19.1 (dibromomethane)
ppm.

8b: 'H NMR (400 MHz, CDCls, 298 K): ¢ 7.17-7.16 (d, 1H, Ph), 7.06-7.04 (d, 2H, Ph), 4.92
(s, 2H, dibromomethane), 3.03 (s, 3H, NCHz), 2.24 (s, 3H, CH3sPh), 2.19 (s, 3H, CH3Ph), 1.28
(s, 12H, NBpin), 1.28 (s, 24H, O(Bpin)2) ppm; **C NMR (100.613 MHz, CDCls, 298 K): ¢
147.7 (Ph), 130.3 (Ph), 120.8 (Ph), 114.3 (Ph), 83.1 (Bpin), 82.6 (Bpin), 31.1 (NCHa), 24.7
(Bpin), 24.6 (Bpin), 20.2 (CH3Ph), 20.1 (CH3Ph), 19.1 (dibromomethane) ppm.

8c: *H NMR (400 MHz, CDCls, 298 K): 6 7.02 (s, 1H, Ph), 7.00-6.96 (m, 2H, Ph), 4.90 (s, 2H,
dibromomethane), 2.79 (NCHs), 2.29 (s, 3H, CHsPh), 2.23 (s, 3H, CH3Ph), 1.26 (s, 12H + 24H,
NBpin + O(Bpin)z) ppm; 3C NMR (100.613 MHz, CDCls, 298 K): 6 144.2 (Ph), 136.1 (Ph),
129.1 (Ph), 128.9 (Ph), 128.3 (Ph), 125.8 (Ph), 83.1 (Bpin), 82.4 (Bpin), 35.5 (NCH3), 24.6
(Bpin), 24.5 (Bpin), 19.01 (dibromomethane), 18.4 (CHsPh), 17.9 (CHsPh) ppm.
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8d: *H NMR (400 MHz, CDCls, 298 K): § 6.79-6.77 (d, 2H, Ph), 6.58-6.56 (d, 2H, Ph), 4.91
(s, 2H, dibromomethane), 3.73 (OCH3Ph), 2.78 (s, 3H, NCH3), 1.25 (s, 12H + 24H, NBpin +
O(Bpin)2) ppm; 3C NMR (100.613 MHz, CDCls, 298 K): ¢ 152.2 (Ph), 143.6 (Ph), 129.0 (Ph),
114.8 (Ph), 83.0 (Bpin), 55.8 (CH3OPh), 31.6 (NCHz), 24.5 (Bpin), 19.0 (dibromomethane)

ppm.

8e: 'H NMR (400 MHz, CDCls, 298 K): & 7.11-7.09 (d, 2H, Ph), 6.52-6.49 (d, 2H, Ph), 4.92
(s, 2H, dibromomethane), 2.78 (s, 3H, NCHa), 1.25 (s, 12H + 24H, NBpin + O(Bpin)2) ppm;
13C NMR (100.613 MHz, CDCls, 298 K): & 148.0 (Ph), 129.0 (Ph), 128.3 (Ph), 113.6 (Ph),
83.2 (Bpin), 30.8 (NCH3), 24.5 (Bpin), 19.0 (dibromomethane) ppm.

8f: ITH NMR (400 MHz, CDCls, 298 K): 6 7.48-7.46 (d, 2H, Ph), 7.40-7.37 (d, 2H, Ph), 4.92
(s, 2H, dibromomethane), 3.06 (s, 3H, NCH3), 1.29 (s, 12H, NBpin), 1.26 (s, 24H, O(Bpin)2)
ppm; 3C NMR (100.613 MHz, CDCls, 298 K): 6 150.7 (Ph), 126.6 (Ph), 125.8 (Ph), 118.0
(Ph), 111.4 (Ph), 83.3 (Bpin), 83.2 (Bpin), 34.2 (NCHs), 24.7 (Bpin), 24.6 (Bpin), 19.0

(dibromomethane) ppm.

8g: 'H NMR (400 MHz, CDCls, 298 K): 6 7.45-7.43 (m, 1H, Ph), 7.33-7.31 (m, 2H, Ph), 7.24-
7.21 (m, 2H, Ph), 4.91 (s, 2H, dibromomethane), 4.04 (s, 2H, PhCH2N), 2.47 (s, 3H, NCH3),
1.25 (s, 24H, O(Bpin)2) ppm; **C NMR (100.613 MHz, CDCls, 298 K): § 140.3 (Ph), 129.1
(Ph), 128.7 (Ph), 126.7 (Ph), 83.0 (Bpin), 82.3 (Bpin), 52.9 (PhCH), 33.3 (NCH?3), 24.7 (Bpin),
24.7 (Bpin), 19.0 (dibromomethane) ppm.

8h: *H NMR (400 MHz, CDCls, 298 K): & 4.87 (s, 2H, dibromomethane), 2.27 (s, 3H, NCHs),
2.00 (s, 4H, (CH2)2), 1.59 (s, 3H, (CH)3), 1.55 (s, 8H, (CH2)4), 1.19 (s, 12H + 24H, NBpin +
O(Bpin)2) ppm; 3C NMR (100.613 MHz, CDCls, 298 K): § 83.0 (Bpin), 42.0 (CNBpin), 41.7
(NCCHy), 36.7 (CHCHy>), 29.5 (NCH3), 24.5 (Bpin), 22.6 (CHCHy>), 19.0 (dibromomethane)
ppm.

8i: 'H NMR (400 MHz, CDCls, 298 K): § 7.30-7.28 (m, 1H, Ph), 7.19-7.08 (m, 2H, Ph), 6.92-
6.68 (m, 1H, Ph), 4.93 (s, 2H, dibromomethane), 3.05 (s, 3H, NCHz), 1.28 (s, 24H + 48H,
(NBpin + O(Bpin)2)2) ppm; *C NMR (100.613 MHz, CDCls, 298 K): 6 147.8 (Ph), 128.6 (Ph),
119.4 (Ph), 112.3 (Ph), 83.1 (Bpin), 82.5 (Bpin), 34.4 (NCHs3), 34.2 (NCH3), 24.7 (Bpin), 24.6
(Bpin), 19.1 (dibromomethane) ppm.

8j: 'H NMR (400 MHz, CDCls, 298 K): 6 7.19-7.08 (m, 4H, Naphthalene), (bs, 2H,
Naphthalene), 4.85(s, 2H, dibromomethane), 2.92 (s, 3H, NCH3), 1.19 (s, 24H + 48H, {NBpin
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+ O(Bpin)2}2) ppm; C NMR (100.613 MHz, CDCls, 298 K): ¢ 146.8 (Naphthalene), 145.2
(Naphthalene), 129.1 (Naphthalene), 128.3 (Naphthalene), 125.4 (Naphthalene), 124.1
(Naphthalene), 83.2 (Bpin), 31.0 (NCHj3), 24.6 (Bpin), 19.0 (dibromomethane) ppm.

4.7. Conclusion

In summary, we have utilized Ce[N(SiMez)2]s(THF)3 complex as an efficient catalyst for the
selective reduction of unactivated C=C, C=C, C=N and N=C=0 bonds in alkenes, alkynes,
nitriles and isocyanates using HBpin under mild conditions. The employment of cost-effective
and naturally occurring cerium complex under mild reaction conditions and high selectivity is
advantageous for sustainable catalysis. For the first time, we have introduced lanthanide-
catalysed hydroboration of alkynes and isocyanates under mild reaction conditions. We have
demonstrated the reduction of C=C in alkynes to selective linear borylated alkenes at 70 °C
temperature in 12 hours with very good yields. Also, the reduction of isocyanates with HBpin
was accomplished in the presence of verily accessible catalyst Ce[N(SiMes)2]3(THF)sz (2
mol%) at 80 °C temperature in 24 hours reaction time. Similarly, the hydroboration of
isocyanates is highly selective towards deoxygenation reaction, which afforded only N-boryl
methyl amine products. Finally, we can say that Ce[N(SiMes)2]3(THF)z is a versatile and multi-

tasking catalyst for the hydroboration reaction in synthetic organic chemistry.

4.8. NMR spectra
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Figure 4.1. 'H NMR [CDCls, 400 MHz, 298 K] spectrum of hydroboration of styrene (0.2
mmol) with HBpin at 80 °C in 36 hours in presence of Ce[N(SiMes)2]s(THF)s (IS: internal

standard mesitylene).
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Figure 4.2. 'H NMR [CDCls, 400 MHz, 298 K] spectrum of hydroboration of styrene (0.2
mmol) with HBpin at 80 °C in 36 hours in presence of Ce[N(SiMes3)2]3(THF)s and 20 mol% of
TMEDA (IS: internal standard mesitylene).
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Figure 4.3. 'TH NMR [CDCls, 400 MHz, 298 K] spectrum of hydroboration of phenylacetylene
(0.2 mmol) with HBpin at 70 °C in 12 hours in presence of Ce[N(SiMes)2]3(THF)s (IS: internal

standard mesitylene).
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Figure 4.4. 'H NMR [CDCls, 400 MHz, 298 K] spectrum of hydroboration of phenylacetylene
(0.2 mmol) with HBpin at 70 °C in 12 hours in presence of Ce[N(SiMes)2]s(THF)s and 20
mol% of TMEDA (IS: internal standard mesitylene).
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Figure 4.5. 'H NMR [CDCls, 400 MHz, 298 K] spectrum of hydroboration of benzonitrile (0.2
mmol) with HBpin at 80 °C in 24 hours in presence of Ce[N(SiMe3)2]s(THF)s (IS: internal
standard mesitylene).
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Figure 4.6. 'H NMR [CDCls, 400 MHz, 298 K] spectrum of hydroboration of benzonitrile (0.2
mmol) with HBpin at 80 °C in 24 hours in presence of Ce[N(SiMez)2]3(THF)z and 20 mol% of
TMEDA (IS: internal standard mesitylene).
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Figure 4.7. 'H NMR [CDCls, 400 MHz, 298 K] spectrum of hydroboration of p-tolyl
isocyanate (0.2 mmol) with HBpin at 80 °C in 24 hours in presence of Ce[N(SiMes)2]s(THF)3
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Figure 4.8. 'H NMR [CDCls, 400 MHz, 298 K] spectrum of hydroboration of p-tolyl
isocyanate (0.2 mmol) with HBpin at 80 °C in 24 hours in presence of Ce[N(SiMe3)2]s(THF)3
and 20 mol% of TMEDA (IS: internal standard mesitylene).
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Summary

In the overall conclusion, I can realm that the fundamental object of my wonderful PhD journey
was to showcase the utilization of less explored and easily available Ce[N(SiMes3)2]3(THF)s3 as
an efficient catalyst for hydroboration reaction. The hydroboration reaction is a very atom-
efficient synthetic methodology, which required comparatively mild reaction conditions and
the yielded borylated intermediates can easily hydrolysed to afford corresponding products. In
my second chapter, we demonstrated the deoxygenation of 1° and 2° amides in the presence of
HBpin, whereas comparatively easily reducible 3° amide was unsuccessful by this synthetic
methodology. Due to the absence of hydrogen atom at the nitrogen centre in the amide group,
which prevented the formation of cerium-amidate species. In the third chapter, | discussed
Ce[N(SiMes)2]3(THF)z-catalysed C—O bond cleavage of esters, epoxides and CO2 using
HBpin, which afforded borylated alcohols. Surprisingly, the selective reduction of CO> in the
presence of HBpin produced only borylated methanol with TON was 1146 and TOF was 382
h™ at 85 °C. In the last chapter, | exhibited that the cerium-amide catalyst was active for the
hydroboration of unactivated and unsaturated bonds e.g., C=C, C=C, C=N and N=C=0 bonds
with HBpin. The alkene and alkyne substrates displayed an anti-Markovnikov hydroboration
and afforded linear products (major). On the other hand, isocyanates delivered selectively
deoxygenative products other than monohydroborated or dihydroborated products, upon

treatment of 1 or 2 or 3 equivalents of HBpin.

In the nutshell, I have demonstrated that the wide applications of verily accessible
Ce[N(SiMes)2]s complex as an efficient catalyst for the hydroboration of amides, esters,
epoxides, CO», alkenes, alkynes, nitriles and isocyanates using HBpin under mild reaction
conditions. Moreover, its utilization in many challenging and promising organic

transformations are under investigation.
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Appendix 1

Four-coordinate germylene and stannylene and

their reactivity towards Se & Te**
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Appendix 1

Abstract: In this work, we have prepared a bulky ligand supported chlorogermylene (LGeCl)
[L= CeHs-2-{C(Me)=NAr*}; Ar*= (2,6-bis(diphenylmethyl)-4-methylphenyl)] (2),
chlorostannylene (LSnCl) (3), four-coordinate germylene (L>Ge) (4) and four-coordinate
stannylene (L2Sn) (5). Subsequently, the reactions of 4 and 5 with elemental selenium and
tellurium led to the isolation of respective heavy ketones (7-9). All the compounds are well

characterized by multinuclear NMR techniques and single-crystal X-ray diffraction studies.

Graphical abstract:
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Introduction:

The “heavy ketones”, which contain a double bond between heavier group 14 and 16 elements,
are attractive synthetic targets due to their reactive nature.!® The germanium/tin chalcogenides
have already shown their potential as semiconducting materials, which further broadens the
scope of these heavy ketones in material chemistry.®’ The standard strategy of synthesizing
such heavy ketones involves the design of a suitable bulky ligand, which can protect the
reactive E=X bond (E = Ge, Sn; X = S, Se, Te).?*®#° Due to their potential application and
unprecedented bonding nature, there is always a quest to synthesize the new chalcogenides
(Chart A1.1).36°

;

® ®
N\ /N / SiMej / SlMe3
\ SiMej \
N P
N XN Me3S| \
M938|
Me;Si N | N |
AN 2

E = Ge, X = Se (VI), Te (VII)

N
=m

i

E = Ge, X = Se (), Te (Il)

E =Sn, X=3Se (Il X =Se (IV), Te ( E =Sn, X =Se (VI
Parkin, 1994 Meller, 1997 Leung, 200(() )
B N
N= N
! L;L Y
X ~
Me;Si \Sn X=Ge

< SiMes MezN—>Sn<—NMe2 /Ny

\3
A
Z

Y =0, X = Se (XIIl), Te (XIV)
X = Se (IX), Te (X) X = Se (XI), Te (XII) Y =S, X = Se (XV), Te (XVI)
Leung, 2000 Jambor, 2011 Chung, 2017

Chart Al1.1. Previously reported four coordinate germanium/tin chalcogenides.

The synthesis of these heavy ketones is very much dependent upon the bulkiness of the
substituents as an increase in bulk favors the stabilization of double-bonded compounds
(Gelsn=X, X = S, Se, Te), while the decrease in the bulk furnishes cyclic E2X> moiety (E =
Ge, Sn; X =S, Se, Te).1% In order to synthesize the double-bonded chalcogenides, we utilized
a bulky ligand 1 ((E)-1-(2-bromophenyl)-N-(2,6-dibenzhydryl-4-methylphenyl)ethan-1-imine)
with a sterically crowded Ar* group [Ar*= 2,6-(dibenzhydryl-4-methylphenyl] on the nitrogen
atom.?

Herein, we report sterically demanding chlorogermylene (2), chlorostannylene (3), homoleptic
germylene (4), homoleptic stannylene (5), germaselenone (7), stannaselenone (8), and

stannatellurone (9). All the compounds were studied by the multinuclear NMR and mass
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spectrometry. The molecular structures of 3-7 and 9 are confirmed by single-crystal X-ray

diffraction studies.

Results and discussion:

1. nBuLi, Et,0, -70°C, 2 h Q/ AICl5
—_—
2.ECl,(1eq.), rt,12h Cl<

(e

JE=—N-Ar DCM, rt JE—N-Ar
T ¢’
' Ph : E = Ge (2), Sn (3) E = Ge (6)
| Ar* =—§
Br  N—Ar* | |
. Ph
1 P <
1. nBulLi, Et,0, -70°C, 2 h /N‘Ar
> *Ar—N E<— —Ar* S E‘\X
2.ECI, (0.5€eq.),rt,12h ,L i Toluene, rt
E=Ge (4 E=Ge; X=S8e(7)

E =8Sn; X =Se (8), Te (9)

Scheme A1.1. Syntheses of compounds 2-9.

The treatment of the lithiated salt of 1 with one equivalent of ECI, (E = Ge or Sn) in diethyl
ether led to the formation of respective chlorogermylene LGeCl (2) [L= CesHas-2-
{C(Me)=NAr*}; Ar*= (2,6-bis(diphenylmethyl)-4-methylphenyl)] and LSnCI (3) (Scheme
Al.1), while the reaction with 0.5 equivalent of ECI> furnished the homoleptic germylene L>Ge
(4) and stannylene L>Sn (5) (Scheme Al.1).

The 19Sn NMR spectrum of 3 displays an intense signal at  185.69 ppm, which is comparable
to the intramolecular N—Sn coordination bonds reported for [2,6-(CH2NMe2)2CsHs]SnCl (0
156 ppm)*® and [2,4-di-Bu-6-{(CsHs-2°,6’-"Pr))N=CH}CsH,]SNCl (5 154.7 ppm),® but
significantly upfield shifted than those reported for [8-{CH(SiMe3)}CoHeN]2SnCI (6 327
ppm)],1* [2,6-(NMe2)2CsH3]SNCI (6 380 ppm)*® and [2,4-di-Bu-6-(Et2NCH2)CsH2]SNCI (6
269.4 ppm).2® The molecular structures of 3-5 reveal an intramolecular N—Sn coordination
bond in 3, 4, and 5 (Figure A1.1-A1.3). 3 crystallizes (Figure Al.1) in a monoclinic P21/c
space group. The Sn(ll) centre possesses a distorted trigonal pyramidal geometry considering
the lone pair of electrons. The Sn-N bond distance of 3 is 2.331(4) A (Sn1-N1), depicting a
strong N—Sn intramolecular interaction, which resembles those reported in [2,4-di-'Bu-6-

(EtzNCH,)CsH2]SNCI (Sn1-N1 = 2.345(3) A).2
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NI

Snl
C3 Cl1

Figure Al.1. Molecular structure of 3 with anisotropic displacement parameters depicted at
the 50% probability level. Hydrogen atoms are not shown for clarity. Selected bond lengths
(A) and bond angles (°): N1-Sn1 2.331(4), C3-Sn1 2.192(5), Sn1-Cl1 2.507(2); N1-Sn1-C3
74.3(2), N1-Sn1-ClI1 96.8(1), C3-Sn1-Cl1 90.1(2).

Figure Al.2. Molecular structure of 4 with anisotropic displacement parameters depicted at
the 50% probability level. Hydrogen atoms are not shown for clarity. Selected bond lengths
(A) and bond angles (°): N1-Gel 2.471(5), Gel-N2 2.398(4), Gel-C1 1.990(5), Gel-C2
1.990(6); N1-Gel-N2 174.6(1), C2-Gel-C1 98.9(2), N2-Gel-C2 75.7(2), N1-Gel-C1 75.4(2),
C2-Gel1-N1 99.73(2), N2-Ge1-C1 102.3(2).
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Cl
NI /2

Snl
N2

Figure Al.3. Molecular structure of 5 with anisotropic displacement parameters depicted at
the 50% probability level. Hydrogen atoms are not shown for clarity. Selected bond lengths
(A) and bond angles (°): Sn1-N2 2.593(7), Sn1-N1 2.540(8), C1-Sn1 2.191(8), Sn1-C2 2.20(1);
N2-Sn1-N1 169.6(2), C2-Sn1-C1 97.7(4), C1-Sn1-N1 72.0(3), N1-Sn1-C2 102.9(3), C2-Sn1-
N2 70.6(3), N2-Sn1-C1 100.4(3).

4 crystallizes in a triclinic P-1 space group. The molecular structure of 4 discloses a distorted
square pyramidal geometry at the Ge(l1) atom, where the lone pair of electrons is present at the
axial position and N1, C1, N2, and C2 atoms are present at the equatorial position (Figure
A1.2). The Ge-N bond distances in 4 are 2.469(5) A (Ge1-N1) and 2.393(4) A (Ge1-N2), which
are longer than those found in Bis[(2-pyridyl)bis(trimethylsilyl)methyl-C,N]Ge(ll) (Gel-N1
2.273(3) A)!¢ and Ge(dmampS), [(dmampS = 1-dimethylamino-2-methylpropane-2-thiolate)
(Gel-N1 2.3052(13) A and Gel-N11 2.3596(14) A)],% indicating a less prominent N—Ge
coordination. The molecular structure of 5 (Figure A1.3) is similar to 4. 5 also crystallizes in
a triclinic P-1 space group and displays a distorted square pyramidal geometry at the tin(Il)
centre. The bond distances Sn1-N1 and Sn1-N2 in 5 are 2.540(8) A and 2.593(7) A,
respectively, which are slightly longer than the previously reported N—Sn bonds in
[Sn{NPh(py)}-] and [Sn{N(SiMes)py}.] ( 2.368-2.416 A).1’

Further, we were interested in generating a Ge(ll) cation from 2; Hence we treated 2 with AlCls,
which is a well-known Lewis acid for the abstraction of the Cl atom.*® However, we isolated
an oxidized product 6 (Scheme A1.1), where Ge(ll) centre is oxidized to Ge(IV). The other
product could not be identified. The molecular structure of 6 (Figure Al.4a) has an
orthorhombic Pmn2; space group, which possesses a vertical plane of symmetry (Figure

Al.4b). 6 displays a distorted trigonal bipyramidal geometry concerning Gel, C1, N1, CI2, and
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both CI1. The Gel-CI1 and Gel-N1 bond distances of 6 are 2.125 (12) A and 2.471 A,

respectively.

Figure Al.4. Molecular structure of 6 with anisotropic displacement parameters depicted at
the 50% probability level. Hydrogen atoms are not shown for clarity. Selected bond lengths
(A) and bond angles (°): N1-Gel 2.471, Gel-Cl1 2.125 (12), Ge1-Cl1 2.125 (12), Ge1-CI2
2.217 (2), Gel-C1 1.929 (7); N1-Gel-C1 75.4, Cl1-Gel-N1 86.3, Cl1-Gel-C1 121.9 (7),
Cl1-Gel-C1 121.9 (7), CI2-Gel-C1 102.1 (2), Cl1-Gel-CI2 95.15 (6), Cl1-Gel-Cl1 110.98

(9).

Since Ge/Sn=X double-bonded compounds are synthetically challenging,® it was interesting
to explore the reaction of these newly synthesized homoleptic tetrylenes with the elemental
selenium (Se) and tellurium (Te). Consequently, 4 and 5 were treated with selenium powder in
toluene to furnish 7 and 8, respectively. A singlet was observed at  -56.11 ppm in ”’Se NMR
spectrum of 7, which was downfield shifted compared to 1V, X111, and XV ("’Se NMR at ¢ -
97.64 ppm, -391.0 ppm and -129.1 ppm, respectively). Similarly, a peak was observed at ¢ -
49.57 ppm in ¥°Sn NMR spectrum of 8, which was upfield shifted compared to that in 5 (6
54.06 ppm). Also, a signal was observed at § -265.24 ppm in the "’Se NMR spectrum of 8,
which is downfield shifted compared to V11, 1X, and XI ("Se NMR at 6 -531.95 ppm, -734.80
ppm, and -570.9 ppm, respectively). Unfortunately, we could not get the suitable crystals of 8
to perform the single-crystal X-ray diffraction studies. However, we established the molecular
structure of 7 unambiguously. Due to the poor quality of the crystal data, we are not discussing
the bonding parameters of 7 (Figure A1.5).

We also treated 4 and 5 with tellurium powder in toluene to obtain the respective compounds
(Scheme A1.1). However, we could only get the molecular structure of 9 (Figure A1.6), while
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the reaction of 4 with tellurium led to some unidentified decomposition product. 9 was further
characterized by using solution-state NMR spectroscopy and mass spectrometry. The 1°Sn
NMR spectrum of 9 displayed a signal at ¢ -278.24 ppm, which is comparable to X and XI1
(*1°Sn NMR at ¢ -350.34 ppm and -156.5 ppm, respectively). The 1*Te NMR spectrum of 9
displayed a signal at 5 -838.21 ppm, which was downfield shifted compared to X and XI1 (***Te
NMR at 6 -2030.63 ppm and -1393.7 ppm, respectively). 9 crystallizes in a triclinic P-1 space
group with a distorted square pyramidal geometry concerning Snl, N1, N2, C1, C2, and Tel,
where Snl is the central atom situated a little above the basal plane. The Sn1-N1 and Sn1-N2
bond distances of 9 are 2.46(1) A and 2.46(1) A, matching well with those found in [{2,6-
(Me2NCH2)2CsHs}(Ph)Sn=Te] (X11) (Sn1-N1 and Sn1-N2: 2.4794(17) A and 2.4836(17) A).%°
The Sn1-Tel bond distance of 9 is 2.546(2) A, which is shorter than those found in
[{CH(SiMes)CoHsN-832Sn=Te] (X) (2.618(1) A)"® and [{2,6-(Me2NCH2)2CsH3s}(Ph)Sn=Te]
(XI1) (2.6139(2) A),®® but matches well with the Sn-Te bond distance of Bbt(Titp)Sn=Te
(2.5705(6) A).”®

All the complexes were sparingly soluble in toluene, ether and hexane, but highly soluble in
DCM and THF. The UV-vis absorption spectra of all the complexes were recorded in DCM
(see SI Table S2 for the summarized data). The colors of compounds 2-9 vary from colorless
to orange, which is presumably due to n—7* transitions (transfer of lone-pair from Se/Te to a

vacant Ge/Sn d orbital).”

Figure AL1.5. Molecular structure of 7 with anisotropic displacement parameters depicted at

the 50% probability level. Hydrogen atoms are not shown for clarity.

|
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Figure ALl.6. Molecular structure of 9 with anisotropic displacement parameters depicted at
the 50% probability level. Hydrogen atoms are not shown for clarity. Selected bond lengths
(A) and bond angles (°): N2-Sn1 2.46(1), C1-Snl 2.13(2), N1-Snl1 2.46(1), C2-Snl
2.15(2), Sn1-Tel 2.546(2); N2-Sn1-N1 127.8(4), C2-Sn1-C1 147.1(8), Tel-Sn1-N2 116.0(3),
Tel-Sn1-N1 116.3(3), Tel-Sn1-C2 108.0(5), Tel-Sn1-C1 104.9(6), C2-Sn1-N2 91.0(6), C1-
Sn1-N1 91.7(6).

Conclusions:

In summary, we have synthesized a new ligand with a very bulky Ar* group on the coordinating
nitrogen atom and utilized it for the isolation of chlorogermylene (2), chlorostannylene (3),
homoleptic germylene (4), and homoleptic stannylene (5). Furthermore, the reaction of 4 and
5 with elemental selenium and tellurium afforded heavy ketones 7-9. All the compounds are
well characterized by NMR spectroscopic technigues, mass spectrometry, and single crystal X-

ray diffraction studies.

Experimental Section:

All manipulations were carried out under an inert gas atmosphere of dinitrogen using the
standard Schlenk technique and in a dinitrogen-filled MBRAUN MB 150-GI glove box. All
solvents were purified by the MBRAUN MB SPS-800 solvent purification system. All other
chemicals purchased from Aldrich, Alfa Aesar were used without further purification. The H,
13C and %Sn NMR spectra were recorded in CDCls and CeDs using a Bruker 400 MHz
spectrometer. Mass spectra were recorded using an AB Sciex 4800 plus MALDI TOF/TOF

instrument.
|
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Synthesis of 1. 2’-bromoacetophenone (4.3 mL, 31.8 mmol) and Ar*-NH, (14 g, 31.8 mmol)
were taken in a 500 mL R.B. flask and tetraethyl orthosilicate (~15 mL) and conc. H2SO4 (10
drops, catalytic amount) were added to the flask. Then, this reaction mixture was refluxed for
2 days. After that, the reaction mixture was quenched with KOHaq (2 M solution) and 150 mL
of MeOH was added to the reaction mixture. The reaction mixture was dried in rota, ethyl
acetate was added and the filtrate was washed with the brine solution. The residue was purified
by the column chromatography to afford 1 as a colorless crystalline solid. Yield: 71% (14 g).
'H NMR (CDCls, 400 MHz, 298 K): § 1.30 (s, 3H, NCCHa), 2.08 (s, 3H, PhCHj3), 5.67 (s, 2H,
CH), 6.65 (s, 2H, Ph), 6.97-6.99 (m, 3H, Ph), 7.05-7.22 (m, 20H, Ph), 7.45-7.47 (m, 1H, Ph);
13C{'*H} NMR (CDCls, 100.613 MHz, 298 K): § 21.44 (NCCHs), 22.20 (PhCHs), 51.10 (CH),
119.74, 126.16, 127.47, 128.23, 128.41, 129.66, 129.78, 130.02, 132.08, 133.41, 142.62,
143.38, 144.62, 144.91 (Ph), 171.88 (NCCHzs) ppm. MALDI: Calculated for (C41HzsBrN): m/z
619.1875. Found m/z 620.5540 [M+H]".

Synthesis of 2. Compound 1 (2.5 g, 4 mmol) was taken in a 250 mL Schlenk flask and 80 mL
diethyl ether was added to it. To this nBuLi (1.6 mL, 2.5 M) was added at -70 °C into the flask
and the temperature was maintained from -50 °C to -70 °C for 3 hours. After that,
GeCl.dioxane (927 mg, 4 mmol) was added to the solution and left to stirr for another 12 hours
at room temperature. Then the solution was filtered and concentrated to 10 mL, and stored at
room temperature affording light yellow colored crystalline compound 2. Yield: 55% (1.4 g).
'H NMR (CDCls, 400 MHz, 298 K): § 0.58 (s, 3H, NCCHa), 2.09 (s, 3H, PhCHj3), 5.24 (s, 2H,
CH), 6.60 (s, 2H, Ph), 6.95-6.99 (m, 8H, Ph), 7.07-7.11 (m, 8H, Ph), 7.14-7.16 (m, 4H, Ph),
7.29-7.31 (m, 2H, Ph), 7.50-7.53 (m, 2H, Ph); *C{*H} NMR (CDCls, 100.613 MHz, 298 K):
016.65 (NCCHs3), 20.29 (PhCHs3), 50.92 (CH), 124.91, 126.00, 126.96, 127.07, 127.22, 127.65,
128.45, 128.99, 130.24, 131.47, 138.18, 141.65, 142.96, 145.46 (Ph), 167.89 (NCCH3) ppm.
MALDI: Calculated for (C41H34CINGe): m/z 649.1592. Found m/z 672.6220 [M+Na]".
Synthesis of 3. 1 (2.5 g, 4 mmol) was taken in a 250 mL Schlenk flask and 80 mL diethyl ether
was added to dissolve it. Subsequently, nBuLi (1.6 mL, 2.5 M) was added to it at -70 °C and
the temperature was maintained from -50 °C to -70 °C for 3 hours. After that SnCl, (760 mg,
4 mmol) was added to the solution and it was stirred for another 12 hours at room temperature.
After that the solution was filtered and concentrated to 7 mL and stored at room temperature
to afford 3 as an orange crystalline solid. Yield: 58% (1.6 g). *H NMR (CDCls, 400 MHz, 298
K): 6 0.58 (s, 3H, NCCHz3), 2.10 (s, 3H, PhCHa3), 5.24 (s, 2H, CH), 6.60 (s, 2H, Ph), 6.95-6.99
(m, 8H, Ph), 7.08-7.12 (m, 8H, Ph), 7.15-7.18 (m, 4H, Ph), 7.28-7.31 (m, 2H, Ph), 7.51-7.53
(m, 2H, Ph); *C{*H} NMR (CDCls, 100.613 MHz, 298 K): 6 16.67 (NCCHs), 20.29 (PhCHs),
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50.92 (CH), 124.92, 126.01, 126.96, 127.08, 127.22, 127.66, 128.46, 129.00, 130.25, 131.48,
138.18, 141.65, 142.96, 145.45 (Ph), 167.93 (NCCHj3); *°Sn{*H} NMR (CsDs, 149.18 MHz,
298 K): ¢ 185.69 ppm. MALDI: Calculated for (C41H34CINSNn): m/z 695.1402. Found m/z
695.5196 [M]".

Synthesis of 4. 1 (2.5 g, 4 mmol) was taken in a 250 mL Schlenk flask and 80 mL diethyl ether
was added to it. Then, nBuLi (1.6 mL, 2.5 M) was added at -70 °C into the flask and the
temperature was maintained from -50 °C to -70 °C for 3 hours. Subsequently, GeCl,.dioxane
(464 mg, 2 mmol) was added to the solution and it was stirred for 12 hours at room temperature.
After that the solution was filtered, concentrated and stored at room temperature to afford 4 as
pale yellow crystalline solid. Yield: 69% (1.6 g). *H NMR (CDCls, 400 MHz, 298 K): 5 0.58
(s, 6H, NCCHz3), 2.09 (s, 6H, PhCHs3), 5.24 (s, 4H, CH), 6.60 (s, 4H, Ph), 6.95-6.98 (m, 16H,
Ph), 7.07-7.11 (m, 16H, Ph), 7.14-7.16 (m, 8H, Ph) 7.29-7.30 (m, 4H, Ph), 7.50-7.52 (m, 4H,
Ph); *C{*H} NMR (CDCls, 100.613 MHz, 298 K): 6 17.71 (NCCHs), 21.36 (PhCHs), 51.98
(CH), 125.97, 127.06, 128.02, 128.13, 128.28, 128.71, 129.51, 130.05, 131.30, 132.53, 139.24,
142.70, 144.02, 145.52 (Ph), 168.95 (NCCHs) ppm. MALDI: Calculated for (Cs2HesN2Ge):
m/z 1154.4594. Found m/z 1154.0006 [M]".

Synthesis of 5. 1 (2.5 g, 4 mmol) was taken in a 250 mL Schlenk flask and 80 mL diethyl ether
was added to dissolve it. To this solution nBuL.i (1.6 mL, 2.5 M) was added at -70 °C and the
temperature was maintained from -50 °C to -70 °C for 3 hours. After that, SnCl> (380 mg, 2
mmol) was added to the solution and it was stirred for 12 hours at room temperature. Then, it
was filtered and concentrated to 5 mL to afford light orange colored crystalline compound 5.
Yield: 62% (1.5 g). *H NMR (CDCls, 400 MHz, 298 K): § 0.58 (s, 6H, NCCHs), 2.10 (s, 6H,
PhCHa), 5.24 (s, 4H, CH), 6.61 (s, 4H, Ph), 6.95-6.99 (m, 16H, Ph), 7.06-7.12 (m, 16H, Ph),
7.15-7.16 (m, 8H, Ph), 7.28-7.31 (m, 4H, Ph), 7.51-7.53 (m, 4H, Ph); *C{*H} NMR (CDCls,
100.613 MHz, 298 K): 6 17.83 (NCCHj3), 21.47 (PhCHz), 52.11 (CH), 126.10, 127.19, 128.14,
128.26, 128.40, 128.83, 129.63, 130.17, 131.42, 132.66, 139.36, 142.83, 144.14, 146.64 (Ph),
169.08 (NCCHs); ™Sn{*H} NMR (Ce¢Ds, 149.18 MHz, 298 K): 6 54.06 ppm. MALDI:
Calculated for (Ce2HegN2Sn): m/z 1200.4404. Found m/z 1201.8436 [M+H]".

Synthesis of 6. 2 (300 mg, 0.46 mmol) and AICl3 (62 mg, 0.46 mmol) were taken in a 100 mL
Schlenk flask and 25 mL DCM was added to it at room temperature. The reaction mixture was
stirred for 12 hours at room temperature. After that, the reaction mixture was filtered and
concentrated to 6 mL and stored at 0°C temperature, which furnished pale yellow-coloured
crystals of 6. Yield: 66% (220 mg). *H NMR (CDCls, 400 MHz, 298 K): 6 0.08 (s, 3H, NCCHa),
2.22 (s, 3H, PhCHBa), 5.90 (s, 2H, CH), 6.83 (s, 2H, Ph), 7.05-7.07 (m, 8H, Ph), 7.09-7.11 (m,
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8H, Ph), 7.21-7.23 (m, 4H, Ph), 7.61-7.65 (t, 1H, Ph), 7.80-7.84 (m, 2H, Ph), 8.67-8.68 (m,
1H, Ph); C{*H} NMR (CDCls, 100.613 MHz, 298 K): ¢ 15.77 (NCCHs), 20.34 (PhCHs3),
50.23 (CH), 125.03, 125.48, 126.88, 127.36, 127.51, 128.42, 129.10, 129.40, 132.19, 134.49,
135.98, 140.39, 140.95, 143.08 (Ph), 170.45 (NCCH3) ppm. MALDI: Calculated for
(C41H34CIsNGe): m/z 719.0969. Found m/z 720.2171 [M+H]".

Synthesis of 7. Compound 4 (300 mg, 0.26 mmol) and selenium powder (21 mg, 0.26 mmol)
were taken in a 100 mL Schlenk flask and 25 mL toluene was added to it at room temperature.
The reaction mixture was stirred for 24 hours at room temperature. The light yellow coloured
crystals of 7 were obtained by storing a concentrated solution at 0°C. Yield: 62% (200 mg). *H
NMR (CDCls, 400 MHz, 298 K): ¢ 0.58 (s, 6H, NCCHs3), 2.08 (s, 6H, PhCHs3), 5.24 (s, 4H,
CH), 6.60 (s, 4H, Ph), 6.95-6.98 (m, 16H, Ph), 7.06-7.10 (m, 16H, Ph), 7.13-7.15 (m, 8H, Ph),
7.28-7.30 (m, 4H, Ph), 7.50-7.52 (m, 4H, Ph); *C{*H} NMR (CDCls, 100.613 MHz, 298 K):
0 16.65 (NCCHs), 20.29 (PhCH3), 50.92 (CH), 124.91, 126.00, 126.96, 127.07, 127.22, 127.65,
128.45, 128.99, 130.24, 131.47, 138.18, 141.65, 142.96, 145.46 (Ph), 167.89 (NCCH3);
Se{*H} NMR (CDCls;, 76.311, 298 K): ¢ -56.11 ppm. MALDI: Calculated for
(Cs2HesN2SeGe): m/z 1234.3760. Found m/z 1233.8024 [M]".

Synthesis of 8. Compound 5 (300 mg, 0.25 mmol) and selenium powder (20 mg, 0.25 mmol)
were taken in a 100 mL Schlenk flask and 25 mL toluene was added to the it at room
temperature. The reaction mixture was stirred for 24 hours at room temperature. After that the
reaction mixture was filtered and concentrated to 7 mL. The orange-yellow-coloured crystals
of 8 were obtained by storing the concentrated solution at 0°C for 24 hours. Yield: 81% (260
mg). *H NMR (CDClIs, 400 MHz, 298 K): 6 0.58 (s, 6H, NCCHs), 2.09 (s, 6H, PhCHj3), 5.24
(s, 4H, CH), 6.60 (s, 4H, Ph), 6.95-6.98 (m, 16H, Ph), 7.07-7.10 (m, 16H, Ph), 7.14-7.16 (m,
8H, Ph), 7.29-7.31 (m, 4H, Ph), 7.50-7.53 (m, 4H, Ph); 3C{*H} NMR (CDCls, 100.613 MHz,
298 K): 6 16.65 (NCCHB3), 20.29 (PhCH3), 50.92 (CH), 124.91, 126.00, 126.96, 127.07, 127.22,
127.65, 128.45, 128.99, 130.23, 131.47, 138.18, 141.65, 142.97, 145.46 (Ph), 167.88
(NCCHB3); 1%Sn{*H} NMR (CDCls, 149.18 MHz, 298 K): 6 -49.57; ""Se{*H} NMR (CDCls,
76.311, 298 K): ¢ -265.24 ppm. MALDI: Calculated for (Cs2HesN2SeSn): m/z 1280.3570.
Found m/z 1281.5455 [M+H]".

Synthesis of 9. Compound 5 (300 mg, 0.25 mmol) and tellurium powder (32 mg, 0.25 mmol)
were taken in a 100 mL Schlenk flask and 25 mL toluene was added to it at room temperature.
The reaction mixture was stirred for 48 hours at room temperature. After that, the reaction
mixture was filtered, concentrated and a few drops of pentane was added to it. The storage of

this solution at 0°C for 24 hours furnished orange-red colored crystals of 9. Yield: 69% (230
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mg). *H NMR (CDCls, 400 MHz, 298 K): § 0.58 (s, 6H, NCCHs), 2.10 (s, 6H, PhCH3), 5.24
(s, 4H, CH), 6.60 (s, 4H, Ph), 6.95-6.99 (m, 16H, Ph), 7.07-7.11 (m, 16H, Ph), 7.15-7.17 (m,
8H, Ph), 7.29-7.31 (m, 4H, Ph), 7.51-7.57 (m, 4H, Ph); 3C{*H} NMR (CDCls, 100.613 MHz,
298 K): 6 16.65 (NCCHBa), 20.29 (PhCHs), 50.93 (CH), 124.92, 126.01, 126.96, 127.08, 127.22,
127.65, 128.46, 129.00, 130.24, 131.48, 138.19, 141.65, 142.97, 145.46 (Ph), 167.90
(NCCH3); °Sn{*H} NMR (CsDs, 149.18 MHz, 298 K): § -278.24; *Te{*H} NMR (CDCls,
126.2 MHz, 298 K): ¢ -838.21 ppm. MALDI: Calculated for (Cs2HesN2TeSn): m/z 1330.3467.
Found m/z 1353.7108 [M+Na]".

Crystallographic Details

Crystallography reflections were collected on a Bruker Smart Apex Duo diffractometer at 150
K using Mo Ka radiation (A = 0.71073 A) for 2, 3, 4, 5, 6, 7, 9.°% The structures were solved
by direct method and refined by full-matrix least-squares methods against F2 (SHELXL-
2014/6). Crystallographic data (including structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary
publication nos. CCDC no. 2169157 (2) 2169081 (3), 2169079 (4), 2169085 (5), 2169083 (6),
2169082 (7), 2169080 (9).
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NHSI/NHGe-supported copper halide and
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application
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Abstract:

Herein, we have demonstrated the complexation reaction of silylene and germylene
[PhC(NtBu)EN(TMS),; E= Si (A) and Ge (B)] with several copper(l) salts and further utilized
them (1-6) as efficient catalysts in CUAAC reaction. The copper complexes (2, 4-6) were
synthesized from the reaction of [PhC(NtBu).EN(TMS)2] (E = Si (A) or Ge (B)) and CuX (X
= Br, I, SCN). The molecular structures of 2, 4, 5, and 6 were established by single-crystal X-
ray diffraction studies. The DFT studies indicate that the bimetallic Cu catalyst facilitate the
cycloaddition reaction by anchoring the reactants to the close proximity and reducing the

energy gap between the frontier orbitals of dipole and dipolarophile.

Graphical abstract:

X =Br, I, NCS

E=Ge

Ambient reaction conditions
Broad substrate scope

Kinetic studies

ASEANEENERN

Mechanistic studies
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Introduction:

The heavier analogue of N-heterocyclic carbene, namely N-heterocyclic silylene (NHS1), has
attracted significant attention as a strong donor ligand in the last two decades.! The substantial
contribution of N-heterocyclic silylenes (NHSis) was observed in metal-mediated
homogeneous catalysis, where they were utilized as ancillary ligands to tune the reactivity of
the metal centre.* On the contrary, the use of N-heterocyclic germylene (NHGe) as a spectator
ligand in the transition metal-based catalysis is relatively scarce.’ The heavier tetrylenes are
mainly explored for Rh, Ni, Pd, Ir, Pt, Fe, Co catalyzed reactions.*” The coinage metal
complexes of these heavier tetrylenes were not utilized in homogeneous catalysis until
recently.*® There are only a handful of reports on silylene/germylene-supported coinage metal
complexes in catalysis.” Among them, there are only two reports on copper-catalyzed azide-
alkyne cycloaddition (CuAAC) reaction (click reaction) (Chart A2.1, I-III)"¢ affording
1,2,3-triazole based compounds via the reaction of respective azide and alkyne.® In contrast,
there are a plethora of examples of CuAAC reactions using N-heterocyclic carbenes (NHCs)
supported copper(l) complexes.” Stalke and co-workers reported the first NHSi-copper(l)
cluster catalyzed CuAAC reaction (Chart A2.1, I & II),°" which was succeeded by our report
on NHSi-supported cationic copper complex in click chemistry (Chart A2.1, III).°¢ However,
our NHSi supported cationic copper catalyst (IIT) is not very stable, and decomposes upon
storage for a prolonged time. On the other hand, there is no report on the NHGe-supported
copper complex in CuAAC reaction to date. Intrigued by the aforementioned facts, we aimed
to prepare NHGe stabilized simple copper(I) complexes and utilize them in CuAAC reaction.
For comparison, we have also studied the same reaction with our previously reported analogous

NHSi-CuX (X =Br (1), I (3)) complexes.
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Chart A2.1. Reported examples of heavier tetrylene supported copper complexes in CUAAC

reaction.

Result and discussion:

In 2017, we reported the synthesis of 1.%¢ Using the same synthetic strategy the NHGe-copper
bromide, 2 was prepared by the treatment of amidinato germylene PhC(N'Bu).GeN(TMS),
(B)*" with CuBr into a 1:1 ratio in 80% yield (Scheme A2.1). In 2015, our group reported
NHSi-copper iodide complex 3,% following the same synthetic protocol, we synthesized the
NHGe-copper iodide complex 4 in 76% yield (Scheme A2.1). Further, we were interested to
extend it to other copper salts. Hence, we chose CuSCN salt to react with A% and B, as there
are no reports on NHSi- and NHGe-supported copper thiocyanate complexes. However, there
is one report on cyclic alkyl amino carbene (CAAC) supported copper thiocyanate complexes
by Romanov et al.'® The reactions of A and B with CuSCN afforded NHSi- and NHGe-
supported copper thiocyanate complexes, 5 (yield = 73%) and 6 (yield = 79%), respectively.
The reaction of B with CuSCN afforded the complex 6, irrespective of the molar ratio of the

reaction partners.

The 'H NMR spectra of complexes 2, 4, 5 and 6 displayed a similar pattern of peaks (2, 6 1.19;
4,61.24;5,51.22 and 6, 5 1.21 ppm for four CMe; groups) as observed for 1 (5 1.19 ppm)*d
and 3 (6 1.33 ppm).% The ?°Si NMR spectrum of 5 displayed the resonances at § 5.72, 6.39
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ppm (for two SiMes groups) and 6 7.29 ppm (for Si(Il) centre), respectively. The peak at 6 7.29
ppm for Si(I) centre is downfield shifted as compared to that of 1 (6 5.72 ppm).

tBu tBu tBu
N\ CuX X
E: — ( E-—>Cu Cu<—E ) Ph
Ph C/ \ Toluene, rt
N N(TMS), l}l N(TMS)2 (TMS) N l}l
tBu tBu tBu
. X =Br; E =Si(1)* or Ge (2)
E=Si(A).Ce®) X = I; E = Si (3)" or Ge (4)
fBu ItBU tBu
Ph—< Si: — _< TS~ e’
N Nermg),ene. 1t 7 G S=c /C“ S =P
I N (TMS),N 'I‘
tBu tBu 5 s 1Bu
A Y
fBu fBu Vs fBu
N
N_ CUuSCN (0.5 eq) N N(TMS)
Ph—<C /G\e: Tol ,rt Ph—<< Ge—>Cu<—-Ge >>—Ph
N N(TMS), ouene, (TMS),N ’}‘
tBu tBu tBu

B 6

Scheme A2.1. Synthesis of NHSi- and NHGe-supported dimeric copper halide (2 and 4) and

pseudohalide complexes (5 and 6). *1 and 3 were previously reported.

Single-crystal XRD data of complex 2 revealed a discrete dimeric structure of the complex,
where two NHGe ligands are connected to the two copper atoms (Figure A2.1). The bromide
atoms bridge between the two copper centers. The Cu---Cu distance in 2 is 3.037(1) A, which
is shorter than the Cu---Cu distance in 1 (3.255(1) A).%¢ The Ge-Cu bond distances of 2 are
2.287(1) A and 2.289(9) A, respectively, which are in good agreement of the bond distances of
[PhC(N/Bu)>Ge(tBu)CuCl]s (Cul—Gel 2.2765(9) A).” The four coordinate Ge(II) centers in 2

are similar to the Si(Il) centers in 1 and exhibit distorted tetrahedral geometry.

Si1
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Figure A2.1. The molecular structure of 2. Hydrogen atoms and a solvent molecule (toluene)
are omitted for clarity. Selected bond distances (A) and angles (deg): Cul-Cu2 3.037(1), Cul-
Gel 2.287(1), Cu2-Ge2 2.289(9), Cul-Brl 2.408(8), Cu2-Brl 2.402(9), Cu2-Br2 2.436(8),
Cul-Br2 2.437(9); Br1-Cul-Br2 101.35(3), Br1-Cu2-Br2 101.54(3), Br2-Cul-Gel 128.26(4),
Gel-Cul-Brl 130.03(4), Ge2-Cu2-Brl 131.53(4), Ge2-Cu2-Br2 126.66(4).

Figure A2.2. The molecular structure of 4. Hydrogen atoms are omitted for clarity. Selected
bond distances (A) and angles (deg): Ge2-Cu2 2.324(2), Gel-Cul 2.318(2), Cul-12 2.595(2),
Cu2-12 2.582(2), Cu2-11 2.562(2), Cul-I1 2.565(2), Cul-Cu2 3.021(2); 12-Cu2-I1 107.42(7),
12-Cul-I1 106.93(7), Cu2-12-Cul 71.39(6), Cul-I1-Cu2 72.20(6), 12-Cu2-Ge2 124.97(8),
Ge2-Cu2-I1 127.41(8), Gel-Cul-12 124.38(8), Gel-Cul-I1 128.57(8).

The NHGe-supported copper(I) iodide complex 4 crystallizes in the monoclinic space group
C2/c (Figure A2.2). The molecular arrangement of 4 is similar to the complexes 2, 1°¢ and 3.
The Ge(II) center of 4 displays a distorted tetrahedral geometry and the Gel-Cul (2.318(2) A)
and Ge2-Cu2 (2.324(2) A) bond distances are slightly larger than the Si-Cu bond distances of
([{PhC(N#Bu)2}Si{N(SiMe3)>} .Cwl>,¥ but matches well with those reported for
[{(iBu)2ATIGeCl}2(Cuzl,)(CsHsN); Gel-Cul 2.345(1) A] (ATI = aminotroponiminato).’® The
Cul-I1 (2.565(2) A), Cu2-I1 (2.562(2) A, Cu2-I2 (2.582(2) A) and Cul-I2 (2.595(2) A) bond
distances of 4  are  significantly = smaller than  those  reported  for

[{(iBu)2ATIGeCl}2(Cualb)(CsHsN)o; Cul-T1 (2.733(1) A) and Cul*-11 (2.651(1) A)].”
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Figure A2.3. The molecular structure of 5. Hydrogen atoms are omitted for clarity. Selected
bond distances (A) and angles (deg): Sil-Cul 2.224(2), Cul-N1 1.938(5), N1-C12 1.155(7),
C12-S1 1.646(5), Cul-S1 2.362(1), Cul-Cul 5.175(2); Sil-Cul-N1 143.8(1), Sil-Cul-S1
112.93(6), S1-Cul-N1 103.3(1), Cul-N1-C12 161.5(4), N1-C12-S1 177.7(5).

Figure A2.4. The molecular structure of 6. Hydrogen atoms are omitted for clarity. Selected
bond distances (A) and angles (deg): Ge2-Cul 2.3482(9), Gel-Cul 2.3469(9), Cul-N1
1.961(3), N1-C1 1.096(5), C1-S1 1.666(4); Ge2-Cul-Gel 141.05(2), Cul-N1-C1 168.7(3),
N1-CI1-S1 178.2(3).

The complex 5 crystalizes in the triclinic space group P-1 and possesses an C2-axis. The
molecular structure of 5 reveals a dimeric structure (Figure A2.3), where copper(I) centre is
three-coordinate, displaying the bonding with N-atom of one thiocyanate group and S-atom of
another thiocyanate group. The complex 5 is the first report on NHSi-supported copper(I)
thiocyanate complex, which displays a structure similar to the CAAC-supported copper(I)
thiocyanate complex.'® The N-bound thiocyanate group displays a signal at 6 131.86 ppm in
13C NMR spectrum, which is slightly downfield shifted as compared to the CAAC-supported

|
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copper(I) thiocyanate complex (6 134.7 ppm).!° The IR spectrum of 5 shows a peak at 2104
cm’!, which also favors the N-bound thiocyanate group to the copper(l) centre (IR stretching
frequency of CAAC-copper(I) thiocyanate complex was detected: IR at 2111 cm™).!° The bond
lengths and bond angles of 5 are comparable with those reported for CAAC-copper(l)
thiocyanate complex [Cu-N, N=C and C=S bond lengths of 5 are 1.938(5) A, 1.155(7) A and
1.646(5) A, respectively and the Cu-N-C and N-C-S bond angles are 161.5(4)° and 177.7(5)°,
respectively; Cu-N, N=C and C=S bond lengths of CAAC-copper(I) thiocyanate complex are
1.9775(11) A, 1.158(17) A and 1.659(13) A, respectively and Cu-N-C and N-C-S bond angles
are 158.30(10)° and 178.73(11)°].1°

Interestingly, the reaction of copper(I) thiocyanate with NHGe ligand afforded a mononuclear
copper(I) thiocyanate complex 6, which is coordinated to two NHGe ligands (Figure A2.4).
The chemical shift at § 133.76 ppm in the 3*C NMR spectrum of 6 indicates the N-bound
thiocyanate complex.'® The N=C and C=S bond distances of 6 are 1.096(5) and 1.666(4) A,
respectively, which are slightly shorter than those observed in monomeric CAAC-supported
copper(]) thiocyanate complex (N=C bond distance = 1.158-1.162 A and C=S bond distance =
1.619-1.659 A).!° The difference in the coordination behavior of these two ligands to CuNCS
can be attributed to the strong donation of NHSi ligand compared to the NHGe ligand.

Catalytic application in click chemistry:

In 2020, our group introduced a NHSi-based cationic copper(I) complex (III) as an effective
catalyst in click chemistry.¢ In this work, we utilized 0.5 mol% of the catalyst at room
temperature in toluene for CuAAC reaction to afford a moderate to excellent conversion.
However, III is not very stable due to its cationic nature and weak arene interaction, which
hinders its broad application in large-scale organic synthesis. Therefore, we sought to use a
simple silylene -supported copper(I) bromide complex (1) as a catalyst, which afforded an
excellent conversion for CuAAC reaction (Table A2.1). Then, we turned our investigation
towards amidinato-germylene-supported copper(l) bromide complex (2). We found that 2 is
also an effective catalyst for CuAAC reaction but with more catalyst loading as compared to 1
(Table A2.1). We also probed complexes 3-6 as catalysts for the comparison purpose. Our

results are discussed here.

The study was commenced by reacting phenyl acetylene, benzyl azide in presence of 1 or 2 as
the catalyst under ambient conditions (Scheme A2.2). After optimization of the reaction
conditions with different combinations (Table A2.1), we found that 0.5 mol% of 1 at room

temperature for 8 hours in toluene (Entry 4, Table A2.2) is the most efficient condition, which
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affords 98% yield of the 1,2,3-triazole product. Slightly higher catalyst loading (2 mol%) and
12 hours reaction time are required for 2 (Entry 8, Table A2.2) to catalyze the reaction
efficiently. Two sets of the control reactions were performed to understand the role of the
catalyst: (i) when the reaction was performed without catalyst (Entry 9, Table A2.2), only <1%
yield was obtained (ii) when the reaction was carried out with 20 mol% of CuBr as a catalyst,
but without any ligand (Entry 10, Table A2.2), only <2% yield was detected. These two
experiments elucidated the importance of the NHSi and NHGe ligands in CuAAC reaction.
Further, we elaborated on the substrate scope of the reaction. Several aromatic and aliphatic
alkynes bearing the different functional groups (electron-donating and electron-withdrawing)
were probed with a variety of substituted benzyl azides (Scheme A2.3) under the optimized
conditions (Chart A2.2-A2.4). The yields of these reactions range from moderate to excellent

(several cases up to >99% yield).

Catalyst 1/2 N
N, + R—= > ~Z R
3 Toluene, rt R'// \)\

R'

Scheme A2.2. General copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction.

Table A2.1. Optimization of the reaction conditions of CuAAC reaction catalyzed by 1 and 2
(for phenyl acetylene and benzyl azide).

e e S
Ph
Entry | Catalyst | Mol% | Time | Yield”
M | ()
1. 1 2 12 >99
2. 1 1 12 >99
3. 1 0.5 12 >99
4. 1 0.5 8 98
5. 1 0.5 6 85
6. 2 0.5 12 41
7. 2 1 12 65
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8. 2 2 12 76
9. - - 12 <1
10. CuBr 15 12 <2

[2Yields were determined by the integration of the corresponding *H NMR spectra normalized

on the internal standard (adamantane)]

99% 9
12 A

Scheme A2.3. Various azide and alkyne substrates used to probe substrate scope of CuAAC

reaction catalyzed by 1 and 2.
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Chart A2.2. Substrate scope of CuAAC reaction of aromatic alkynes with different functional
group substituted benzyl azides. “Catalyst 1 (0.5 mol%, toluene, rt, 8 hours). “Catalyst 2 (2
mol%, toluene, rt, 12 hours). *NMR Yields.

60.5%2, 65.5%"° 77.5%3, 79%" 54%3, 77%P

LSO O, O

32/“ 30/0 39%32, 63%" 60%2, 61%>
N
NEASY /©/\N N
N\ O,N ={ I
F Si— 2 Si
/ /
59%3, 61.5%" 54%2, 48%"

Chart A2.3. Substrate scope of CuAAC reaction of aliphatic alkynes with different functional
groups substituted benzyl azides. “Catalyst 1 (0.5 mol%, toluene, rt, 8 hours). “Catalyst 2 (2
mol%, toluene, rt, 12 hours). *NMR Yields.

R

90%3, 81 5%P 91%3, 90 /nb s 88%"‘ 82%

96. 5% :b/
90/o 88. 5Aa

e e,

55. 5% 56 5%P 43% 61%

Chart A2.4. Substrate scope of CuAAC reaction of aromatic and aliphatic alkynes with 1-
(azidomethyl) naphthalene. “Catalyst 1 (0.5 mol%, toluene, rt, 8 hours). *Catalyst 2 (2 mol%,
toluene, rt, 12 hours). *NMR Yields.

Aromatic alkynes (Chart A2.2) led to higher yields with respect to aliphatic alkynes (Chart
A2.3). To understand the m-electronic displacement from alkynes to the catalyst 1, absorbance
spectra of catalyst 1 in the presence of phenyl acetylene (aromatic alkyne) and

ethynyltrimethylsilane (aliphatic alkyne) were investigated. The UV-vis spectra displayed that
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the m-electronic displacement is higher in the case of phenyl acetylene as compared to
ethynyltrimethylsilane.!' Strong electron-withdrawing group (-NO) substituted benzyl azides
give lower yields (Chart A2.2 and Chart A2.3), whereas electron-donating group (-CHz3)
substituted benzyl azides render higher yields (Chart A2.2 and Chart A2.3).

We observed that the silylene supported copper bromide complex (1) is a better catalyst for the
azide-alkyne cycloaddition reactions than the corresponding germylene copper bromide
complex (2). The UV-vis spectra demonstrated that the n-electronic displacement is higher for
1 than that of 2,!! explicating that silylene supported copper complex (1) is a better catalyst for
azide-alkyne cycloaddition reaction. We have also employed 3, 4, 5 and 6 as catalysts for
CuAAC reaction and found them to be competent catalysts (Chart A2.5). It was observed that
the NHSi-supported copper halide complexes exhibit better efficiency as compared to the
NHGe-supported copper complexes.

>99%¢, >99%¢ 4 >99%¢, >99/d \ >

>99%¢, 99%f >99%¢, >99%f
\_k . \_& -

>99%°, >99%¢ N\ _—/  >99%c, >99% ,

>99%¢, >99%f >99%¢, >99%' ¢

Chart A2.5. Substrate scope of CuAAC reaction of aromatic alkynes with benzyl azide using
catalysts 3-6. All are conversion yields. “Complex 3 (0.5 mol%, toluene, tt, 4 hours). “Complex
4 (2 mol%, toluene, rt, 10 hours). “Complex 5 (1 mol%, toluene, rt, 8 hours). fCornpleX 6 (2

mol%, toluene, rt, 12 hours). *Conversion Yields.

We have compared the efficacy of our catalysts with the previously reported NHSi-supported
copper complexes in CuAAC reaction, which is summarized in Table 2. It is important to note
that the yields reported for the catalysts I-III are conversion yields only. Hence, for the

comparison purpose we have used conversion only.

Table 2. Comparison with other silylene copper(I) halide complexes (for the reaction of phenyl

acetylene and benzyl azide).
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Catalyst | Mol | Time | Yield (%) Ref.
(%)
| 1 8h 46 of
(conversion)
II 1 8h >99 of
(conversion)
11} 0.5 6 h >99 6g
(conversion)
1 0.5 8h >99 Present
(conversion) | work
2 2 12h >80 Present
(conversion) | work
76
(Isolated)
3 0.5 4h >99 Present
(conversion) | work
4 2 10 h >99 Present
(conversion) | work
5 0.5 8h >99 Present
(conversion) | work
6 2 12h >99 Present
(conversion) | work

Kinetic studies:

To determine the order of the CuAAC reaction with respect to the catalyst 1, the initial rate of
the reaction was observed (up to ~25-30% consumption of benzyl azide). Initial rate (kobs) was
determined using various concentrations of catalyst 1, while keeping the concentrations of
benzyl azide and phenylacetylene constant.'”> The adamantane was used as an internal standard
to determine the relative integrations in 'H NMR spectra. The kinetic studies demonstrated a

linear correlation between the concentration of benzyl azide with time (Figure A2.5a), where

|
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Figure A2.5a benzyl azide concentration gradually decreases with increasing time. Further,
another linear correlation is observed in logio(kobs) vs. logio(conc. of catalyst 1) plot with a
slope of 0.52, indicating the rate of CuAAC reaction increases with an increase in the
concentration of the catalyst 1. The obtained fractional order 0.52 can be correlated with the

involvement of the binuclear complex as the active catalyst in the CuAAC reaction (Figure
A2.5b).!2
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(e) 0.35 (f) -2.8

0.10 M of benzyl azide 294 y=13744x -2.45244
0.15 M of benzyl azide R?=0.99145

0.20 M of benzyl azide
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[Product] (M)
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Figure A2.5. (a) Plot of [benzyl azide] vs. Time (best linear fitted) used for the determination
of the initial rate (kobs) values. (b) Plot of logio(kobs) vs. logio(conc. of catalyst 1) for the
determination of the order of the reaction. (c) Plot of [benzyl azide] vs. Time (best linear fitted)
used for the determination of the initial rate (kobs) values. (d) Plot of logio(kobs) vs. logio(conc.

of phenylacetylene) to determine the order of the reaction.

The order of the CuA AC reaction with respect to phenylacetylene was also determined by using
the initial rate method by consumption of benzyl azide with time (Figure A2.5¢). The initial
rate (kobs) was determined by using various concentrations of phenylacetylene, while keeping
the concentration of benzyl azide and catalyst 1 constant. The rate of the CuAAC reaction
increases upon increasing the initial concentration of phenylacetylene with a slope of 0.73
obtained from the plot of logio(kobs) vs. logio(conc. of phenylacetylene) (Figure A2.5d),
suggesting the occurrence of more than one pathway.'? This observation indicates a decisive

and dispersive role of phenylacetylene in the CuAAC reaction.

The order of the CuAAC reaction with respect to benzyl azide was investigated by using the
initial rate method by formation of triazole product with time (Figure A2.5e). The initial rate
(kobs) was determined by using various concentrations of benzyl azide, while keeping the
concentration of phenylacetylene and catalyst 1 constant. The rate of CuAAC reaction
increases with an increase in the concentration of the benzyl azide, and a slope 1.37 was
obtained from plot of logio(kobs) vs. logio(conc. of benzyl azide) (Figure A2.5f), indicating a
fractional and complex rate order. This fractional rate order with respect to benzyl azide seems
to be logical due to the involvement of the benzyl azide in multiple steps in the CuAAC

reaction.'%¢

Theoretical mechanistic study:
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Quantum mechanical calculations were carried out to understand the mechanism of the alkyne
azide cycloaddition reaction catalyzed by silylene and germylene-supported Cu(I) complexes.
The energetics were carried out at the M06/def2-TZVPP//BP86/def2-TZVPP level of theory.
The reaction energetics for the uncatalyzed phenylacetylene — benzyl azide cycloaddition was
calculated and found to be highly exothermic and exergonic.!® The mechanism for the CUAAC
reactions were studied by group of Sharpless and others.'*!> One of the well-reported reaction

mechanisms is the acetylide formation reaction by Sharpless et al.'*

The group of Diez-
Gonzalez discussed various possible reaction pathways for the cycloaddition reaction using
mono and bimetallic catalysts.'®

We analyzed multiple reaction pathways by considering mono (LCuBr) and bimetallic
(L2Cu2Br2) Cu complexes as active catalysts. The monometallic Cu-complex (LCuBr) can be
considered as formed by the dissociation of LoCu;Brz. The dissociation energy is slightly
endothermic and exergonic for L = NHSi (AE = 14.21 kcal/mol AG = -2.52 kcal/mol) and
slightly more endothermic and endergonic for L = NHGe (AE = 19.15 kcal/mol AG = 4.09
kcal/mol). The energetics for the formation of LCu-acetylide by the elimination of HBr, which
is similar to the mechanism suggested by Sharpless, was found to be highly endothermic and
endergonic (AE = 28.59 kcal/mol (L = NHS1), 28.76 kcal/mol (L = NHGe) and AG = 30.83
kcal/mol (L = NHSi), 31.80 kcal/mol (L = NHGe)). Hence the mechanism involving the LCu-
acetylide formation can be excluded. The reaction pathways involving acetylene © complexes
are found to be more favourable than the acetylide formation. Among the n-complex reaction
pathways, the reaction pathway involving bimetallic Cu-complex is kinetically more
favourable than the reaction pathways involving monometallic Cu-complexes. The details of

reaction pathway involving bimetallic Cu-complexes are discussed below (Scheme A2.4).

In the first step, the alkyne (R1) initially forms a weakly bonded m-complex (I1) by the
interaction of the ©-MO of the alkyne with the empty orbital of one of the Cu (3d+4p) in the
catalyst. The inter electronic repulsion between the d'° Cu and n-electrons of acetylene leads
to weakly bonded m-complex (I1). Hence, the formation of I1 is slightly exothermic and
slightly endergonic and is more preferable when the ligand is NHSi.

Since the stationary point for the transition states was not located by geometry optimization,
we carried out a manual potential energy surface scanning along the reaction coordinates. The
highest energy point along the reaction coordinate is taken as transition state geometry (TS1).
The corresponding barrier was found to be very low (Scheme A2.4b) as per the free energy

data and barrierless based on the electronic energy.
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The C-C bond lengths in intermediates I1 are elongated (1.246 A and 1.244 A) as compared to
the free alkyne (1.215 A). The C-C-Cpn and C-C-H bond angles are also reduced to 166° and
160° when L = NHSi and 167° and 160° when L = NHGe. Here, alkyne is anchored on one of
the Cu centre by forming n-complex. The tricoordinate Cu centre of I1 can be bonded with the
benzyl coordinated nitrogen of the azide resulting in intermediate 12. The formation of 12 is
slightly exothermic and slightly endergonic. We could also locate the transition state (TS2) for
this step as similar to that employed for obtaining the TS1. Here the kinetic barrier is found to
be low as per the free energy and barrierless based on the electronic energy.

The N-Ng, bond in complex 12 is slightly elongated (1.239 A when L = NHSi and 1.240 A
when L = NHGe) as compared to free azide (1.234 A).
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Scheme A2.4. (a) Schematic representation of bimetallic CuAAC reaction mechanism

calculated at M06/def2-TZVPP//BP86/def2-TZVPP level of theory using toluene as solvent.
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Energetics are given in kcal/mol. (b) Reaction energy profile when L = NHGe. The energetics

are given in kcal/mol. Reaction energy profile when L = NHSIi.

The acetylenic C-C bond lengths and C-C-Cph and C-C-H bond angles in 12 are similar to those
in I1. The acetylenic and azide groups are activated and anchored on the nearby Cu centres.
This facilitates 1,3-dipolar cycloaddition reaction of acetylenic and azide fragments in 12 via
cyclic 5-membered transition state leading to the formation 1,4 disubstituted triazole and
regenerating the catalyst. This step is highly exothermic (-47.02 kcal/mol (NHS1), -46.03
kcal/mol (NHGe)) and highly exergonic (-57.71 kcal/mol (NHSI), -59.06 kcal/mol (NHGe)).
The transition state energy barrier for the addition are significantly lower as compared to that
obtained for mono metallic Cu-complex as an active catalyst. The transition state barriers are
comparable to those reported by Sharpless (AG* = 26 kcal/mol) and significantly lower as
compared to the uncatalyzed reaction by 8 kcal/mol.

The concerted 1,3-dipolar cycloaddition of azide with acetylene with concomitant dissociation
of catalyst can be considered the rate-determining step of the overall reaction. Since the model
bimetallic catalyst with CH3 groups instead of TMS and t-butyl groups was used for the
calculations, the activation barrier with the real ligand is expected to be a lower value.
Moreover, this activation barrier can be overcome at room temperature with the reported
reaction time.

The molecular orbital (MO) analysis of intermediate 12 indicate that (Figures A2.6) the n
molecular orbitals of acetylenic and azide fragments are activated as compared to those in free
alkyne and azide viz., the eigenvalue of n-bonding molecular orbital increases and that of m*-
antibonding molecular orbital reduces. This corroborates well with the geometrical data and
lowering of transition state energy barrier. Hence the bimetallic Cu catalyst facilitate the
cycloaddition reaction by anchoring the reactants to the close proximity and reducing the
energy gap between the frontier orbitals of dipole and dipolarophile. Since the difference in the
transition state barriers for the cycloaddition step as well as overall transition state energy
barriers when L = NHSi and L = NHGe are minimal, the better efficiency of NHSi-Cu catalyst

would not be attributed to the reaction energetics.
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Figure A2.6. Important frontier molecular orbitals of phenyl acetylene (PhAc), benzyl azide

(BzAz) and corresponding molecular orbitals in 12, when L = NHSi.

Conclusion:

In summary, we have synthesized four new tetrylene-copper(I) complexes,
[{PhC(N7Bu)2}Ge{N(SiMe3)>}CuBr]>  (2), [{PhC(NzBu)2}Ge{N(SiMes)}Cul]l,  (4),
[{PhC(N7Bu)2}Si{N(SiMe3)2} CuSCN]2(5), [{PhC(NzBu)2}Ge{N(SiMe3)2}2CuSCN](6). It is
noteworthy to mention that 5 and 6 are the first examples of NHSi/NHGe based copper
thiocyanate complexes. Subsequently, we have demonstrated their use as efficient catalysts in
CuAAC reactions. The catalytic activity of silylene copper complexes were found to be
superior over germylene copper complexes. Moreover, these catalytic systems are more stable
than the previously reported catalyst III. We have performed the CuAAC reaction of several
alkynes with many organic azides under ambient conditions, affording good to excellent yields
of triazoles. The multiple reaction pathways were explored by DFT calculations by considering
mono (LCuBr) and bimetallic (LoCuzBr2) Cu complexes as active catalysts. The bimetallic Cu

catalyst facilitates the cycloaddition reaction of dipole and dipolarophile.
Computational methodology:

All geometry optimizations were carried out with a Gaussian09 programming package utilizing
the generalized gradient approximation functional of Becke in conjunction with the correlation
functional of Perdew (BP86).'%!7 A def2-TZ VPP basis set with triple {-quality, augmented with
two sets of polarization function was used for the geometry optimization.'® All stationary points
were characterized on the potential energy hypersurface by vibrational analysis as minima (all
real frequencies). Single point calculations were performed on the optimized geometries using
the meta-GGA exchange functional M06 with the basis set having triple {-quality, augmented

with two sets of polarization functions (def2-TZVPP).!*!° The reaction energy (AE) was
|
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calculated by adding electronic energy at the M06/def2-TZVPP level of theory with zero-point
correction calculated at BP86/def2-TZVPP level of theory. The Gibbs free energy (AG) was
calculated by adding electronic energy at the M06/def2-TZVPP level of theory with the thermal
correction to the Gibbs free energy calculated at BP86/def2-TZVPP level of theory. The solvent
effect of toluene was incorporated using the polar continuum model.?’ The bimetallic catalyst

was modelled by replacing bulkier TMS and fert-butyl groups with CH3 groups.

Crystallographic details:

Crystal data for 2 was collected on a Bruker Smart Apex Duo diffractometer at 100 K using
Mo Ko radiation (A =0.71073 A). The absorption correction was done using multi-scan method
(SADABS). The structures were solved by direct methods and refined by full-matrix least-
squares methods against FA(SHELXL-2014/6) and Olex1 with the ShelXT2 structure solution
program.?! Attempts to refine peaks of residual electron density as disordered or partial
occupancy solvent toluene carbon atoms were unsuccessful. The data were corrected for
disordered electron density using the SQUEEZE procedure, as implemented in PLATON.?
Crystallographic data files for 2-6 have been deposited with the Cambridge Crystallographic
Data Centre: 2149671 (2), 2203510 (4), 2203511 (5), 2202740 (6).
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