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ABSTRACT

Metal-Ligand Cooperation (MLC) has been under study over the past two decades as a
powerful tool for small molecule activation and functionalization. However, more mechanistic
details are needed in order to understand the detailed steps that are enabled by the bifunctional
cooperation between ligand and metal. In this regard, the hydroboration reaction offers a useful
platform through which to assess the details of bifunctional reaction pathways and catalyst
speciation. This dissertation focuses on the synthesis, characterization, and catalytic activity of
base-metal complexes with cooperative N-, S-, and O-donor ligands to explore reaction pathways
that are a consequence of diverging from traditional phosphine-based ligands.

In Chapter 1 concepts and examples of MLC, especially as applied to hydroboration
catalysis, are presented. In Chapter 2, three new Zn(11)-(>-SNS). complexes were synthesized to
directly compare the bifunctional catalytic activity rendered by amido and thiolate SNS ligands.
Although all three complexes catalyzed carbonyl hydroboration, a detailed catalyst speciation
study showed that the Zn amido complex reacts with pinacolborane (HBpin) to generate Zn—H and
an unbound borylamido ligand. Subsequent substrate-derived zinc alkoxide formation followed by
a second equiv of HBpin generates the product, regenerating the Zn hydride catalyst. In contrast,
the Zn thiolate complex adds HBpin to the ligand imine unit, followed by aldehyde deoxygenation
to give a benzothiazoline heterocycle and [Zn](OBpin). Reaction of the latter with HBpin then
gives pinBOBpin and Zn—-H, leading to the same active catalyst as that derived from the Zn amido
precatalyst! For these systems, then, the bifunctional N- and S-donors serve to activate the catalyst
rather than participating in a bifunctional catalytic cycle.

Dissociation of the borylamido SNS ligand in Chapter 2 led us to reinvestigate a previously

reported Cu(l) amido complex Cu[(k>-SNS)(IPr) that was proposed to hydroborate carbonyls via



an outer sphere process [IPr = bis(2,6-diisopropylphenyl)imidazol-2-ylidene]. Indeed, we showed
that this complex also undergoes ligand borylation-dissociation to form the active catalyst
[CuH(IPr)]2 which had been reported previously as a carbonyl hydrosilylation catalyst. To compare
these complexes with their heavier Group 10 analogue, we prepared and structurally characterized
the silver amido SNS complex. Interestingly, this complex was not able to serve as a carbonyl
hydroboration catalyst.

Then we sought to use the MLC catalyst activation strategy to prepare an especially active
Zn hydride hydroboration catalyst. Using a bidentate amine-pyrollide ligand with an aryl ether
side-group, the 5-coordinate Zn complex, Zn(x>-ONN)2(DDI) (2.11zn) was prepared and
structurally characterized (DDI = 4,5-dichloro-1,3-dimethylimidazol-2-ylidene). On treatment
with excess HBpin, formation of ONN(Bpin)2 [(Bpin)2-L3] gave rise to the reactive NHC-
stabilized ZnH> catalyst that effected the rapid hydroboration of nitriles and quinoline derivatives
under ambient conditions with only 0.01 and 0.05 mol% catalyst loading, respectively.

In Chapter 3, in an attempt to prepare a cobalt complex containing both amido and thiolate
SNS ligands, we obtained instead the Co(ll) dithiolate complex, Co(i>-SNS)(DDI) (3.2co). This
complex showed a unique selectivity for aldehyde hydroboration, over other functional groups
such as ketones, cyanides, nitriles and olefins. A DFT study, in collaboration with Prof. Erin
Johnson from Dalhousie University, showed that 3.2co bifunctionally assembles the HBpin and
aldehyde substrates, with Co binding the aldehyde oxygen and sulfur binding the boron of HBpin.
With aromatic aldehyde substrates, interesting aromatic-aromatic dispersion effects led to catalyst
inhibition which could be reversed by simply rinsing off the product with hexane. These effects

were not observed for catalytic hydroboration of aliphatic aldehydes.



In Chapter 4 we focused on expanding our MLC investigation to include additional donors
beyond N and S. First, a dimeric Zn(I1)-(x*-NSNO) complex (4.1zn) was synthesized and evaluated
as a catalyst for nitrile dihydroboration to compare aryloxide and amido donors for B-H bond
activation. In fact, 4.1zn successfully catalyzed dihydroboration of a range of different aromatic
and aliphatic nitriles under neat condition. Mechanistic studies determined that the aryloxide donor
activates the B—H bond in the first step and the mechanism then likely proceeds through an inner-
sphere insertion. As detected by our kinetic study, at high turnovers the catalyst decomposes when
Bpin also binds to the amido donor.

To compare the potential of other donors for B-H bond activation, a series of divalent
Ni'"X(®-NNN) complexes were synthesized, with X = bromide (4.3ni), phenoxide (4.4ni),
thiophenoxide (4.5ni), 2,5-dimethylpyrrolide (4.6ni), diphenylphosphide (4.7ni), and phenyl
(4.8ni), and employed as precatalysts for nitrile dihydroboration. Superior activity of the phenoxy
derivative (vs. thiophenoxy or phenyl) suggests that B—H bond activation occurs at the Ni—X (vs.
ligand Ni-Npyroiide) bond. Furthermore, stoichiometric treatment of 4.3ni-4.8ni with a nitrile
showed no reaction, whereas stoichiometric reactions of 4.3ni-4.8ni with pinacolborane (HBpin)
afforded the same Ni—H complex for 4.3ni, 4.4ni and 4.6ni. Considering that only 4.3ni, 4.4ni and
4.6ni successfully catalyzed nitrile dihydroboration reaction, we suggest that the catalytic cycle
involves a conventional inner sphere pathway initiated by substrate insertion into Ni—H.

In summary, our investigations confirm the importance of mechanistic studies and catalyst
speciation for studies involving potential bifunctional catalysis. In Chapter 5 we summarize the
findings of this thesis, placing them in the context of the current state of the art and speculating on

future investigations they may enable.
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CHAPTER 1

METAL-LIGAND COOPERATIVITY USING LATE FIRST-ROW METAL
COMPLEXES IN CATALYTIC HYDROBORATION REACTIONS

1.1 General Introduction

This dissertation is primarily focused on the synthesis, characterization, and catalytic study of
late first-row metal complexes (M = Co, Ni, Cu, Zn) supported by pincer ligands that can undergo
bifunctional B—H bond activation in hydroboration reactions. Herein, the term bifunctional refers
to a ligand which not only serves to stabilize the metal center, but also participates in chemical
reactions in concert with the metal. This strategy was introduced as metal-ligand cooperation
(MLC) by Hansjérg Gritzmacher® in 2008 and has been explored extensively over the last two
decades. The work in this thesis is focused on the detailed mechanisms of catalytic reaction
pathways and associated catalyst speciation. As such, this chapter includes a brief overview of
metal-ligand cooperation and potentially bifunctional Lewis-base ligands used in molecular

catalysis.

1.2 Metal-Ligand Cooperation

When Ryoji Noyori won the Nobel prize in 2001 for the asymmetric catalytic systems he
discovered for ketone hydrogenation (Scheme 1.1),2 increased attention was concentrated on the

mechanistic details.
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Scheme 1.1. Noyori’s catalytic system for asymmetric hydrogenation of ketones.

The first computational investigation using density functional theory (DFT) showed a
cooperation between amine and ruthenium in which the Ru hydride and amine proton transfer to

the carbonyl substrate through an outer-sphere mechanism (Scheme 1.2).2
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Scheme 1.2. Proposed mechanism for Noyori’s catalytic system in gas phase.

Canadian chemists Morris and Bergens made significant experimental contributions especially
in the role played by the alkoxide base.*® More recently, a study by Dub and Gordon showed that
inclusion of solvent in their DFT calculations disfavored the concerted outer-sphere mechanism.°
The lowest energy pathway involves two steps in which the Ru hydride is first transferred to the
carbonyl that is activated by interaction of its O with the amine proton or N-M' in which M'is Na*
or K* (from added tert-butoxide base). In the second step the resulting alkoxide anion is protonated

by the polarized Ru dihydrogen ligand, not the amine proton as originally proposed (Scheme 1.3).
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Scheme 1.3. Proposed mechanism for Noyori’s catalytic system in solution.

Further discovery of MLC in natural enzymes such as [FeFe]-hydrogenase (1.1)!! that

catalyzes reversible formation of dihydrogen from protons and electrons [2H" + 2e~ = Hj],



revealed that the metal’s oxidation state undergoes no change in this mechanism (Scheme 1.4).
These results opened new doors for researchers to include first row transition metals and main
group metals in MLC'? and to further investigate the roles of metal and ligand. These metals are
relatively more environmentally and biologically (such as zinc) friendly, and are also naturally
more abundant compared to their heavier congeners, which makes them more economically
accessible. As a result, this area has experienced a renaissance over the past decade as a powerful

mechanistic strategy in homogeneous catalysis, particularly with the base metals.!34
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Scheme 1.4. Proposed activation of H by [FeFe]-Hydrogenase.

1.3 Bifunctional Ligands for Metal-Ligand Cooperative Catalysis

A cooperative ligand has been defined as one that actively participates in substrate activation
to facilitate catalysis with a metal ion in a synergistic fashion.!® The chemical structure of the
ligand may either remain intact during the reaction or undergo a reversible transformation (i.e.,
protonation/deprotonation). In some cases, the ligand may only participate in catalyst activation.
This scenario has mostly been observed in hydroboration and hydrosilylation reactions, in which
bifunctional activation of the E-H bond (E = B or Si) by the M—X bond affords the M—H catalyst
and E-X with the latter unit (i.e. borylamido) not involved in the ensuing catalytic cycle.*>1®

1.3.1 Ligand acts as a Lewis base

The most prominent class of cooperative ligands are those which utilize an X donor with more
than one lone pair, often in a multidentate framework. The X donor then uses one lone pair to bind
the Lewis acidic metal center and another one to participate in bifunctional catalysis with the metal.
Electron-rich transition metal complexes with amido ligands are particularly well suited for this
application due to high N-centered basicity.!” The mutual behavior of the Lewis basic ligand and

Lewis acidic metal enables their participation in several different mechanisms, including: outer-



sphere reduction (A), inner-sphere insertion (B), and inner-sphere hydride transfer (C),*® as
depicted in Figure 1.1 for ketone hydroboration. Note that mechanisms A and C rely on MLC for
every turnover whereas the formed alkoxide in mechanism B could react with another equivalent

of B—H to give the product and regenerate M—H in an example of bifunctional catalyst activation.

outer-sphere reduction
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r@umf 335 p o
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Figure 1.1. Different modes of metal-ligand cooperativity originated from Lewis basic ligand and
Lewis acidic metal in carbonyl hydroboration.

Different studies have shown that nitrogen-, sulfur-, and oxygen-donor ligands have the
potential to function in MLC.* In the following, we summarize examples in hydroboration

reactions.
1.3.1.1 Nitrogen-based ligands

Although the polarity of R.B—H bonds in dialkylboranes (Pauling electronegativity for B = 2.04
and H = 2.2)%%2 can be reduced by substitution with R = alkoxide or amido groups, the B—H bond
(389 kJ/mol) is comparatively weaker than H-H bond (432 kJ/mol), facilitating cleavage of the
former by catalysts utilizing MLC.???® In a recent example, Thomas et al. successfully isolated

and characterized the double HBpin addition product (1.4) to both Fe—N bonds in an Fe complex



(1.3) ligated by a tetradentate bis(phosphine)-bis(amido) PNNP donor (Scheme 1.5).2* Note,

however, that the B—H bond has not been completely cleaved in this product.
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Scheme 1.5. Double B—H bond activation across Fe—N bond.

Leitner et al. isolated and characterized a similar key intermediate in their report of
hydroboration of difficult carbonyl substrates (amides, esters, CO2) catalyzed by manganese
complex 1.5 supported by a PNP pincer ligand (Scheme 1.6).% Stoichiometric amount of base
generates 1.6 that is armed with an amido donor that adds HBpin. to give key intermediate 1.7
which was crystallographically characterized. Mild heating of 1.7 leads to cleavage of the B-H
bond to give Mn—H complex 1.7a. The authors suggested that interaction of the carbonyl oxygen

with the boron in 1.7a allows for facile reduction by the Mn—H.
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Scheme 1.6. Isolation of Mn—H intermediate from bifunctional B—H activation.

Wang’s group isolated another intermediate in a study on Co-catalyzed hydroboration of
olefins.?® While treatment of 1.8 with olefin gave no product, 1.8 facilitates B-H bond cleavage to
afford isolable intermediate 1.9, a Co(ll) hydride complex in which the Bpin is bound to the
uncoordinated nitrogen atom of the ligand (Scheme 1.7). The existence of a heteroatom (N or O)
on the olefin potentially accelerates the reaction and subsequent 1,2-insertion of the olefin into the
Co-H forms 1.11. Wang proposed two possible pathways for formation of the hydroborated



product. No evidence was provided for Path 1 which regenerates complex 1.8, while Path 2
proceeds through a o-bond metathesis step with a second equivalent of HBpin, affording product
and reforming 1.9. While MLC may thus be confined to catalyst activation, the authors’ catalyst
demonstrated excellent activity for olefin hydroboration under mild conditions and relatively low

catalyst loading.

1.10

Scheme 1.7. Proposed catalyst activation mechanism for HBpin addition to Co-amido complex.

In a study of Co-catalyzed nitrile dihydroboration, the Trovitch and Baik groups identified a
low energy pathway involving transfer of the Bpin group from the amido N in intermediate 1.18
to the substrate derived imino-cobalt N through 4-membered transition state 1.19 (Scheme 1.8).%
Since the monoborylated product was not observed throughout catalysis, the authors proposed that
the borylimine directly enters the second reduction cycle. While stoichiometric treatment of 1.12
and nitrile showed no reaction, 1.12 reacts with 2.2 equiv of HBpin to give a Co complex

containing both amido-boryl and Co-boryl groups (Scheme 1.9). Although this was found to be



an off-cycle product, a previous report on Co-catalyzed nitrile hydroboration considered that as
oxidative addition of borane to form a metal hydride in a key activation step.?®
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Scheme 1.9. Formation of off-cycle Co-boryl product

In two reports by Panda et al. on Group 4 metal complex-catalyzed hydroboration of aldehydes
and dihydroboration of nitriles, the ligand again only participates in catalyst activation by cleaving
the B-H bond and generating the M—H catalyst.*>!* As depicted in Scheme 1.10, the formed
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Me,NBpin molecule dissociates from the Ti center.’® In the next step, benzaldehyde binds to the

titanium center 1.25, followed by hydride transfer to give titanium alkoxide 1.27. In the last step

addition of a second equivalent affords the product and regenerates Ti—H 1.24 via transition state

1.28.
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Scheme 1.10. Hydroboration of aldehydes by activated Titanium hydride through inner-sphere

insertion mechanism.

1.3.1.2 Sulfur-based ligands

The majority of MLC examples in catalysis are limited to complexes composed of polar-metal-

nitrogen bonds (amido ligands), while transition metal catalysts incorporating metal-sulfur bonds

that function as Lewis basic reactive sites are underdeveloped.

Metal-sulfur bonds are crucial features in living systems. They play key roles in biological

processes such as dihydrogen activation by hydrogenases.?®® To shed light on mechanisms of



various enzymatic processes utilizing metal-sulfur bonds, extensive work has been performed.3:32
Therefore, the study of sulfur donors that are capable of acting bifunctionally in MLC catalysis,
may potentially provide insight into biological mechanisms and help propel homogeneous
catalysis in line with greener biomimetic systems. It has been shown that sulfur donors, better
donate their lone pair electrons as a Lewis base as thiolates (RS),%*34 and exhibit bifunctional
behaviour in MLC mechanisms, while other types of sulfur X-donors have not yet shown such
behaviour. In the following, some important examples of thiolate ligands in MLC are summarized.

In one of the earliest studies Bergman and Anderson reported Si—H bond cleavage by MLC
using a titanocene sulfide complex.®® In 2017, Hillhouse, Cundari and Jordan reported the cleavage
of E-H bonds in their study of a dinuclear nickel complex with bridging sulfides.® Treatment of
1.29 with dihydrogen vyielded the bis thiolate-bridged Ni complex 1.31a. Kinetic and
computational studies showed that 1.31a formation proceeds via H> cleavage across a cooperative
Ni—S bond (Scheme 1.11). Subsequent cis/trans isomerization at Ni followed by H atom migration
from Ni to S forms 1.30a. Similar reactivity was observed with HBpin to afford 1.31b, showing

the utility of metal-sulfur systems for more generalized E-H bond activations.
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Scheme 1.11. Heterolytic cleavage of H-H and B—H bonds across a Ni—S bond.

The Wang group has extended the capabilities of base-metal thiolate complexes for MLC in
catalysis. In 2017, Wang et al., reported a regioselective hydroboration of aryl epoxides by iron
thiolate pre-catalyst 1.32 that converts to active catalyst 1.33 by loss of acetonitrile ligand (Scheme
1.12).3" Interestingly and unexpectedly, in the first step of the cycle direct addition of the epoxide
across the Fe—S bond is notable rather than initial B—H bond activation. Although reaction of 1.32
with Lewis acidic boranes such as HsB*THF and 9—H-BBN resulted in iron-borane adducts
featuring Fe B—H interactions, DFT studies found that HBpin addition across the iron-thiolate bond

is endergonic by 12.9 kcalmol™* (BBN = borabicyclo[3.3.1]nonane). Stoichiometric treatment of



1.32 with trans-2,3-diphenyloxirane yielded the 5-membered cyclic Fe alkoxide complex 1.34.
Then, epoxide ring-opening through Fe-S cooperativity afforded 1.33. After that, electrophilic
addition of HBpin afforded 1.35 followed by S—C bond cleavage/H transfer through 1.36 ending
up with the final hydroborated product and 1.33 regeneration. The mechanistic pathway presented
in this work shows that direct addition of HBpin is thermodynamically unfavourable, providing

potentially valuable insight for future studies on MLC in catalytic systems.
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Scheme 1.12. Proposed mechanism for Fe thiolate complex-catalyzed hydroboration of aryl epoxides.

In another study, The Wang group extended metal-thiolate cooperation to hydroboration of
heteroarenes. Using N»-bridged diiron complex 1.37 as pre-catalyst, N-borylated 1,2-reduced
products were obtained with low catalyst loadings (1 mol%) and excellent regioselectivity.*®

Stoichiometric studies suggested that the initial activation step includes displacement of N by the
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N-Heteroarene yielding mononuclear 1.38, rather than B—H bond cleavage (Scheme 1.13), as
HBpin did not react readily with 1.37. Subsequent thiolate-facilitated hydride transfer from HBpin
to C, (passing through 1.39) forms 1.40. Then, the Bpin group transfers from S to the reduced
heterocycle giving the hydroborated product and reforming 1.33.

/ D
=

1.39 Ph,P="

& S
/

= x Fe
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@Bpin Ph,P
Ej )

H Bpin

me

Scheme 1.13. Proposed mechanism for Fe-catalyzed hydroboration of N-Heteroarenes.

In the most recent study on Metal-Sulfur cooperation, Baker et. al., reported a Mn(l) complex,
Mn(3-SMENS)(CO)s that catalyzed nitrile dihydroboration at room temperature with 1 mol%
catalyst loading. Through a combined experimental and computational mechanistic study, the

authors revealed that catalysis requires the presence of UV light to enter and remain in the catalytic
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cycle by loss of two CO ligands. Stoichiometric reactions showed that HBpin reduces the imine N
=C of the ligand backbone in the absence of nitrile, forming an inactive off-cycle by-product. DFT
calculations showed that the bifunctional thiolate donor activates HBpin without breaking B—H
bond and the reaction proceeds through an inner-sphere hydride transfer (Scheme 1.14).%°
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Scheme 1.14. Proposed mechanism for Mn-catalyzed dihydroboration of nitriles.

These recent studies highlight the potential utility of thiolate donors in MLC although further
investigation is required to obtain more insight on their potential reactivity scope as base metal

biomimetic catalysts.
1.3.1.3 Oxygen-based ligands

Although the role of oxygen in several hydrogenase enzymes has been revealed,***2 weak-field
oxygen donors such as alkoxides have seen limited study in MLC systems for E-H bond activation.
In addition, reduced Lewis basicity of coordinated alkoxides (vs amido) and higher lability of
alcohols versus amines, limit utility of oxygen donors in bond activation. Therefore, there are few

reports of metal-oxygen cooperation for bond activation.
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In one of the earliest reports on metal-oxygen MLC, the Adolfsson group, in a study on catalytic
hydrosilylation of carbonyls, showed that a mixture of iron acetate and hydroxyethyl-imidazolium
salts constitutes an efficient and selective catalyst system.*® Although their efforts to isolate or
characterize any Fe intermediates were unsuccessful, they proposed bidentate alkoxide-NHC
coordination and showed no conversion using the O-tosyl analogue.

In 2015, Rauchfuss et al. used bis(phosphine)-dialkoxide Fe(Il) complex 1.51 to demonstrate
Si—H bond activation through metal-oxygen cooperation that resulted in fully characterized Fe—H
complex 1.52 (Scheme 1.15).** Although 1.52 was not an active hydrosilylation catalyst,
substitution of one CO ligand by PMes or NCMe afforded precursors which catalyzed
hydrosilylation of benzaldehyde, acetophenone, and even styrene with relatively low catalyst

loading (1 mol%).

|Ph2
O, HSIEt
“'FE'.“‘CO 3 -
O..f"l ~CO
Ph? Ets
1.51

Scheme 1.15. Fe-alkoxide-assisted Si—H bond activation.

Wang and co-workers recently employed their previous half-sandwich framework to construct
a Ni(1l) complex bound to a phosphino-phenoxide ligand for catalytic hydroboration of pyridine
and other N-Heteroarenes.*® Complex 1.53 successfully catalyzed the reaction with 2 mol%
loading at room temperature. The necessity of the bifunctional ligand became evident when
nickel-Hydride complex Cp*Ni(H)(PPhs) showed no catalytic activity. The reaction initiates by
Ni-phenoxide-assisted B—H bond cleavage, affording fully characterized 18e- intermediate 1.54
which features a B-O moiety (Scheme 1.16). DFT calculations showed that the heteroatom of the
substrate coordinates to boron, and subsequent hydride transfer from Ni to the pyridine ortho-
carbon through intermediate 1.55 affords 1.56. Finally, B—O bond cleavage led to the 1,2-reduced
pyridine and regeneration of 1.53. Hydride transfer to the ortho-site was also supported by
deuterium labelling. DFT studies also showed another possible pathway in which 1.55 can be

converted to a radical pair intermediate, 1.55a by dissociation of the CsHsN—-Bpin moiety from the
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phosphinophenolato oxygen, and the 1,2-product converts to the 1,4-product. This report suggests
a crucial role for the oxygen donor in both generating Ni—H and supporting in-cycle catalytic

intermediates.
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Scheme 1.16. Proposed mechanism for Ni-catalyzed hydroboration of N-Heteroarenes.

While the number of designed ligand metal-alkoxide cooperation studies in E-H bond
activation is still quite limited, we note that reaction of metal alkoxide with HBpin to give M—H

and carbonyl hydroboration product is a common step in simple metal hydride-catalyzed reactions.
1.3.1.4 Carbon-based ligands

Recently, carbenes have attracted specific interest as amphoteric platforms for cooperative bond
activation.*® As the carbene center has both a lone pair and an empty orbital, both protic and
hydridic E-H bonds have been activated across the M=C unit. In contrast to the X-donors
described above, when a substrate is added across the M=C bond, a transition-metal alkyl complex
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is formed. To date, carbene ligands cooperating with late transition metals have made the most

successful cases for MLC although the only reports with base metals are with nickel.

The Piers group, utilizing a rigid PCsp2P pincer ligand for stabilizing the carbene, has reported
several Ni-carbene complexes that proved to be effective for cooperative bond activation. Addition
of E-H substrates such as Hz, H-O, NH3 and HC=CPh, to 1.57 led to rapid Ni=C bond cleavage,

forming species such as 1.58 with concurrent loss of PPhs (Scheme 1.17 A).#’

A) C-H activation across Ni=C

Q. Qe
—Ni—FPh, "—H _ Ni—C=C—FPh
| _PPh, [
S

Scheme 1.17. Cooperative activation of A) C—H and B) Si—H bonds across a nickel-carbene.

In another study, 1.59 was investigated for the reversible activation of tertiary and
secondary phenyl-silanes affording 1.60 (Scheme 1.17 B).*® An isotope labelling study showed
E—H addition across the Ni=C bond, as seen for metal-amido/thiolate bonds; these results were
also supported by kinetic studies.

In a catalytic application, Hall used DFT calculations to suggest that Baker’s Ni NHC
catalysts*® for ammonia-borane dehydrogenation operate via carbene ligand MLC (Scheme
1.18).%0

1.4 Hydroboration

The hydroboration reaction can be defined as addition of a boron—-hydrogen bond to different
unsaturated organic groups. The first report of hydroboration was by H. C. Brown in 1956.%!
Brown’s work on organoborane chemistry earned him the Nobel Prize in 1979. The incredible

synthetic versatility of organoboranes has made the hydroboration reaction of great importance. in
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fact, transformation of organoboranes into several other functionalities can be readily achieved in
high yields (Scheme 1.19).52

Ph —N' N C H
=N + HyNBH; CON =1 j—H
Phh Ni Ph =C'\ H® H
NT “l N e
/ )\ N sHTN
Ph N—pp, 1.61 1.62 H
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-H,
N H 1.64 1.63 N
| )|
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Scheme 1.18 Proposed reaction pathway for Ni-catalyzed ammonia-borane dehydrogenation.
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Scheme 1.19. Derivatization of organoboranes.

While the earliest efforts were concentrated on oxidation of organoboranes to the
corresponding alcohols, the development of additional transformations (particularly C—C bond
formation using the Suzuki—Miyaura cross-coupling reaction) has further enhanced the importance
of organoboranes in organic synthesis.®?> The first report of transition metal-catalyzed
hydroboration involved addition of 2-butyne to pentaborane, BsHo, employing the bimetallic
alkyne-bridged dimer, dimethylacetylene dicobalthexacarbonyl. The importance of this catalyzed
reaction was evident as the uncatalyzed reaction required higher temperatures that resulted in cage

fragmentation and other undesired products (Scheme 1.20).5% Moreover, flash thermolysis of the
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alkenyl-boron product afforded a mixture of novel 6-vertex monocarboranes. Nonetheless, the

yield and turnover number of this catalytic reaction (10 mol% cat loading at 75 °C) were low.

H
H = B}\H g g
B /]-B% . in HoZ\aH H oo\ a CoH
NH  (CMe;)Co,y(CO)g (10mol %) o/~ 355 °C,<1min " g7Z|\g BZIN\g“2"s
H—Bé/’}\B-H 75°C,1h =H B\B//B'“ = // \\ % // \\
PR ’ uB BoH, HB By
H /S 2Hs

22% yield
1.65 1.66 1.67 1.68

37% yield 39% yield

Scheme 1.20. Hydroboration of dimethylacetylene using a polyhedral borane.

Since then, many studies have been reported on catalytic hydroboration reactions, first
using catecholborane and then other boron reagents having heteroatom-substituted (N, O, S)
ancillary groups.>>® Amongst these boron reagents, pinacolborane (HBpin)®® has become the most
popular due to the enhanced water stability of its products and its potential for offering
complementary regioselectivity to catecholborane. Overall, the continuous attention given to
transition metal-catalyzed hydroboration over the last three decades originates from higher
selectivity of the products obtained by this method vs uncatalyzed hydroboration.

In the following, we summarize the highlights of three hydroboration reactions of relevance

to this thesis: carbonyl compounds, nitriles, and N—Heterocycles.

1.4.1 Carbonyl hydroboration

The catalytic hydroboration of carbonyl substrates using HBpin is an efficient methodology
for the synthesis of borate esters that are widely utilized as intermediates to synthesize alcohols
and other derivatives.5:®3 More recently, the design of sustainable homogeneous catalysts with
inexpensive, earth-abundant, environmentally friendly, and cheaper metals has been a popular
research topic.

In the beginning days of catalytic hydroboration, aldehyde substrates did not attract much
interest as the uncatalyzed reaction at moderate temperatures generally sufficed. Recent reports,
however, identified complexes that were able to selectively catalyze aldehyde hydroboration vs.
ketones.®*% On the other hand, as uncatalyzed ketone hydroboration requires higher temperatures,
ketones are more challenging substrates than aldehydes. Furthermore, the potential of ketones for

asymmetric catalysis earned them much attraction.®-7
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1.4.2 Nitrile dihydroboration

Reductive transformations are important synthetic tools for accessing nitrogen-containing
essential chemicals.”* Easy transformation to the corresponding primary amines has made N,N-
diborylamines very important chemical building blocks, as direct nitrile hydrogenation usually
needs harsh conditions including elevated pressure and temperatures, Lewis acid additives, and
precious metal catalysts.”>”® Another challenge of nitrile hydrogenation is the low selectivity, due

to competing formation of primary, secondary and tertiary amines and imines.”"

Nikonov and Khalimon et al. reported the first example of transition-metal-catalyzed nitrile
dihydroboration in 2012.7® They used a tetravalent molybdenum imido hydride complex,
MoHCI(NDipp)(PMes)s (1; Scheme 1.21A; Dipp = 2,6-'ProCsHs), which was previously used as
a hydrosilylation catalyst.”” In the first step of the reaction, nitrile insertion is followed by HBCat
addition across the Mo—N bond of the resulting metallo-imine intermediate (Scheme 1.21B). Later
in 2015, a similar pathway through a NB—H---Mo transient intermediate was proposed for
hydroboration of RCN (R=Me, Ph, 'Bu) using the similar catalysts MoH2(NDipp)(PMes)s (2) and
MoH:(PMes)s[n3-(Dipp)N-BHCat] (3; Scheme 1.21A).7®

Besides the reduction, another interesting aspect of nitrile hydroboration is exploring the
chemistry of borylamines (Scheme 1.22).7°81 In 2012 Khalimon and Nikonov’*"3 synthesized N-
benzylidenebenzylamine by treating PhCH2N(BCat). (Cat=catechol) with benzaldehyde.
Although the same studies showed that this reaction requires more forcing conditions (18 h at
150 °C) when using Bpin, in 2020 Khalimon presented an advanced cobalt-based catalytic system

that catalyzed the reaction under much milder condition (5 h at 50 °C).82

In 2019, N,N-diborylamines were used in N-arylation reactions with aryl bromides in the
presence of a palladium catalyst.®® In the same year, a study reported synthesis of secondary
carboxamides through treatment of N,N-diborylamines with aromatic carboxylic acids.
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Scheme 1.21. (A) hydroboration of RCN (R=Me, Ph, tBu) with HBCat catalyzed by molybdenum
hydrides 1-3. (B) Proposed mechanism for 1-catalyzed hydroboration of nitriles.
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Scheme 1.22. Dihydroboration of nitriles and further transformations of N,N-diborylamines.
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1.4.3 N-Heterocycle hydroboration

As a practical route to obtain useful structural motifs that have determinative roles in
bioactive products and synthetic building units, dearomatization of heteroarenes has attracted
significant attention.8>% Particularly, partially reduced 1,2- or 1,4-dihydro-N—Heteroarenes can
efficiently serve as versatile precursors in synthesizing azacyclic molecules.®”*2 Additionally, they
have been widely used as organic reducing agents.®®> Therefore, exploration of different
methodologies to access dearomatized heterocycles using hydroboranes and hydrosilanes as
convenient hydride sources, has been the focus of many studies.®* In this context, a suitable
catalytic system and reducing agent can result in better control of regioselectivity (Scheme
1.23).95101

E=BorSi H

Z S -
L e e -
| | or H ITI ~gPT ITI ~o”

N/ s’ H—@ Selective

reduction E E

reducing agents
é49 1,2-reduction  1,4-reduction

Scheme 1.23. Regioselective Reduction of N—Heteroarenes.

While pyridine selective reduction, using transition metal catalysts, has been widely
studied, 92102104 there are only few reports on transition metal-catalyzed selective reduction of
quinolines, 99105108 ayen though tetrahydroquinolines are a common synthetic motif in many

pharmaceutical compounds and bioactive natural products (Scheme 1.24),107:108
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Scheme 1.24. Tetrahydroquinoline derivatives in pharmaceuticals.

Hydrogenation is not only the most straightforward but also the most atom-economic
method to access tetrahydroquinolines.?®1! However, the substrates reduced by this method have

inferior functional group tolerance, resulting in limited molecular diversity in the reduced N—
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Heterocyclic products for serving as synthetic intermediates. In this regard, N-Heteroaromatic
reduction with hydroboranes can be an attractive alternative!!? as stoichiometric amounts of

reductants can be precisely applied.

1.5 Scope of the Thesis

There are four additional chapters in this dissertation which expand upon the MLC reactivity
of N-, O-, C-, P- and S-donor ligands in late transition metal complexes. All new complexes are
characterized and their functions are investigated as bifunctional catalysts. Each complex that
proved to be an active catalyst or precatalyst, is thoroughly investigated to gain insight into its
mechanism. Chapter 2 details the synthesis of three new zinc complexes of the type Zn(k?-SNS),
in order to directly compare the bifunctional reactivity of amido and thiolate donors as hard and
soft Lewis base donors, respectively. Also, using zinc as a redox-inactive metal lets us investigate
bifunctional behavior of the ligands more clearly. Furthermore, this is the first example using just
the amido (L1) and thiolate (L2) ligands in the same complex. These precatalysts undergo
bifunctional activation, generating the same active catalyst in all three systems. The results of this
study led us to reinvestigate the mechanism of the previously reported copper amido complex
Cu(x2-L1)(IPr).12 We show that the outer-sphere mechanism proposed for this catalytic system is
not actually correct, as the complex converts to the IPr copper hydride dimer upon treatment with
HBpin and release of Bpin-L1. This reinvestigation demonstrates that the mechanism is more
likely an inner-sphere carbonyl insertion into Cu-H.

Following the same line of study, a new amido ligand (L3 = OMeNHNPY™lid® js ysed in a zinc
complex (2.8zn) to compare aliphatic and aromatic amido donors. Although the aliphatic amine
donor was not deprotonated, reaction of 2.8z, with HBpin gives L3(Bpin). in which both ligand
nitrogens are borylated. This observation generated a new plan in which bifunctional catalyst
activation could access a reactive Zn dihydride catalyst bearing a small NHC ligand, 4,5-dichloro-
1,3-dimethylimidazol-2-ylidene (DDI). Indeed, precatalyst Zn(ic>-ONN)2(DDI) (2.11zn) proves to
exhibit unprecedented activity for hydroboration of nitriles and quinoline heterocycles.

Chapter 3 details the synthesis of a new bifunctional Co dithiolate complex, Co(k3-SNS)(DDI)
that selectively catalyzes aldehyde hydroboration. The initial goal was to investigate the amido

and thiolate ligands in the same cobalt complex to directly compare their functions. In fact, S-Me
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activation of the thiolate ligand by the amido ligand afforded a dithiolate complex which serves as
a selective aldehyde hydroboration catalyst through a hydride-free pathway.

In Chapter 4 comparison of Lewis base donors for bifunctional B-H bond activation is
expanded to include O-, S-, P- and C- donors. First, using a dimeric zinc complex featuring a
tetradentate amido-aryloxide donor ligand, [Zn(k*-NSNO)]2, we show the aryloxide to be the
dominant B-H bond activator through MLC, while the catalyst deactivates when the amido
participates. However, this complex catalyzes nitrile dihydroboration efficiently in the absence of
added solvent. Next, for the most comprehensive comparison yet, we prepare and test a series of
NiX(NNN) complexes both in stoichiometric B-H bond activation and as catalysts for nitrile
dihydroboration (X = anionic N-, C-, O-, S- or P-donor). The results again point to the superiority
of the phenoxide donor, presumably due to formation of the strong B-O bond.

Finally, Chapter 5 summarizes the findings of this thesis, placing them in the context of the
current state of the art and speculating on what future investigations they will enable.
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CHAPTER 2

LIGAND-ASSISTED CATALYST ACTIVATION IN Zn-CATALYZED
HYDROBORATION REACTIONS

2.1 Introduction

Over the last two decades metal-ligand cooperativity (MLC) has allowed first row metals
to emerge as uniquely active and selective catalysts,’® complementing their more well-studied
2nd- and 3rd-row congeners.*® As ligands that include an additional Lewis base function upon
metal coordination are most widely employed for MLC, the Baker group has been comparing first
row metal bifunctional catalysts containing biomimetic SNS ligands which contain a hard N donor
(amido)”® vs. a soft S donor (thiolate)>'° in hydroboration and hydrosilylation catalysis.''*?
Building on previous mechanistic investigations,*?# they recently identified a new metal hydride-
free bifunctional mechanism in which the carbonyl substrate is activated by coordination to the
metal and the B—H bond by coordination to the ligand N donor.*® In a more recent study on nitrile
hydroboration, they showed that a spin state change of the monovalent Mn center also plays a role
in enabling a low-energy catalytic reaction pathway.'* As MLC using main group metals has been
less extensively investigated,'® we now extend these studies to zinc-based carbonyl hydroboration
catalysis. Previous examples of zinc complex-catalyzed carbonyl hydroboration function via
Lewis acid substrate activation or metal hydride generation and subsequent substrate insertion.6:1’
In an attempt to extend these mechanisms to include MLC with a ‘redox-innocent’ metal, we
prepared and assessed both bis(amido) and bis(thiolate) Zn complexes, 2.1zn and 2.2zn
respectively. Detailed investigations of the catalyst speciation revealed a heretofore
underappreciated role for MLC in precatalyst activation. Determination of the reaction pathway
for 2.1zn prompted us to revisit the previously proposed carbonyl hydroboration pathway for
Cu(L1)(IPr) (2.6cu),* and more closely investigate its catalyst speciation. In addition, we sought
to compare the reactivity of the copper complex with its silver analogue.

To further exploit ligand-assisted catalyst activation, we prepared a different zinc bis(amido)
complex supported by a small NHC, Zn(x?>-ONN)z(DDI) (2.11zn; DDI = 4,5-dichloro-1,3-
dimethylimidazol-2-ylidene). As zinc dihydrides have been shown to be active hydroboration

catalysts,*® this complex was purposefully treated with HBpin to generate a very active zinc
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dihydride catalyst in-situ. Indeed, both nitriles and quinolines are easily reduced under ambient
conditions using 0.01 and 0.05 mol%, respectively of 2.11zn. We also used Variable Time
Normalization Analysis (VTNA) to study the kinetics of the catalytic reactions. This technique
grew out of Blackmond’s Reaction Progress Kinetic Analysis (RPKA) in which analysis of the
reaction time course mitigated the need for excess of one reagent commonly used in pseudo-first
order kinetic techniques.'® RPKA can also provide insight regarding induction periods, catalyst
deactivation, or changes in mechanism. VTNA employs a graphical interrogation of kinetic data,
which takes advantage of the human visual capacity to easily, quickly, and accurately identify
tendencies and patterns.?® For the present catalytic system, VTNA revealed a first order

dependence on quinoline, HBpin and 2.11zn and no evidence of catalyst deactivation.

2.2 Results and Discussion for Zinc SNS Amido and Thiolate Complex Precatalysts
2.2.1 Synthesis of Complexes 2.1zn and 2.2zn

Zn bis(amido) (2.1zn) and bis(thiolate) (2.2zn) SNS complexes were obtained from reaction
of ZnClz with 2 equiv. of the SNS proligand and LIHMDS base (HMDS = hexamethyldisilazide);
(Scheme 2.1). Both complexes include a distorted tetrahedral Zn centre (t's = 0.70, 0.78)%! and k?-
SNS ligands with uncoordinated thioethers. A comparison of the Zn-S and Zn-N bond distances
shows ca. 8% decrease for the anionic thiolate or amido vs. neutral thioether or imine donor. The
imine C—H bonds in 2.2zn appear at § 9.06 in the *H NMR spectrum and the benzylic C—Hs in
2.2zn at § 6.34 ppm. The ¥C{*H} NMR spectra for the two complexes are unremarkable.
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Scheme 2.1. Synthesis and molecular structures of 2.1z, and 2.2z, with 50% probability thermal ellipsoids
and hydrogen atoms omitted for clarity. Selected bond distances (A) and angles (deg) for 2.1zn: Zn-S1
2.466(1), Zn-N11.925(2), S1-Zn-N1 85.22, S1-Zn-S1° 107.62, S1-Zn-N1’ 123.17,N1-Zn-N1’ 133.75. For
2.2zn: Zn-S1 2.273(1), Zn-S3 2.246(1), Zn-N1 2.085(2), Zn-N2 2.109(2), S1-Zn-N1 88.03(7), S1-Zn-N2
124.87(7), S1-Zn-S3 124.48(4), S3-Zn-N2 88.98(7), S3-Zn-N1 119.37(7), N1-Zn-N2 114.05(9).

2.2.2 Catalytic Reactivity of 2.1zn and 2.2zn

Both complexes successfully catalyzed hydroboration of aldehydes in 2-5 min and ketones
in 10-25 min, giving quantitative yields using pinacolborane (HBpin) with 1 mol% catalyst
loading at room temperature (Table 2.1). The carbonyl moiety was reduced selectively (vs. alkene)
in both cinnamaldehyde and 5-Hexene-2-one and overall, 2.1zn was the more active pre-catalyst.
The color of the reaction solutions both changed (from pale-yellow for 2.1zn and red for 2.2zn to

colorless during catalysis, indicative of structural changes.

Table 2.1. Hydroboration of carbonyls catalyzed by 2.1z, and 2.2zn.
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Reaction conditions: Substrate (1.0 mmol), HBpin (1.0 mmol), 2.1z, (6.1 mg, 1 mol%), or 2.2z, (5.8 mg, 1
mol%), room temperature, in 1 mL of CsDe. PlYields were determined by *H NMR analysis based on
substrates. [ISelectivity in all cases was 100% for the reported products.

2.2.3 Mechanistic Studies of Carbonyl Hydroboration Using 2.1zn and 2.2zn

To gain more insight into the catalytic mechanism, stoichiometric reactions of the two Zn
complexes with HBpin were performed. Reaction of 2.1zn with 2 equiv. of HBpin afforded 2 equiv.
of Bpin-L1, via bifunctional activation of the B—H bond. The resulting ZnH2 product was unstable,
giving H> and Zn metal precipitate. Bpin-L1 (Figure 2.1) was also observed in the catalytic
reaction, suggesting bifunctional formation of Zn—H which rapidly inserts the substrate, affording

ZnH(alkoxide) and/or Zn(alkoxide). which constitute(s) the active catalyst (Scheme 2.2).



Figure 2.1. Molecular structure of Bpin-L1 with 50% probability thermal ellipsoids and hydrogen atoms
omitted for clarity.

Monitoring the reaction by *H NMR spectroscopy, we found evidence for formation of
both Bpin-L1 and HL1 in approximately equal amounts (Fig. A24) with no evidence of a
significant Zn alkoxide resting state, suggesting that the detailed catalytic mechanism may be more
complicated. An analogous Ti amido complex has been proposed previously to catalyze the
hydroboration of carbonyls via a similar mechanism to that shown in Scheme 2.2.22 Complex 2.2zn
also reacted gquantitatively with 2 equiv. of HBpin to give 2.3zn in which the C=N bond in L2 has
been reduced by HBpin. We were unable to fully characterize 2.3zn; the *H NMR spectrum
indicated a fluxional process (Fig. A9) but the nuclearity of this intermediate has not been

determined.

36



Bpin-L1 -

0

o)

;[ :B—N {an\ H HBpin
@)

Scheme 2.2. Proposed mechanism for carbonyl hydroboration using HBpin and 2.1z, precatalyst. On
right, one L1 ligand is omitted for clarity.

Nonetheless, addition of excess benzaldehyde to 2.3zn afforded benzothiazoline
heterocycle S-P1 (Figure 2.2) and presumably Zn(OBpin)2 (11), which converts subsequently to

O(Bpin)2 and the same substrate-derived Zn alkoxide complex proposed above (Scheme 2.3).

Figure 2.2. Molecular structure of S-P1 with 50% probability thermal ellipsoids and hydrogen atoms
omitted for clarity.
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Although an analogous by-product (S-P2) was obtained from cinnamaldehyde, reactions
of 2.3zn with acetophenone gave a mixture of products that were not identified further. As depicted
in Schemes 2.2 and 2.3, bifunctional activation of both precatalysts 2.1zn and 2.2zn proceeds
presumably through formation of substrate-derived zinc alkoxide catalyst with the multi-step

activation process for 2.2zn requiring longer times.

Q>, Me 22zn 2.3z Ph(I)
O
= / NG 0 N TRy oo
' = 'ZI"I | BH lan 0 z / =
N~ NF Z/[ Ph)l\H i n]' I .

/ ‘ // \\ D
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Ph’ Mes™ 7
>r° B
B-O- \ ./
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" lt!(l)_ ()
BpinO—(y Ph ~_
Ph ™\ /
\ 1
O—-H
, Ph(v)
o/ \ [Zn] H . -
e
°\/\f\\ (V)

Scheme.2.3 Proposed mechanism for benzaldehyde hydroboration using HBpin and 2.2z, precatalyst. On
right, one L2 ligand is omitted for clarity.
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2.2.4 Synthesis of Complex 2.4zn

These disparate pre-catalyst activation results encouraged us to investigate the mixed-
ligand zinc complex 2.4zn, easily prepared by reaction of ZnCl, with L1 then L2 (Scheme 2.4).
The molecular structure again shows a distorted tetrahedral Zn center (t 4 = 0.62) with similar Zn—

N and Zn-S bond distances as those for the homoleptic complexes.

1) HL1 (1 eq), LIHMDS, 4 h Q’ Me
2)HL2 (1 eq), LIHMDS, 12 h 7
THF, RT N, , D

Zncl, - ‘Ihi
- LiCl, -HN(SiMes)2 v\
‘ N
|

2.4Zn
Me

Crystal color: orange
(75% Yield)

Scheme 2.4. Synthesis and molecular structure of 2.4z, with 50% probability thermal ellipsoids and
hydrogen atoms omitted for clarity. Selected bond distances (A) and angles (deg): Zn-S1 2.479(1), Zn-S3
2.256(1), Zn-N006 1.923(3), Zn-N007 2.106(2), S1-Zn-N006 85.34(7), S1-Zn-N007 107.56(7), S1-Znl-
S3106.17(3), S3-Zn-N007 87.33(7), S3-Zn-N006 140.99(7), N0O06-Zn-N007 125.33(9).

2.2.5 Catalytic Reactivity of 2.4zn

Surprisingly, 2.4zn catalyzed both aldehyde and ketone hydroboration in less than 15 sec,
giving quantitative yield with 1 mol% catalyst loading at room temperature. To monitor the
reaction progress, the loading of 2.4zn was lowered to 0.1 mol% and the acetophenone reduction
took 16 min to complete at room temperature (Fig. A27). The stoichiometric reaction of 2.4zn with
2 equiv. of benzaldehyde and 1 equiv. of HBpin, showed both L1 and L2 are involved in the same
activation process they had shown separately in 2.1zn and 2.2zn, eventually proceeding through
the same substrate-derived zinc alkoxide. Indeed, a catalyst recycle study showed similar rates in

the 2nd to 5th cycles for all three catalytic systems (Table 2.2).
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Table 2.2. Recycle study of 2.1zn, 2.2zn, 2.4zn and Zn-Alkoxide (2.5z2,)@

Complex Cyclel Cycle2  Cycle3 Cycle4 Cycle5
2.1zn >98% (14 min) >98% 93% 89% 94%
2.27n >98% (21 min)  >98% 98% 92%  93%
2.4zn >98% (15 sec) >98% 96% 98% 96%
2.5zn 92% (35 min) 96% 91% 91% 88%

[a] Zinc complex (1 mol%), acetophenone (1.00 mmol), HBpin (1.00 mmol), 0.5 mL CsDs, room
temperature. Time for 2" to 5™ cycles is 25 min. After each cycle the reaction NMR tube was charged with
1 mmol each of acetophenone and HBpin. 2.5z, is Zn[O-(2,6-Phy-CeH3)]2(THF).. %

2.2.6 Why Does 2.4zn Show The Highest Activation Rate in Benzene Solvent?

Surmising that oligomerization of the initially formed Zn-alkoxide in 2.1zn could slow the
activation process vs. 2.4zn, which would still contain the slower activating thiolate ligand, we
performed the reaction in THF which could maintain mononuclear Zn intermediates. Indeed, the

activation rate of 2.1zn in THF solvent is now much closer to that of 2.4zn (Figure 2.3).
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Figure 2.3. Acetophenone hydroboration profiles catalyzed by 1 mol% of 2.1z,, 2.2zn, 2.42zn in CeDs, and
2.1z in THF.

Finally, since all three catalytic systems presumably end up forming substrate-derived zinc
alkoxide as the active catalyst, the activity of previously published zinc bis(alkoxide) complex,
Zn[O-(2,6-Ph2-CsH3)]2(THF)2 (2.5zn),2 was investigated over 5 cycles for comparison (Table

2.2). After the first cycle which includes the activation process, the rate and activity were, as
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expected, nearly the same for all four complexes over the next 4 cycles. In addition, these simple
substrate-derived zinc bis(alkoxide) complexes proved to be active and robust catalysts for
carbonyl hydroboration, similar to ZnR(OAr) catalysts used previously for carbonyl
hydrosilylation (R = Me, Et; Ar = substituted phenyl).24?° In conclusion, a detailed study of metal
complex evolution using bifunctional zinc amido and thiolate SNS precatalysts for carbonyl
hydroboration using HBpin revealed disparate ligandassisted activation pathways leading to the
substrate-derived Zn alkoxide active catalyst. While HBpin reaction with the SNS amido ligand
has precedence in related pincer ligands,?® this is a rare example involving decoordination of the
N-borylated ligand from the metal. Moreover, while the imine-reduced thiolate ligand was also
observed in the stoichiometric reaction of Mn(k>-SNSM®#)(CO); with HBpin,** it was identified as
an off cycle by-product that did not affect the complex’s ability as a photocatalyst for nitrile
dihydroboration. In contrast, when coordinated to Zn, the imine-reduced thiolate ligand undergoes
a novel reaction with the aldehyde substrate, affording a benzothiazoline by-product and
presumably Zn(OBpin)2, which can further react with HBpin and substrate to generate O(Bpin):
and the active Zn alkoxide catalyst. As a result, this study highlights the importance of mechanistic
studies, and especially catalyst speciation, in advancing our understanding of metal-ligand
cooperation in first-row metal catalysis. These finding also helped us revisit and scrutiny the
previously proposed reaction pathway of copper amido Cu(L1)(IPr) (2.6cu) in carbonyl
hydroboration,'? and more closely investigate its catalyst speciation. In addition, we wished to

compare the reactivity of 2.6cu with silver analogue.

2.2.7 Reinvestigation of 2.6cu-catalyzed carbonyl hydroboration mechanism

The Baker group showed previously that the copper amido complex, Cu(L1)(IPr) (2.6cu),
gives rise to an active catalyst for carbonyl hydroboration.'? Mechanistic studies prompted the
authors to propose an outer-sphere activation of the substrate following bifunctional activation of
the B—H bond across the copper-amido unit (Scheme 2.5 A). As shown above, stoichiometric
treatment of 2.1zn with HBpin afforded free Bpin-L1 (Scheme 2.5 B) which was isolated and
characterized.?” This allowed the direct comparison of its *H NMR spectrum with the reaction
mixture of stoichiometric 2.6cu and HBpin (Figure 2.4). The resulting spectrum confirmed
formation of Bpin-L1 and a copper-hydride dimer, [CuH(IPr)]., previously reported by the
Sadighi group.?® Taken in context of our work with 2.1zn, this observation indicates that 2.6cu
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undergoes an analogous activation pathway as 2.1zn (Scheme 2.6). Borylation of L1 liberates free
Bpin-L1, generating active species [CuH(IPr)]2, a known carbony! hydrosilylation catalyst.? This
observed lability of Bpin-L1 is in contrast to the protonated analogue H-L 1 that remains «3-bound
in the Baker group’s Fe!! and Co?® examples. To further investigate the coordination chemistry of
Bpin-L1, we sought to prepare the heavier Group 11 analogues of 2.6cu.

s 5

I cu—Ipr

A\
(1

B. o
~ H
=Nz S + HBpin (N»...Zn/
S\ \N \ S ‘\0_
2.4z D ; . m R
~ i Q 5
: N ;
= | /
' Bpin )
Bpin-L1

Scheme 2.5. A) Reaction pathway for carbonyl hydroboration by catalyst 2.6c. proposed in previous work
(DiPP = 2,6-diisopropylphenyl); B) Catalyst activation pathway for previously studied 2.1z, system.
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Figure 2.4. Stacked plot of *H NMR spectra of Bpin-L1 and reaction mixture of stoichiometric reaction
of 2.6cy with HBpin in CeDs. © indicates [(IPr)CuH]z, and * indicates protic impurity in CsDs.
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Scheme 2.6. Proposed mechanism for catalytic carbonyl hydroboration by 2.6¢..
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2.2.8 Synthesis and reactivity of 2.7ag

Treatment of AgCI(IPr) with L1 and NaHMDS afforded Ag(ic®-SMENSMe)(IPr) (2.7ag;
Scheme 2.7). The molecular structure of 2.7ag shows a strained trigonal planar geometry (S1-Agl-
N1=175.83(5)"; SI-Agl-C1 = 126.07(6)° and N1-Ag1-C1 = 158.10(8)"), because of the small bite
angle of the k2-SNS ligand and the long Cu—Sicether bond length (Ag1-S1 2.8032(8) A) which is
significantly longer than that of 2.6cu (2.482(1) A), due partly to the larger covalent radius of the
silver atom (1.53 vs 1.38 A for Cu).

( ™\
IPr
HL1 (1 eq.) A|g
N Na[N(SiMes);] (1e9.) o P % \s
THF, RT, 6 h

- NaCl, -H(N(SiMes),

2.7Ag
Crystal color: white - 88% yield

Scheme 2.7. Synthesis and molecular structure of 2.7 with 50% probability thermal ellipsoids. Hydrogen
atoms and DCM molecule are omitted for clarity. Selected bond distances (A) and angles (°): Ag1-S1
2.8032(8), Agl-N1 2.105(2), Agl-C1 2.070(2), S1-Agl-N1 75.83(5), S1-Agl-C1 126.07(6), N1-Agl-C1
158.10(8).
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The 'H NMR spectrum of 2.7ag showed two doublets at & 1.25 and 1.31, for the isopropyl
methyls, two singlets at 6 2.38 and 2.54 for the two S-methyls, a methine septet at 6 2.57, a singlet
at 6 4.47 for N-CH>-C, and seventeen aromatic protons between 6 6.5-7.6 (Fig. A31). Attempts to
use 2.7ag as a pre-catalyst for carbonyl hydroboration were unsuccessful. Furthermore,
stoichiometric reaction of 2.7ag with HBpin afforded Bpin-L1 and silver metal as evidenced by
the observation of a black precipitate (Fig. A33). This indicates that after B—H bond activation and
liberation of Bpin-L1, the resulting silver hydride species is unstable and instantly decomposes.

The results of these two studies with zinc and copper showed that amido donors, due to
their higher Lewis basicity, are better B-H bond activators than thiolate donors. Also, it was found
that when the amido ligand is not incorporated into a strongly chelating multidentate ligand, it can
lose its connectivity upon forming the N-B bond. To exploit these findings, a new amido ligand
(L = OMeNHNPyrrolidey \was used for the synthesis of a series of zinc complexes, 2.82zn-2.11zn. Upon
treatment with HBpin, 2.11zn generate a very reactive zinc dihydride (2.12zn) that proved to be an

effieint catalyst for reduction of nitriles and quinolines.

2.3 Results and Discussion for Amino-pyrrolide Complexes, 2.8zn-2.11zn
2.3.1 Synthesis and Characterization of H2L3 and 2.8zn-2.11z2n

Reaction of 4-methoxybenzylamine and pyrrole-2-carboxaldehyde, followed by NaBHa,
afforded H2L3 (Scheme 2.8). The *H NMR spectrum of H2L.3 (Fig. A34) showed a broad peak at
d 9.21 for pyrrole NH and another broad peak at & 2.62 for the other NH, showing successful
reduction of the imine, as observed in the molecular structure of H2L3 determined by X-ray

diffraction.

)
s o
| 60°C,5h

1-
H 2 NaBH,(2eq)at0-5°C
HN
NHy N 3H

T
B
eated up to 50 °C, 2 h ]
B e
| Ethanol
/ (H2L3) Van
Crystal color: white - 78% Yield
\ =

Scheme 2.8. Synthesis and molecular structure of H,L3 with 50% probability thermal ellipsoids and
hydrogen atoms omitted for clarity.
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Treatment of Hz2L.3 with one equiv of diethyl zinc afforded 2.8zn (Scheme 2.9). The *H
NMR spectrum of 2.8zn (Fig. A35) showed a singlet at & 3.93 due to O-CHz, two doublets at 6
3.87 and 3.67 for N-CH.-, and a broad resonance at 6 3.12 for the amino NH. Existence of a triplet
at 6 1.09 and a quartet at & 0.22 revealed that one ethyl group remained attached to Zn. The
molecular structure of 2.8zn consists of a three-coordinate zinc center in a distorted trigonal planar
geometry [N1-Zn-N2 = 81.3(1), N1-Zn-C1 = 138.3(1)°] and no interaction with the methoxy
oxygen. The Zn-Npymoiice bond distance [1.975(2) A] is significantly shorter than Zn-Namine
[2.191(3) A] and Zn-Cetnyi [1.973(4) A] is in the typical range for such bonds.3®3!

o /
Zn(ethyl), HaL3(1ea) N\
DEE, rt, 2 h N /
Zn—

2.8Zn <
Crystal color: white - 95% Yield

Scheme 2.9. Synthesis and molecular structure of 2.8zn with 50% probability thermal ellipsoids and
hydrogen atoms omitted for clarity. Selected bond distances (A) and angles (deg): Zn-N1 1.975(2), Zn-N2
2.191(3), Zn-C1 1.973(4), N1-Zn-N2 81.3(1), N1-Zn-C1 138.3(1), N2-Zn-C1 119.3(1).

To assess the reactivity of 2.8zn with HBpin, 1 equiv of 2.8z was treated with two equiv
of HBpin and the reaction product was extracted into hexane and analyzed. NMR spectra of the
extracted product showed H2L3 with two attached Bpin groups [(Bpin)z-L3] (Fig. A44). The
composition of (Bpin)2-L3 was confirmed by EI-MS (Fig. A45). This observation showed that
both N-donors in L3 are able to activate the B—H bond of HBpin, one by releasing H2 and the other
by forming Zn—H. Thus, to obtain an active zinc dihydride catalyst, both another L3 and a strong
donor ligand are needed. For this, 2.8zn was separately treated with one equiv of 4,5-dichloro-1,3-
dimethyl-1H-imidazol-3-ium iodide [(H-DDI)I] in one reaction, and with one equiv of L in
another, affording 2.9zn (Scheme 2.10) and 2.10zn (Scheme 2.11), respectively. The *H NMR
spectrum of 2.9zn (Fig. A7) contained two peaks at 6 3.89 and 3.66 for N-CH>-, one at & 3.76 for
O-CHgs, a singlet at & 3.44 for DDI-CHg, and a triplet and quartet at 6 1.24 and 0.05 for -CHz and
-CH>- of the Zn-Et.
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Scheme 2.10. Synthesis and molecular structure of 2.9zn with 50% probability thermal ellipsoids and
hydrogen atoms omitted for clarity. Selected bond distances (A) and angles (deg): Zn-N1 2.019(3), Zn-C1
2.049(4), Zn-N2 2.212(3), Zn-C3 2.098(4), N1-Zn-N2 81.1(1), N1-Zn-C1 119.4(2), N1-Zn-C3 107.2(1),
N2-Zn-C1 117.4(1), N2-Zn-C3 95.4(1), C1-Zn-C3 125.5(2).
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Scheme 2.11. Synthesis and molecular structure of 2.10zn with 50% probability thermal ellipsoids and
hydrogen atoms omitted for clarity. Selected bond distances (A) and angles (deg): Zn-N1 1.934(5), Zn-N3
1.949(3), Zn-N2A 2.11(2), Zn-N4A 2.055(6), N1-Zn-N2A 83.5(6), N1-Zn-N3 137.7(2), N1-Zn-N4A
117.7(2), N3-Zn-N2A 111.2(6), N3-Zn-N4A 86.4(2), N2A-Zn-N4A 125.9(6).

The molecular structure of 2.9zn displayed a strained tetrahedral geometry [N2-Zn-C3 =
95.4(1), C1-Zn-C3 = 125.5(2)°] with slightly elongated Zn-N bonds vs 2.8zn. The 'H NMR
spectrum (Fig. A39) of 2.10zn displayed a singlet at 5 3.84 due to O-CHj3 and singlets at & 3.75 and
3.66 for N-CH>. The molecular structure of 2.10zn showed a tetrahedral geometry with distortions
resulting from the ca. 85° bite angle of the amino-pyrrolide ligand. Both Zn-N distances (avg 1.94,

2.08 A) are somewhat shorter than those in 2.8zn (1.98, 2.19 A) and 2.9zn (2.02 and 2.21A).

As illustrated in Scheme 2.12, the target zinc complex ligated by two L3 and one small
NHC (2.11zn) could be synthesized through two separate pathways. Using 2.10zn as precursor
gave 2.11zn in higher yield (88%) than when 2.9z was used (63%). The *H NMR spectrum of
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2.11zn (Fig. A41) showed a singlet at 6 3.84 for O-CHs, two singlets at & 3.78 and 3.76 for N-CH>
a singlet at & 3.32 for DDI-CH3 and a broad NH resonance at 6 3.12. The molecular structure of
2.11zn consists of a distorted trigonal bipyramidal geometry around zinc. While the Zn-Npyrrotide
bond distances are similar to those in 2.8zn and 2.9zn, the Zn-Namino distances are substantially
longer (2.33, 2.54 A), reflecting the steric hindrance in five-coordinate 2.11zn.

Ccl Cl
=~

(1eq)

HaA3 (1 eq) \ N KO'Bu (1.05 eq)
. —_—
2 92n THF, rt, overnight - Zn/ - THF, n—' overnight 2.1OZn

(63% yield) S / (88% yield)
N N
Ty

—N
211z, am
Crystal color: light brown

\. cl .

Scheme 2.12. Synthesis and molecular structure of 2.11z, with 50% probability thermal ellipsoids and
hydrogen atoms omitted for clarity. Selected bond distances (A) and angles (deg): Zn1-N1 2.003(2), Zn1-
N2 2.329(2), Zn1-N3 1.975(2), Zn1-N4 2.540(2), Zn1-C1 2.061(2), N1-Zn1-N2 78.76(7), N1-Zn1-N3
123.81(8), N1-Zn1-N4 88.81(7), N1-Zn1-C1 123.14(8), N2-Zn1-N3 96.89(8), N2-Zn1-N4 160.22(7), N2-
Zn1-C1 100.94(8), N3-Zn1-N4 77.22(7), N3-Zn1-C1 112.75(8), N4-Zn1-C1 98.73(8).

2.3.2 Catalytic Activity of 2.8zn-2.11zn in Nitrile Dihydroboration

In the next step, complexes 2.8zn-2.11zn were evaluated as catalysts for dihydroboration of
nitriles (Table 2.3). Starting with 1 mol% loading at rt, 2.8zn and 2.9zn gave 70% and 92% yield
respectively after 14 h (entries 1 and 2), while 2.10zn and 2.11zn gave quantitative yields (entries
3 and 4). Lowering the 2.10zn loading to 0.5 mol% decreased the yield to 81% (entry 5), while
lowering the 2.11zn loading to 0.01 mol% had no effect (entries 6-9). Further decreasing the
loading of 2.11zn to 0.005 mol% dropped the yield to 61 mol% (entry 10). Shortening the reaction
time to 40 min kept the yield quantitative (entry 11), but to 30 min gave 93% vyield (entry 12).
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Table 2.3. Hydroboration of benzonitrile using 2.8zn-2.11z, as pre-catalysts

CN cat. (mol%) _Bpin
HBpin (2 eq) T
_—
CGDG! rt Bpin

Entry Cat. (mol%o) Time Yield* (%0) TON TOF

1 2.820 (1) 14() 70 70 -

2 2.920 (1) 14@Mh 92 92 -

3 2.10z0 (1) 14()  >99 99 -

4 2.11z0 (1) 14()  >99 99 -

5 210z, (0.5) 14@() 81 162 -

6 21120 (0.5) 14(h)  >99 198 -

7 2112, (0.1) 14(h)  >99 990 -

8 2117, (0.05)  14(h)  >99 1980 -

9 2117, (001)  14(h)  >99 9900 -

10 2117,(0.005) 14(h) 61 12200 871
11 2117,(0.01)  40(min) >99 9900 14850
12 2117,(0.01)  30(min) 93 9300 18600

Reaction condition: Benzonitrile (0.1 mmol), HBpin (0.2 mmol). Amount of the zinc catalysts were
calculated according to the amount of benzonitrile. "Product yields were determined by *H NMR
integration vs substrate.

To test the efficiency of the 2.11zn catalytic system on different nitriles, a scope study (Table 2.4)
was performed using 0.01 mol% 2.11zn at rt, aliphatic nitriles acetonitrile (entry a) and
isobutyronitrile (b) were converted quantitatively to their corresponding dihydroborated products
in 20 min, which is much faster than the best previous reports.*®33-3 For ortho-functionalized
substrates the chloro derivative (c) was hydroborated faster than the bromo one (d). It is unclear
whether this is solely a steric effect, however, as the same trend was observed for the meta-
substituted benzonitriles. For the para-substituted derivatives the bromo and methoxy derivatives
were hydroborated at nearly the same rate.?**® Considering the low loading of 2.11zn in these
catalytic reactions (TON=9900), its performance rivals the most active dihydroboration
catalysts.*®34-% |n fact, using 0.5 mol% of a zinc dihydride complex with a bulkier NHC ligand,
dihydroboration of 2-thiophenecarbonitrile gave a 95% yield of the diborylamine after 40 min'® as
compared to a comparable conversion using just 0.01 mol% of 2.11zn (entry i in Table 2.4).
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Table 2.4. Hydroboration of nitriles using 2.11z, as pre-catalyst”

2.112,(0.01 mol%)

HBpin (2 eq)
N RT, CsDg
20-50 min
N
P
O‘B‘ /0 / (
N—B - %
\>_/ \0 N — 0
§ (a) >99% (b) >99%
20 min 20 min
S \1
A » >y
O-B\ /o —B\ j
—B N-— B
/// \\ 4N \o § // \ =
o (c) >99% \ (d) >99%
Cl 40 min Br 50 min
S L N
AP 1y
cu\ O~B\ /oj; Br, O~B\ /oji
)- N—B a N—B
/ S__/ o< <\/ \f_/ o<
\
= (e) >99% e (f) >99%
40 min 50 min
"
AP
) J< i
—8
:*\/—\/—/ \O Br
= (g) >99% (h) >99%
\1 35 min 45 min
>l ?L
A P \ 37 §

-8 o~ -8 ol
N— B \ N—B
DK v /X
> (i) >99% (i) >99%

40 min 50 min

Reaction condition: Nitrile substrate (0.1 mmol), HBpin (0.2 mmol). “Product yields were determined by
!H NMR integration vs substrate. Selectivity in all cases was 100% for the reported products.

2.3.3 Catalytic Activity of 2.8zn-2.11zn in Quinoline Hydroboration

Complexes 2.8zn-2.11zn Were also assessed as catalysts for quinoline hydroboration (Table
2.5). With 5 mol% loading after 24 h at 23 °C, 61 and 88% yields were obtained using 2.8zn and
2.9zn, respectively (entries 1 and 2), whereas complete conversion was observed using 2.10zn and
2.11zn (3 and 4). Decreasing 2.10zn to 3 mol% gave 94% yield (5), while 2.11zn could be lowered
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to 0.05 mol% with no yield decrease (6-10); going to 0.01 mol% of 2.11zn gave a significant drop
to 63% yield (11). Decreasing the reaction time to 2.5 h maintained the quantitative yield (12),
while a further decrease to 2 h lowered the yield to 88% (13).

Using 0.05 mol% of 2.11zn, hydroboration of different quinoline derivatives was
investigated (Table 2.6). Sterically encumbered C2- and C8-substituted quinolines showed no
tendency for reduction (entries | and p), in agreement with previous reports.®’*° For C4-, C5- and
C3-substituted derivatives, full reduction was observed after 2.5 h (m-0). Acridine could also be

successfully reduced after 4 h (q) and isoquinoline after just 2.5 h (r).
2.3.4 Mechanistic Study of Quinoline Hydroboration Using 2.11zn

To probe the mechanism of quinoline hydroboration using 2.11zn, a set of reactions was performed
(See experimental section, mechanistic study part). First, stoichiometric treatment of 2.11zn with
quinoline showed no change in the *H NMR spectrum (Fig. A43). Quinoline hydroboration was
then performed using 10 mol% of 2.11zs, so the catalyst could be observed by *H NMR. As
depicted in Fig. S12, in addition to quinoline hydroboration product and (Bpin)2-L3, a singlet at 5
3.20 ppm, and some minor broad resonances between 6 3 and 3.6 were evident. This suggests that
the resting state of 2.11zn has no ligand L3 attached to zinc, as both L3 were converted to (Bpin)2-
L3. Then, 2.11zn was treated with 4 equiv of HBpin and the formed (Bpin)2-L.3 was extracted into
hexane. The remaining residue was filtered, dried and characterized by *H NMR and EI-MS. 'H
NMR of this residue again showed a singlet at & 3.20 ppm, and two small broad peaks at & 2.98
and 3.40 (Fig. A48). The EI-MS spectrum of the residue showed cations derived from both
ZnH>(DDI) and dimer [ZnH2(DDI)]2 (2.12zn) (Fig. A47). All efforts to grow crystals of 2.12zn,
using different solvents and methods, were unsuccessful as only tiny, twinned needles were
obtained which gave no processible X-ray diffractions. Using 0.05 mol% of isolated 2.12zn as a
catalyst for quinoline hydroboration gave the same yield as 2.11zn (Table 2.5, entry 14). When
isolated 2.12zn dimer was treated with 4 equiv of quinoline, half of the used quinoline was

converted to a new species and the other half was unreacted (Fig. A48).
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Table 2.5. Hydroboration of quinoline using 2.82,-2.11z, as pre-catalysts

Cat. (mol%)
N HBpin (1 eq) N
_— >
— C6D61 rt
N N

Bpin
Entry Cat. (mol%o) Time Yield* (%) TON TOF
(h)

1 2.8zn (5) 24 61 12 -

2 2.9zn (5) 24 88 17 -

3 2.10zn (5) 24 >99 19 -

4 2.11zn (5) 24 >09 19 -

5 2.10zn (3) 24 94 31 -

6 2.11zn (3) 24 >99 32 -

7 2.11zn (1) 24 >09 99 -

8 2.11zn (0.5) 24 >99 198 -

9 2.11zn (0.1) 24 >09 990 -
10 2.11zn (0.05) 24 >99 1980 -
11 2.11zn (0.01) 24 63 6300 262
12 2.11zn (0.05) 2.5 >09 1980 792
13 2.11zn (0.05) 2 88 1760 880
14 2.12zn (0.05) 3 >09 1980 660
15 2.12z0 (0.05)* 3 >99 1980 660

Reaction condition: Quinoline (0.1 mmol), HBpin (0.2 mmol). Amount of the zinc complexes were
calculated according to the amount of quinoline. ™ Product yields were determined by *H NMR integration
vs substrate. @ After the first run, 1 more equiv each of HBpin and quinoline were added in-situ as a second
run.

This observation clearly showed that only one of the hydrides is involved in the catalytic
cycle. This finding was supported by our VTNA Kkinetic analysis which showed first-order
dependence on the concentrations of quinoline, HBpin and 2.11zn (Figure 2.5). VTNA was also
employed to check if the 2.11zn catalytic system faces a barrier in the catalytic cycle. For this
purpose, two reactions were carried out in the presence of 2.11zn, with one monitoring
consumption of quinoline from the beginning, and the second one from the reaction time mid-
point. After performing the time adjustment, it was found the catalytic system suffers from neither
catalyst deactivation nor product inhibition (Fig. A69).
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Table 2.6. Hydroboration of quinoline using 2.11z, as pre-catalyst”

,,.,--‘.:-'::;..__: \ 2.1 12" (0.05 mol%) :‘E"_,.»-'.\::_»:::._ \
; 1 HBpin(1eq) Rz—— ) 1
SN RT,CeDg, 264 h T
B
X
N

N -
pin

QQCQ
f—%

Led

(k) >99% (I) <1% (m) >99%
25h

@?(ITQQ
o Mo o]

(n) >99% (0) >99% (p) <1°/..
25h 25h

50 00

(q) >99% (r) >99%
4h 25h

Reaction condition: Quinoline substrate (0.1 mmol), HBpin (0.1 mmol). "Yields were determined by 'H
NMR integration vs substrates. Selectivity in all cases was 100% for the reported products.
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Figure 2.5. 2.11zn-catalyzed quinoline hydroboration kinetic study using VTNA: (A) rate dependence on
[quinoline]; (B) rate dependence on [HBpin]; (C) rate dependence on [2.11zx].
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These findings support our experimental results when 2.12zn was used in a second catalytic run
and showed the same efficiency as the first (Table 2.5, entry 15). Plotting [1-Bpin-quinoline] vs.
the normalized rate components gave Kobs = 3325.2 mM2min (Fig. A68).

According to the obtained evidence, a plausible mechanism for quinoline hydroboration
using 2.11zn is shown in Scheme 2.13. The first step involves in-situ preparation of 2.12zn (1)
through 2.11zn reacting with 4 equiv of HBpin. Coordination of the quinoline is followed by
hydride transfer to C2 forming complex Il1. After that, another equiv of HBpin adds across the Zn-
B bond, affording the product and regenerating the Zn-H catalyst. Although the high catalytic
activity of 2.11zn can be partially attributed to the small size of the DDI ligand, addition of one
equiv. of DDI to 2.11zn still gave an 87% yield of the quinoline hydroboration product after just 3
h with a 0.1 mol% catalyst loading.

0 NA N,
[
] ﬂ N/ ~cl
| /
ol N o
-2(Bpin),-L3| HBpin (4 eq) SDD':<(NI
2H, / CI;
Bpln } 2
DDI Ho H Y |
Zn n e
\ -~ \ N
// / TH DDI
ppi, H—Bpin
b \
In—N w) /
W S
H H
)
>\DD|\ \ /
HBpin /Z"*N
H

7\
Scheme 2.13. Proposed mechanism for quinoline hydroboration using HBpin and 2.11z, precatalyst.
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2.3.5 Proposed Mechanism of Nitrile Dihydroboration Using 2.11zn

Based on the above information and a previous report,*® a plausible inner-sphere
mechanism can be proposed for the DDI-zinc dihydride (2.12zn) catalyzed nitrile hydroboration
(Scheme 2.14).

P — \ rrrrrrrrrrrrrrr y -2(Bpin)2-L3
; N Cl -2H, HBpin (2 eq)

H
RCH,N(Bpin),

Zn/ R—CN
>/ / 4 .

H—Bpm DDI

SHo vy my Zn—N
Zn N'J\ H/ \W\H

H >ipln () Z R
H H .
HBpin DDI\ HBpin

Zn—N

DDI

H Bpin

Scheme 2.14. Proposed mechanism for nitrile hydroboration using HBpin and 2.11z, precatalyst.
2.4 Conclusions

Zinc dihydride complexes are very active and sustainable catalysts in hydroboration
reactions.'® Our catalyst speciation studies using Zn bis(amido) and -bis(thiolate) SNS complexes
(2.1znand 2.2zn) showed that presumed mixtures of ZnH(alkoxide) and Zn(alkoxide), are effective
catalysts for carbonyl hydroboration as long as there is always substrate present. Depending on the

substrate, however, we can imagine that oligomerization of the substrate-derived alkoxide
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complexes could also be a liability for the long-term stability of these catalysts. Moreover, our
reinvestigation of the Cu amido catalysts, Cu(ik>-SMNSM®)(IPr) (2.6¢cu) identified an additional
liability for the SNS amido ligand which, upon borylation, is no longer an effective bidentate
chelating ligand. For the SNS thiolate ligand, hydroboration of the imine backbone was also
identified as a source of unwanted reactivity for the Zn bis(thiolate) complex (2.2zn). For both Cu

and Ag, we have been unable to identify the detailed catalyst speciation using this ligand.

In the last part of this Chapter, we employed bifunctional catalyst activation using an
amino-pyrrolide ligand (L3) to access a very reactive Zn dihydride catalyst bearing the small DDI
NHC ligand that would likely be difficult to prepare directly [vs. formation of ZnH2(DDI)2
(2.13zn)]. Adding the strong donor NHC ligands increases the reactivity of the Zn-H, enabling
hydroboration of nitriles and quinolines under ambient conditions at very low catalyst loadings.
Moreover, stoichiometric reactions indicated that only one of the two hydrides takes part in the
catalytic cycle and our VTNA Kinetic studies showed that the 2.11zn catalytic system faces no
challenging deactivation pathways, in accordance with its high activity and reusability. Given the
simplicity of the amino-pyrrolide ligand synthesis our MLC catalyst activation strategy may
represent a more general strategy by which air-stable metal coordination complexes can access

reactive metal hydride catalysts of a variety of E-H functionalization reactions.

2.5 Experimental Section

2.5.1 General Details (2.1zn-2.5zn)

All experiments were carried out under a dry nitrogen atmosphere using Schlenk
techniques or an MBraun glovebox unless otherwise stated. Hexane, diethyl ether, and THF were
dried on columns of activated alumina using a J. C. Meyer solvent purification system. Benzene-
d® (CsDs) was dried by standing over activated alumina (ca. 10 wt %). All solvents were stored
over activated (heated at ca. 250 °C for >10 h under vacuum) 4 A molecular sieves, except ethanol
which was stored over activated 3 A molecular sieves. Glassware was oven-dried at 160 °C for >1
h. The following chemicals were obtained commercially, as indicated: zinc chloride (Alfa Aesar,
99.98%), Dichloromethane (HPLC grade, >99.8%, contains amylene as stabilizer), ethanol
(anhydrous, <0.005% water) and LiN[Si(CHs)s]2 (Sigma Aldrich, 97%). 'H, 3C, !B, and HSQC

NMR spectra were recorded on a 300 MHz Bruker Avance Il instrument at room temperature. *H
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and *C{*H} NMR spectra were referenced to residual protons and solvent carbons (CeDs, & 7.13,
127.66 ppm; CDCls, § 7.26, 77.02 ppm). Proligands (HL1)" and (HL2)° and Zn bis(alkoxide)
complex 2.5zn2% were prepared according to literature procedures. For electron impact (El), solid
samples were prepared by drying products under vacuum, and spectra obtained using a Kratos
Concept S1 instrument (Hres 7000—10000). X-ray diffraction data were collected on a Bruker
Smart or Kappa diffractometer equipped with an ApexIl CCD detector and a sealed-tube Mo K
source (A = 0.71073 A). EI-MS data were collected using a Kratos Concept S1 instrument.

2.5.2 Synthesis and Characterization

2.5.2.1 Preparation of [Zn(k?-SMeNSMe),], (2.1zn)

7// Me;__ A 42 mL vial was charged with 2-(2-methylthiobenzyl)-
[:[N//"'Zn/ methylthioaniline, [SMeNHSMe] (0.201 g, 0.732 mmol),
\’ \N LiN[Si(CH3)s]2 (0.122 g, 0.732 mmol) and 15 mL of THF, and then

a solution of ZnCl; (0.05 g, 0.366 mmol, in 5 mL of THF) was

added gradually, which resulted in a yellowish solution. The

Me resulting solution was stirred overnight at room temperature.

Afterward, the solution was pumped off under vacuum. The complex was extracted into benzene
and then filtered. After removing the benzene under vacuum the resulting precipitate was washed
with diethyl ether multiple times and then crystallized from DCM at -35 °C. The crystalline
product was then filtered and dried in vacuo. Yield: 0.156 g, 69% based on ZnCl,. Crystals of
2.1zn suitable for X-ray crystallography were obtained by layering a DCM solution of 2.1zn with

hexane.

1H NMR (300 MHz, CDCls at 25 °C): 5 2.18 (s, 6H, S—Me), 2.43 (s, 6H, S—Me), 4.19 (s, 4H, N-
CHy), 6.34 (m, 4H, Ar—H), 6.91 (td, 2H, Ar—H), 7.12 (m, 8H, Ar—H), 7.3 (dd, 2H, Ar—H). 3C{tH}
NMR (75 MHz, CDCls, 25 °C,):  15.1 (s, 2C, S—CH3); 21.9 (s, 2C, S—-CH3); 51.4 (s, 2C, N—
CH2); 111.0 (s, 2C, ArSNS-C); 111.7 (s, 2C, ArSNS-C); 113.6 (s, 2C, ArSNS-C); 124.3 (s, 2C,
ArSNS-C); 124.5 (s, 2C, ArSNS-C); 127.4 (s, 2C, ArSNS—C); 128.0 (s, 2C, ArSNS-C); 131.9 (s,
2C, ArSNS-C); 135.0 (s, 2C, ArSNS-C); 137.4 (s, 2C, ArSNS-C); 138.7 (s, 2C, ArSNS-C); 156.5
ppm (s, 2C, ArSNS-C) (Figures Al and A2).
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2.5.2.2 Preparation of [Zn(k?-SNSM®);], (2.2zn)

// Me A 42 mL vial was charged with 2-(2-methylthiophenyl)-

/ N

N/,,,,' / benzothiazolidine, [SPNSMe]  (0.190 g, 0.732 mmol),
@: (Zn\ LiN[Si(CHa)s]2 (0.122 g, 0.732 mmol) and 15 mL of THF, and

then a solution of [ZnCl;] (0.05 g, 0.366 mmol, in 5 mL of THF)
was added gradually, giving a red solution. The resulting solution

Me was stirred overnight at room temperature, yielding a red
precipitate that was filtered, washed with THF (2 times) and diethyl ether (multiple times) and
then recrystallized from hot THF. Finally, the recrystallized product was filtered and dried under
vacuum. Yield: 0.158 g, 74% based on [ZnCl2]. Crystals of 2.2zn suitable for X-ray crystallography

were obtained by layering a DCM solution of 2.2zn with hexane.

H NMR (300 MHz, CDClz at 25 °C): § 2.47 (s, 6H, S—Me), 6.49 (td, 2H, Ar—H), 7.02 (m, 6H,
Ar—H), 7.28 (m, 4H, Ar—H), 7.44 (dd, 2H, Ar-H), 7.61 (dd, 2H, Ar—H), 9.06 (s, 2H, N=CH).
BC{*H} NMR (75 MHz, CDCls, 25 °C): 17.1 (s, 2C, S-CH3); 119.2 (s, 2C, ArSNS-C); 122.7
(s, 2C, ArSNS-C); 125.4 (s, 2C, ArSNS-C); 127.5 (s, 2C, ArSNS-C); 128.7 (s, 2C, ArSNS-C);
129.5 (s, 2C, ArSNS-C); 132.9 (s, 2C, ArSNS-C); 133.0 (s, 2C, ArSNS-C); 133.7 (s, 2C, ArSNS—
C); 141.4 (s, 2C, ArSNS-C); 144.4 (s, 2C, ArSNS-C); 146.4 (s, 2C, ArSNS-C); 163.1 ppm (s,
2C, N=C) (Figures A3 and A4).

2.5.2.3 Preparation of [Zn(k?-SMeN-SMe)(k2-S-NSMe)], 2.4zn

/“Me = A 42 mL vial was charged with ZnCl, (0.138 g, 1.016 mmol) in 5

N,_ / mL of THF and then a solution of 2-(2-methylthiobenzyl)-
E:[ (Zn\ND methylthioaniline, [SMN"SMe] (0.280 g, 1.016 mmol) and
LiN[Si(CH3)s]. (0.170 g, 1.016 mmol) in 15 mL of THF was

E(j added gradually, giving a yellowish solution. The resulting

Me solution was stirred for 3 h at room temperature. Then a solution

of 2-(2-methylthiophenyl)benzothiazolidine, [STNSM®¢] (0.263 g, 1.016 mmol) and LiN[Si(CHz3)s]2
(0.170 g, 1.016 mmol) in 15 mL of THF was added, yielding an orange solution with precipitate
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after 1 h. The mixture was stirred for 2 h and t filtered, washed with DEE and dried under vacuum.
Yield: 0.458 g, 75% based on ZnCl,. Crystals of 2.4zn suitable for X-ray crystallography were
obtained by layering a DCM solution of 2.4zn with hexane.

'H NMR (300 MHz, CDClIs, 25 °C): & 2.27 (s, 3H, S—Me), 2.35 (s, 3H, S—Me), 2.52 (s, 3H,
S—Me) 4.06 (dd, 2H, N-CH>), 6.29 (td, 1H, Ar—H), 6.43 (dd, 1H, Ar—H), 6.84 (td, 1H, Ar—H),
7.02 (m, 7H, Ar—H), 7.16 (dt, 2H, Ar—H), 7.29 (m, 2H, Ar-H), 7.45 (d, 2H, Ar-H). 3C{*H} NMR
(75 MHz, CDCls, 25 °C): 15.6 (s, 1C, S—CH3); 16.9 (s, 1C, S-CH3); 22.3 (s, 1C, S-CH3); 51.5
(s, 1C, N-CH2); 111.4 (s, 1C, ArSNS-C); 111.5 (s, 1C, ArSNS-C); 114.2 (s, 1C, ArSNS-C);
119.0 (s, 1C, ArSNS-C); 122.7 (s, 1C, ArSNS-C); 124.8 (s, 1C, ArSNS-C); 125.4 (s, 1C, ArSNS—
C); 1255 (s, 1C, ArSNS-C); 126.8 (s, 1C, ArSNS-C); 127.8 (s, 1C, ArSNS-C); 128.6 (s, 1C,
ArSNS-C); 129.0 (s, 1C, ArSNS-C); 129.5 (s, 1C, ArSNS-C); 132.0 (s, 1C, ArSNS-C); 132.3 (s,
1C, ArSNS-C); 132.8 (s, 1C, ArSNS-C); 133.3 (s, 1C, ArSNS-C); 135.4 (s, 1C, ArSNS-C); 138.2
(s, 1C, ArSNS-C); 138.7 (s, 1C, ArSNS-C); 141.4 (s, 1C, ArSNS—C); 143.4 (s, 1C, ArSNS-C);
146.5 (s, 1C, ArSNS-C); 156.1 (s, 1C, ArSNS-C); 161.8 ppm (s, 1C, N=C) (Figures A5 and A6).

2.5.3 Catalysis protocols (2.1zn-2.5zn)

A stock solution of 2.4zn was prepared by dissolving 5.9 mg 2.4zn in 5 mL of CsDs. A vial
containing appropriate amount of catalyst [2.1zn (6.1 mg, 1mol%), 2.2zn (5.8 mg, 1mol%), 2.4zn
(5.9 mg, 1mol%), or 0.5 mL of stock solution of 2.4zn (0.59 mg, 0.1 mol%)], was charged with
0.5 mL CgDs, 1.00 mmol of carbonyl substrate (102 uL. of benzaldehyde, 116 pL of acetophenone),
and subsequently with 1.00 mmol of pinacolborane (145 pL), resulting in a color change from red
2.2zn, pale-yellow 2.1z or orange 2.4zn to colorless. The rate of color change for 2.4zn was
extremely fast, for 2.1zn was relatively fast, and for 2.2zn was slow. The solution was charged to
an NMR tube for further analysis. Reaction times varied slightly from 5-30 minutes. Yield was

determined by *H NMR in reference to internal standard mesitylene.

Hydroboration of benzaldehyde

OBpin
Following the general procedure, benzaldehyde (101.7 pl, 1.00 mmol),
pinacolborane (144.5 uL, 1.00 mmol), and either 2.1zn (6.1 mg, 1 mol%), or 2.2zn
(5.8 mg, 1 mol%), or 2.4zn (5.9 mg, 1mol%) were used. *H NMR showed
guantitative conversion to hydroboration product after 5 min for 2.1zn and 2.2zn, and 15 seconds
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for 2.4zn at room temperature. 1'B and *H NMR shifts matched with literature values.* (Figure
Al7)

Hydroboration of 4-trifluoromethylbenzaldehyde

OBpin
Following the general procedure, 4-Trifluoromethylbenzaldehyde (136.5
uL, 1.00 mmol), pinacolborane (144.5 ul, 1.00 mmol), and either 2.1zn (6.1
mg, 1 mol%), or 2.2zn (5.8 mg, 1 mol%) were used. *H NMR showed
quantitative conversion to hydroboration product after 5 min, at room
temperature. (Figure A18)

Fs;C

Hydroboration of cinnamaldehyde

©\/\/08pin Following the general procedure, cinnamaldehyde (125.8 pl, 1.00

mmol), pinacolborane (144.5 pL, 1.00 mmol), and either 2.1zn (6.1 mg,
1 mol%), or 2.2zn (5.8 mg, 1 mol%) were used. *H NMR showed quantitative conversion to
hydroboration product after 5 min at room temperature. (Figure A19)

Hydroboration of acetophenone

OBpin

Following the general procedure, acetophenone (116 pL, 1.00 mmol),

pinacolborane (144.5 pL, 1.00 mmol), and either 2.1zn (6.1 mg, 1 mol%), or

2.2zn (5.8 mg, 1 mol%), or 2.4zn (5.9 mg, 1mol%), or 0.5 mL of stock solution

of 2.4zn (0.59 mg, 0.1 mol%) were used. *H NMR showed quantitative
conversion to hydroboration product after 25 min for 2.1zn and 2.2zn, 15 seconds for 2.4zn (1
mol%), and 16 min for 2.4zn (0.1 mol%) at room temperature. *B and *H NMR shifts matched
with literature values.* (Figure A20)

Hydroboration of 5-hexen-2-one

OBpin

Following the general procedure, 5-hexen-2-one (115.8 pL, 1.00 mmol),
X pinacolborane (144.5 uL, 1.00 mmol), and either 2.1zn (6.1 mg, 1 mol%),
or 2.2zn (5.8 mg, 1 mol%) were used. *H NMR showed quantitative conversion to hydroboration
product after 20 min, at room temperature. (Figure A21)

Hydroboration of benzophenone

61


javascript:
javascript:

OBpin
Following the general procedure, benzophenone (182 mg, 1.00 mmol),

pinacolborane (144.5 uL, 1.00 mmol), and either 2.1zn (6.1 mg, 1 mol%),

or 2.2zn (5.8 mg, 1 mol%) were used. *H NMR showed quantitative

conversion to hydroboration product after 28 min, at room temperature.
(Figure A22)

Hydroboration of 1-adamantyl methyl ketone

OFPI" Eollowing the general procedure, cinnamaldehyde (178 mg, 1.00 mmol),

pinacolborane (144.5 uL, 1.00 mmol), and either 2.1zn (6.1 mg, 1 mol%),
or 2.2zn (5.8 mg, 1 mol%) were used. *H NMR showed quantitative
conversion to hydroboration product after 25 min, at room temperature. (Figure A23)

2.5.4. Mechanistic Studies
2.5.4.1 Stoichiometric reaction of 2.1z, with HBpin: Formation of Bpin-L1

A pale-yellow solution of 2.1zn (0.05 g, 0.08 mmol) in Ce¢Ds was

Me charged with pinacolborane (11.5 pL, 0.08 mmol), resulting in a fast

soineN color change to almost colorless. The crude *H NMR spectrum showed

pin half of 2.1z was consumed into a new compound and half remained as

Bpin-L1 2.1zn, and also a light grey precipitate was formed. In another attempt,
Me the ratio of pinacolborane was increased to 2 equiv (23 pL, 0.16 mmol)

and full consumption was observed. The light grey precipitate was filtered off and the filtrate
evaporated slowly. After 2 days colorless crystals were formed. The *H and !B NMR spectra and
X-ray diffraction study revealed the product to be Bpin-L1 (Figures A7 and A8).

IH NMR (300 MHz, CsDs at 25 °C): & 1.17 (s, 12H, Bpin Me), 1.83 (s, 3H, S—Me), 1.97 (s, 3H,
S—Me), 5.07 (s, 2H, N-CHy), 6.68 (td, 1H, Ar—H), 6.80 (td, 1H, Ar—H), 6.88 (dd, 1H, Ar—H), 6.96
(m, 3H, Ar—H), 7.03 (dd, 1H, Ar-H), 7.62 (m, 1H, Ar—H). 'B{*H} NMR (96 MHz, CsDs, 25
°C,): 24.1 ppm (s).
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2.5.4.2 Stoichiometric reaction of 2.2zn with HBpin: Formation of (2.3zn)

“SM A red suspension of 2.2zn (0.05 g, 0.085 mmol) in CsDs was
e
charged with pinacolborane (12.5 pL, 0.085 mmol), giving a

/ WBpin
//"'Zn/ D homogeneous light orange solution after 3 h. The crude *H NMR
N

7N spectrum showed half of 2.2z, was converted into a new species
Bpin’ and half remained as 2.2zn. In another attempt, the ratio of

2.3zq pinacolborane was increased to 2 equiv (25 pL, 0.17 mmol) giving
Me a very slow color change to colorless, and full consumption of

2.2zn was monitored by *H NMR. After complete conversion, the solvent was removed under
vacuum and the residue washed with hexane and filtered. The high temperature *H NMR of the
solution at 50 °C revealed a new species 2.3zn (Figure A9). 2.3zn was also characterized by °C

and *B NMR (Figures A10 and A11). All attempts at growing a crystal of 2.3z, were unsuccessful.

IH NMR (300 MHz, CsDs at 45 °C): § 1.24 (s, 24H, Bpin Me), 2.00 (s, 6H, S—Me), 4.91 (s, 4H,
N-CH,), 6.68 (m, 4H, Ar—H), 6.83 (m, 6H, Ar-H), 6.98 (m, 4H, Ar—H), 7.75 (s, 2H, Ar—H).
BC{*H} NMR (75 MHz, CeDs, 45 °C):15.9 (S-Me); 24.3 (Bpin Me); 50.3 (N-CHy); 82.4 (Bpin);
110.9 (ArSNS-C); 118.5 (ArSNS-C); 124.5 (ArSNS-C); 125.5 (ArSNS-C); 127.0 (ArSNS-C);
129.9 (ArSNS-C); 130.9 (ArSNS-C); 134.6 (ArSNS-C); 136.1 (ArSNS-C); 137.1 (ArSNS-C);
144.5 ppm (ArSNS-C). 1B{*H} NMR (96 MHz, CsDs, 45 °C): 21.1 ppm. EI-MS showed (Bpin-
H-L2)* Calc’d for [C2a1H27BNO-S;] 387.15, Found 387.2 (Figure A12).

2.5.4.3 Stoichiometric reaction of 2.3zn with benzaldehyde: Formation of S-P1

©—< D After the reaction mentioned in section 4.2 (1 equiv of 2.2zn and 2
N

equiv of pinacolborane in CsDg) became colorless and 2.3zn was
formed, 2 equiv of benzaldehyde (17.2 uL, 0.17 mmol) was added to

S-P1 the reaction mixture, resulting immediately in a pale yellow solution.

Me After 3 h the solvent was evaporated under vacuum and the residue
was washed with hexane and filtered. *H NMR of both solid and filtrate showed no hydroborated

product, but the latter showed a new product is formed (S-P1). The product was isolated using
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column chromatography and characterized by *H and *C NMR, and X-ray crystallography
(Figures A13 and A14)

'H NMR (300 MHz, CDCls at 25 °C): § 2.45 (s, 3H, S-Me), 4.31 (g, 2H, N-CH>), 6.24 (s, 1H,
N-CHR-S), 6.29 (dd, 1H, Ar—H), 6.73 (td, 1H, Ar—H), 6.96 (td, 1H, Ar—H), 7.11 (m, 2H, Ar—H);
7.30 (m, 6H, Ar—H), 7.48 (m, 2H, Ar—H). 3C{*H} NMR (75 MHz, CDCls, 25 °C): 15.8 (S-Me);
48.5 (N-CHy); 74.3 (N-C-S); 107.7 (ArSNS-C); 119.1 (ArSNS-C); 121.4 (ArSNS-C); 125.0
(ArSNS-C); 125.5 (ArSNS-C); 125.7 (ArSNS-C); 125.7 (ArSNS-C); 127.2 (ArSNS-C); 127.3
(ArSNS-C); 127.7 (ArSNS-C); 128.7 (ArSNS-C); 128.9 (ArSNS-C); 134.3 (ArSNS-C); 136.9
(ArSNS-C); 140.3 (ArSNS-C); 147.0 ppm (ArSNS-C).

2.5.4.4 Stoichiometric reaction of 2.3z, with cinnamaldehyde: Formation of S-P2

\ D After the reaction mentioned in section 4.2 (1 equiv of 2.2zn
and 2 equiv of pinacolborane in Ce¢Ds) became colorless and

N 2.3zn was formed, 2 equiv of cinnamaldehyde (21.4 pL, 0.17

mmol) was added to the reaction mixture, resulting

o Me immediately in a very pale yellow solution. After 3 h the
solvent was evaporated under vacuum and the residue was washed with hexane and filtered. H
NMR of both solid and filtrate showed no hydroboration product, but the latter showed a new
product is formed (S-P2). The product was isolated using column chromatography and

characterized by *H and *3C NMR (Figures A15 and A16).

!H NMR (300 MHz, CDClz at 25 °C): & 2.45 (s, 3H, S-Me), 4.40 (s, 2H, N-CHy), 5.80 (dd, 1H,
N-CHR-S), 6.26 (dd, 1H, Ar—H), 6.44 (m, 2H, Ar—H), 6.68 (td, 1H, Ar—H), 6.91 (td, 1H, Ar—H),
7.07 (dd, 1H, Ar—H), 7.14 (m, 1H, Ar—H), 7.30 (m, 7H, Ar—H). BC{*H} NMR (75 MHz, CDCls,
25 °C,): 15.1 (S-Me); 48.5 (N-CHy); 73.1 (N-C-S); 107.8 (ArSNS-C); 118.9 (ArSNS-C); 121.8
(ArSNS-C); 125.0 (ArSNS-C); 125.0 (ArSNS-C); 125.6 (ArSNS-C); 125.7 (ArSNS-C); 126.89
(ArSNS-C); 127.0 (ArSNS-C); 127.4 (ArSNS-C); 127.8 (ArSNS-C); 128.2 (ArSNS-C); 128.6
(ArSNS-C); 129.6 (ArSNS-C); 132.3 (ArSNS-C); 135.8 (ArSNS-C); 137.0 (ArSNS-C); 146.8
ppm (ArSNS-C).
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2.5.4.5 Stoichiometric reaction of 2.4z, with benzaldehyde and HBpin

In order to find out which one of L1 and L2 plays the dominant role in catalysis, an orange
suspension of 2.4z, (0.01 g, 0.017 mmol) in CeDs was charged with benzaldehyde (3.4 pL, 0.034
mmol), and then pinacolborane (2.5 pL, 0.017 mmol) was added, giving a homogeneous light
orange solution after 3-5 min. The crude *H NMR spectrum showed presence of free benzaldehyde,
hydroborated benzaldehyde, Bpin-L1 and S-P1. After addition of the second equivalent of
pinacolborane, the *H-NMR spectrum showed hydroborated benzaldehyde, Bpin-L1 and S-P1
(Figure A26).

2.5.4.6 Monitoring Acetophenone Hydroboration Reactions Using Zinc Complexes

To monitor the reaction progress, a vial was charged with acetophenone (116 pL, 1.00
mmol) and either 2.1zn (6.1 mg, 1 mol%), 2.2zn (5.8 mg, 1 mol%), or 2.4zn (5.9 mg, 1 mol%), or
0.5 mL of stock solution of 2.4zn (0.59 mg, 0.1 mol%), then 0.3 mL of CsDe was added and the
solution transferred to an NMR tube and capped with a rubber septum. Another vial was charged
with pinacolborane (144.5 pL, 1.00 mmol) and 0.3 mL CsDs, and the solution was transferred to a
1 mL syringe. Then, the syringe was capped by poking into the rubber septum. The NMR tube
containing the reaction mixture and the syringe were removed from the glovebox. The HBpin was
injected into the NMR tube, shaken quickly, and immediately inserted into the NMR spectrometer.
A 'H NMR spectrum was taken every 15-25 sec for 25 min at room temperature. Concentration of

the product was calculated based on the characteristic signals of the product and acetophenone.

For the reactions carried out in THF, the conditions and procedures are the same but the
solvent was THF intead of CeDs, and the concentration of the product was calculated based on the
characteristic signals of the product and HBpin by !B NMR.

2.5.5 X-ray Diffraction Data (2.1zn, 2.2zn and 2.4zn)

Crystallographic data were collected from single crystals mounted on MiTeGen dual
thickness MicroMounts using Parabar oil. Data were collected on a Bruker Smart Apexl| single
crystal diffractometer equipped with a graphite monochromator. The instrument was equipped
with a sealed tube Mo Ke source (4 = 0.71073 A), an ApexIl CCD detector and a dry compressed

air-cooling system. All samples were cooled to 203(2) K during data collection. Raw data
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collection and processing were performed with the Apex3 software package from Bruker.*? Initial
unit cell parameters were determined from 36 data frames from select w scans. Semi-empirical
absorption corrections based on equivalent reflections were applied.*® Systematic absences in the
diffraction data-set and unit-cell parameters were consistent with the assigned space group. The
initial structural solutions were determined using ShelxT direct methods,* and refined with full-
matrix least-squares procedures based on F? using ShelXL or ShelXle.** Compound Bpin-L1
exhibited minor positional disorder which was refined in ShelXle. Hydrogen atoms were placed

geometrically and refined using a riding model.

2.5.6 General considerations (2.7ag, 2.8zn-2.12zn)

All experiments were carried out under dinitrogen, using an MBraun glovebox unless
otherwise stated. Diethyl ether, toluene and THF were dried on columns of activated alumina using
a J. C. Meyer (formerly Glass Contour) solvent purification system. Anhydrous Ce¢Ds were dried
with activated alumina (ca. 10 wt %) overnight, followed by filtration. CDClz was stored over
activated 4 A molecular sieves (heated at 250 °C for 24 h under vacuum). Anhydrous ethanol and
DCM were purchased from Aldrich and used as obtained. 4,5-dichloro-1,3-dimethyl-1H-imidazol-
3-ium iodide® was prepared according to literature procedures. Other chemicals were used as
obtained commercially: CuCI(IPr), AgCI(IPr) and AuCI(IPr) (Sigma Aldrich), triethoxysilane
(Sigma Aldrich, 95%), pinacolborane (Sigma Aldrich, 97%), LiN[Si(CH3)s]2 (Sigma Aldrich,
97%), 2-methoxybenzylamine (Sigma Aldrich, 98%), Pyrrole-2-carboxaldehyde (Alfa Aesar,
99%), Sodium borohydride (Sigma Aldrich, >98%), Potassium tert-butoxide (Sigma Aldrich,
>98%) and 1M diethyl zinc (1.0 M in hexane, Sigma Aldrich) and NaN[Si(CH?3)s]2 (Sigma Aldrich,
95%). *H, BC{*H} and !B NMR spectra were recorded on a 300 MHz Bruker Avance or Avance
Il instrument at room temperature (21-25 °C). *H NMR spectra were referenced respectively to
solvent residual protons (CsDs, & 7.15; CDCls, & 7.26), 13C to solvent resonances and !B to
external FsB*OEt, at 0 ppm. Proligand HL1 was prepared according to literature procedures.’
Mass spectra were recorded on an AB Sciex Q1MS mass spectrometer with electrospray ionization
(ESIMS) in positive mode (ion spray voltage, 5000.0 V; TEM, 400 °C; declustering potential,
11.00 V; focusing potential, 300.0 V) with samples prepared to ca. 0.05 mg/mL in acetonitrile or
dichloromethane. For electron impact (El), solid samples were prepared by drying products under

vacuum, and spectra obtained using a Kratos Concept S1 instrument (Hres 7000—10000). X-ray
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diffraction data were collected on a Bruker Smart or Kappa diffractometer equipped with an
Apexll CCD detector and a sealed-tube Mo K source (A = 0.71073 A).

2.5.7 Synthesis of 2.7ag

A 42 mL glass vial was charged with AgCI(IPr) (200 mg, 0.376 mmol) and 5 mL of
THF. To this solution was added dropwise a solution containing HL1 (103 mg, 0.376
mmol) and NaHMDS (69 mg, 0.376 mmol) in 5 mL of THF. The final solution turned
colorless immediately and was stirred for 6 h. The solvent was then evaporated under
vacuum and the product extracted with DCM (2 x 3 mL). The DCM was evaporated under
vacuum and the resulting residue was washed with hexane (3 x 3 mL) and filtered, giving
255 mg of 2.7ag as a white powder (88%). Crystals suitable for X-ray crystallography were
grown by hexane layering of a concentrated DCM solution of 2.7ag after 3 days. 'H NMR
(300 MHz, CDCls): § 1.25 (d, 12H, CH(CHz)2, *Jun = 6.5 Hz); 1.31 (d, 12H, CH(CHa)2, 3JnH =
6.5 Hz); 2.38 (s, 3H, SCHs); 2.54 (s, 3H, SCHa); 2.57 (sept, 4H, CH(Me)2, 3Jun = 6.5 Hz); 4.47 (s,
2H, N-CH>); 6.59 (dd, 1H, Ar-H, 3Jun = 8 Hz, *Jun = 1 Hz); 6.68 (ddd, 1H, Ar—H, 3Jun = 7.5, *Jnm
=1 Hz); 7.17 (d, 4H, Ar-H); 7.24 (dd, 1H, Ar-H, 3Jun = 1.5 Hz, “Jun = 1 Hz); 7.31 (s, 2H, Ar—
H); 7.34 (ov mult, 4H, Ar—H); 7.45 (dd, 1H, Ar—H, 3Jun = 7.5, 7.5, “Jun = 1.5 Hz); 7.53 (ov mult,
3H, Ar-H, 3Jun = 8, 8 Hz). BC{*H} NMR (CDCls, 25 °C, 300 MHz): & 16.0 (s, 1C, SCHs3); 18.4
(s, 1C, SCH3); 24.0 (s, 4C, CHCHz); 24.8 (s, 4C, CHCHa); 28.8 (s, 4C, CHCHz3); 45.9 (s, 1C,
NCH>); 110.5 (s, 1C, Ar-C); 114.4 (s, 1C, Ar-C); 117.2 (s, 1C, Ar—C); 120.0 (s, 2C, HC=CH);
120.6 (s, 1C, ArC); 123.7 (s, 1C, ArC); 123.8 (s, 1C, ArC); 124.2 (s, 1C, ArC); 125.1 (s, 1C, ArC);
126.0 (s, 1C, ArC); 127.7 (s, 1C, ArC); 127.9 (s, 1C, Ar-C); 129.5 (s, 1C, Ar-C); 130.9 (s, 1C,
Ar-C); 134.2 (s, 1C, Ar-C); 134.4 (s, 1C, Ar-C); 145.1 (s, 1C, Ar-C); 157.2 (s, 1C, CuC). EI-MS
[M—H]" 770.3221, Calc’d 770.2760 (Fig. A32).

2.5.8 Stoichiometric Reaction of 2.6cu with HBpin

A pale-yellow solution of 2.6cu (0.01 g, 0.014 mmol) in CsDe was charged with
pinacolborane (0.002 g, 2 ul, 0.014 mmol), resulting in an immediate color change to deep yellow.
The crude *H NMR spectrum showed complete consumption of 2.6cu into [CuH(IPr)]2 and Bpin-
L1.
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2.5.9 Stoichiometric Reaction of 2.7ag with HBpin

A colorless solution of 2.7ag (0.01 g, 0.014 mmol) in Ce¢Ds was charged with pinacolborane (0.002
g, 2 ul, 0.014 mmol), resulting in an immediate color change to black which became a colorless
solution with insoluble black precipitate. The crude *H NMR spectrum showed complete
conversion of 2.7ag into Bpin-L1 and presumably silver metal (Fig. A33).

2.5.10 Synthesis of H2L.3 and 2.8zn-2.112n
2.5.10.1 Synthesis of H2L3

A 100 mL round bottom flask was charged with 4-methoxybenzylamine (1000 mg, 7.28
mmol), pyrrole-2-carboxaldehyde (690 g, 7.28 mmol), 40 mL ethanol, and a stir bar. The solution
was stirred at 60 “C for 5 h. Then, the solution was cooled down to room temperature and then to
0-5 °C using an ice bath. To this solution, was added NaBH4 (0.55 g, 14.56 mmol) pinch-wise and
then the mixture was heated up to 50 °C for 2 h, resulting in a color change from pale orange to
colorless. Afterward, the solvent was evaporated under vacuum and 50 mL H>O was added. The
product was extracted into dichloromethane (3 x 30 mL) and the organic phase was washed with
brine solution (50 mL, 1 M). After that, the solution was concentrated to 5 mL and kept in -5 °C
overnight, affording big crystals of H2L3 (1.24 g, 78%). The crystals were suitable for single X-
ray crystallography. *H NMR (300 MHz, CDCl3) § 9.21 (b, 1H, Pyrrole-NH), 7.28 (t, 1H, Ar-H),
7.21(d, 1H, Ar-H), 6.92 (ov mult, 2H, Ar-H), 6.71 (dd, 1H, Ar—H), 6.14 (dd, 1H, Ar-H), 6.03 (d,
1H, Ar—H), 3.84 (s, 3H, O-CH?), 3.80 (d, 2H, -CH>-), 3.78 (d, 2H, -CHy-), 2.62 (b, 1H, -NH-).
BC{*H} NMR (75 MHz, CDCl3) § 157.7, 130.2, 128.5, 127.5, 120.4, 130.6, 117.3, 110.3, 107.8,
106.3, 55.2 (O-CHs3), 48.6 (-CH>-), 45.5 (-CH>-) (Fig. A34).

2.5.10.2 Synthesis of 2.8zn

A 42 mL vial was charged with 1M diethyl zinc solution in hexane (4 mL, 4 mmol), 5 mL
DEE and a stir bar. To this solution, was added a DEE solution of H2L.3 (865 mg, 4 mmol, in 10
mL of DEE) dropwise at room temperature. After 2 h, a white precipitate was formed. The mixture
was stirred for 3 more hours and then the precipitate was filtered, washed by DEE (3 x 2 mL), and
dried under vacuum, resulting in 2.8zn (1180 mg, 95%). Crystals of 2.8zn suitable for X-ray
crystallography were obtained from hexane layering of a concentrated DCM solution at room
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temperature after 1 day. *H NMR (300 MHz, CDCls) § 7.38 (d, 1H, Ar—H), 7.25 (t, 1H, Ar—H),
7.00 (t, 1H, Ar-H), 6.92 (ov mult, 2H, Ar-H), 6.32 (t, 1H, Ar-H), 6.07 (d, 1H, Ar—H), 3.93 (s, 3H,
O-CHs), 3.87 (d, 2H, -CH>-), 3.67 (d, 2H, -CH2-), 3.12 (b, 1H, NH), 1.09 (t, 3H, ethyl’s -CH3),
0.22 (q, 2H, ethyl’s -CH2-). ®*C{*H} NMR (75 MHz, CDCls) § 157.6, 131.2, 130.2, 124.8, 121.5,
120.9, 118.5, 111.2, 109.0, 103.0, 55.7 (O-CHs), 50.4 (-CH2-), 48.3 (-CH2-). MS: [M*] 308.0,
Calcd. 308.09 (Fig. A36).

2.5.10.3 Synthesis of 2.9zn

A 42 mL vial was charged with 2.8zn (325 mg, 1.05 mmol) in 5 mL THF and a solution of
4,5-dichloro-1,3-dimethyl-1H-imidazol-3-ium iodide (307 mg, 1.05 mmol) and KO'Bu (117 mg,
1.05 mmol) in 10 mL THF was added dropwise. No color change was observed. After stirring
overnight at room temperature, the solution was filtered and the solvent was evaporated under
vacuum. The residue was washed with hexane (3 x 3 mL) and DEE (3 x 3 mL) and dried under
vacuum to give a white powder as 2.9zn (410 mg, 82%). Crystals of 2.9zn suitable for X-ray
crystallography were obtained from hexane layering of a concentrated DCM solution at room
temperature after 2 days. *H NMR (300 MHz, CDCls) § 7.28 (t, 1H, Ar—H), 7.13 (d, 1H, Ar-H),
6.93 (t, 1H, Ar-H), 6.80 (ov mult, 2H, Ar-H), 6.24 (t, 1H, Ar-H), 6.06 (d, 1H, Ar—H), 3.89 (s, 2H,
-CH>-), 3.76 (s, 3H, O-CHzs), 3.66 (s, 2H, -CH2-), 3.44 (s, 6H, -CH3), 1.24 (t, 3H, ethyl’s -CHs3),
0.05 (q, 2H, ethyl’s -CH2-). ®*C{*H} NMR (75 MHz, CDCls) § 158.2, 139.5, 136.6, 131.9, 128.2,
128.7, 125.1, 121.0, 112.8, 110.1, 107.5, 102.4, 55.1 (O-CHs), 51.6 (-CH2-), 49.9 (-CH,-), 31.9
(CHs), 22.9 (ethyl’s -CHs), 14.2 (ethyl’s -CH2-). MS: [M*] 473.0, Calcd. 473.09 (Fig. A38).

2.5.10.4 Synthesis of 2.10zn

A 42 mL glass vial was charged with 2.8zn (325 mg, 1.05 mmol) in 5 mL of THF and a
solution of H2L.3 (227 mg, 1.05 mmol) was added dropwise at room temperature. No color change
was observed. After stirring overnight at room temperature, the solution was filtered and the
solvent was evaporated under vacuum. The residue was washed with hexane (3 x 3 mL) and dried
under vacuum to give a white powder of 2.10zn (498 mg, 95%). Crystals of 2.10zn suitable for X-
ray crystallography were obtained from hexane layering of a concentrated THF solution at room
temperature after 6 h. 'H NMR (300 MHz, CDCls) & 7.36 (t, 2H, Ar-H), 6.89 (ov mult, 8H, Ar—
H), 6.33 (t, 2H, Ar-H), 6.08 (d, 2H, Ar-H), 3.84 (s, 6H, O-CH3), 3.75 (s, 4H, -CH>-), 3.66 (s, 4H,
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-CHy-). BC{*H} NMR (75 MHz, CDCls) § 157.9, 134.9, 131.4, 130.1, 125.6, 124.3, 121.1, 110.4,
109.0, 103.0, 55.5 (O-CHz), 50.7 (-CHz-), 48.6 (-CHz-). MS: [M*] 494.2, Calcd. 494.17 (Fig. A40).

2.5.10.5 Synthesis of 2.11zn from 2.10zn

A 42 mL glass vial was charged with 2.10zn (520 mg, 1.05 mmol) in 5 mL of THF and a
solution of 4,5-dichloro-1,3-dimethyl-1H-imidazol-3-ium iodide (307 mg, 1.05 mmol) and KO'Bu
(117 mg, 1.05 mmol) in 10 mL THF was added dropwise. The color changed to light brown from
colorless. After stirring overnight at room temperature, the solution was filtered and the solvent
was evaporated under vacuum. The residue was washed with hexane (3 x 3 mL) and DEE (3 x 3
mL) and dried under vacuum to give a light brown powder of 2.11zn (618 mg, 88%). Crystals of
2.11zn suitable for X-ray crystallography were obtained from hexane layering of a concentrated
DCM solution at room temperature after 1 day. *H NMR (300 MHz, CDCls3) § 7.25 (t, 2H, Ar—H),
6.98 (ov mult, 4H, Ar-H), 6.82 (ov mult, 4H, Ar-H), 6.26 (t, 2H, Ar-H), 6.00 (d, 2H, Ar-H), 3.84
(s, 6H, O-CHs3), 3.78 (s, 4H, -CH>-), 3.76 (s, 4H, -CH>-), 3.32 (s, 6H, -CH3), 3.12 (b, 2H, NH).
BBC{'H} NMR (75 MHz, CDCls) & 157.6, 142.2, 135.3, 131.8, 130.1, 127.2, 122.3, 120.6, 111.8,
110.4, 107.1, 103.2, 55.1 (O-CHas), 50.8 (-CH.-), 48.2 (-CH2-), 31.8 (CHas). MS: [(M-CHs)*]
644.8464, Calcd. 644.1 (Fig. A42).

2.5.10.6 Synthesis of 2.11zn from 2.9zn

A 42 mL vial was charged with 2.9z (499 mg, 1.05 mmol) in 5 mL of THF and a solution
of H2L3 (227 mg, 1.05 mmol) was added dropwise at room temperature. No immediate color
change was observed, but stirring overnight the color changed to light brown from colorless. Then
the solution was filtered and the solvent evaporated under vacuum. The residue was washed with

hexane (3 x 3 mL) and dried under vacuum to give a light brown powder of 2.11zn (441 mg, 63%).
2.5.11 Catalytic Procedures Using 2.11zn
2.5.11.1 Nitrile Dihydroboration

A catalyst stock solution was prepared by dissolving 6 mg (0.01 mmol) of 2.11zn in 10 mL
of CeDs. A small vial was charged with 10 pL of the catalyst stock solution (0.006 mg, 0.01 pumol,
0.01 mol%). Then, 0.5 mL of CsDe and nitrile substrate (0.1 mmol: benzonitrile 10 pL,
isobutyronitrile 6.9 mg or 8.9 pL, acetonitrile 4.1 mg or 5.2 pL, 2-chlorobenzonitrile 13.7 mg, 2-
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bromobenzonitrile 18.2 mg, 3-chlorobenzonitrile 13.7 mg, 3-bromobenzonitrile 18.2 mg, 4-
fluorobenzonitrile 12.1 mg, 4-bromobenzonitrile 18.2 mg, 2-thiophenecarbonitrile 10.9 mg or 9.3
ML, 4-methoxybenzonitrile 13.3 mg) were added to the vial and HBpin (29 uL, 0.2 mmol) was
added. The vial was capped and after stirring for 2-5 h, the reaction mixture was transferred to an
NMR tube and *H and ''B NMR spectra were recorded at room temperature. Concentration of the
dihydroborated products was calculated based on integrals of the characteristic product signal in

the reaction mixture and the known [HBpin] as well.
2.5.11.2 Quinoline Hydroboration

A catalyst stock solution was prepared by dissolving 6 mg (0.01 mmol) of 2.11zn in 10 mL
of CeDs. A small vial was charged with 50 uL of the catalyst stock solution (0.03 mg, 0.05 umol,
0.05 mol%). Then, 0.5 mL of C¢Ds and quinoline substrate (0.1 mmol: quinoline 11.8 pL, 2-
methyl-quinoline 13.5 pL, 4-methyl-quinoline 13.2 puL, 5-chloro-quinoline 16 mg, 3-
chloroquinoline 16 mg, 8-chloro-quinoline 16 mg, acridine 18 mg, iso-quinoline 11.7 uL) were
added to the vial, and HBpin (14.5 pL, 0.1 mmol) was added. The vial was capped for 2.5-4 h and
the reaction mixture was transferred to an NMR tube for *H and !B NMR analysis. Concentration
of the hydroborated products were calculated based on integrals of the characteristic product signal

in the reaction mixture and the known [HBpin] as well.
2.5.12 Mechanistic Studies of 2.11zn Catalytic System
2.5.12.1 Reaction of 2.8zn with HBpin

A small vial was charged with 1 equiv of 2.8zn (0.06 mmol, 18.0 mg) and 2 equiv of HBpin
(0.12 mmol; 17.4 pL) and 2 mL of benzene. The solution stirred for 2 h and then the solvent was
evaporated and the residue was washed extensively with hexane and filtered. The solvent of the
filtrate was concentrated to 1 mL under vacuum and kept at -30 °C. After one day needle-shaped
crystals were grown but were too small to be characterized by X-ray single crystallography; they
were characterized by EI-MS and 'H NMR.
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2.5.12.2 Reaction of 2.11zn with quinoline

A small vial was charged with 1 equiv of 2.11zn (0.015 mmol, 10.0 mg) and 1 equiv of
quinoline (0.015 mmol; 1.7 pL) and 0.5 mL of C¢De. The solution was stirred for 2 h and then

transferred to an NMR tube for further analysis.
2.5.12.3 Reaction of 2.11zn» with HBpin

A small vial was charged with 1 equiv of 2.11z (0.06 mmol, 40.0 mg) and 4 equiv of
HBpin (0.24 mmol; 34.8 pL) and 2 mL of CsDs. The solution was stirred for 2 h and then 0.5 mL
of that was transferred to an NMR tube for further analysis. The remaining solvent was evaporated
and the residue was washed extensively with hexane and filtered. The residue was dried under
vacuum for 5 h, and then analyzed by *H NMR and EI-MS. The hexane filtrate was concentrated
to 1 mL under vacuum and kept at -30 “C. After one day needle shaped crystals were grown but
were too small for X-ray single crystallography; they were characterized by EI-MS and *H NMR.

2.5.12.4 Reaction of 2.12zn with quinoline

A small vial was charged with 1 equiv of 2.12z, (0.021 mmol, 10.0 mg) and 4 equiv of
quinoline (0.084 mmol; 10 pL) and 2 mL of CsDs. The solution was stirred for 2 h and then

transferred to an NMR tube for further analysis.
2.5.12.5 Control Reaction Using 2.11zn and In Situ Formed 2.13zn

In a vial containing 2.11zn (0.075 mmol, 50 mg) and 2 mL of C¢Ds, was added a solution
of 4,5-dichloro-1,3-dimethyl-1H-imidazol-3-ium iodide (0.075 mmol, 12 mg in 1 mL of CsDe)
dropwise and then the vial was capped and the final solution stirred for 8 h. We named this solution
2.13zn solution”. A separate vial was charged with 0.5 mL Ce¢Ds, quinoline (0.1 mmol, 11.8 pL)
and HBpin (14.5 pL, 0.1 mmol). Then 2.13zn solution (0.1 pmol, 4 pL, 0.1 mol%) was added and
the vial was capped, stirred for 3 h and transferred to an NMR tube for checking the reaction yield,

giving 87% vyield.
2.5.13 Kinetic Studies of 2.11zn Catalytic System

(All Kinetic reactions were set up in a dinitrogen glovebox and performed the same way

with appropriate amounts of 2.11zn, quinoline and HBpin — See Table 2.7).
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General Procedure for Reaction A

A catalyst stock solution was prepared by dissolving 6 mg (0.01 mmol) of 2.11zn in 10 mL
of CeDs. An NMR tube was charged with 100 pL of catalyst stock solution (0.06 mg, 0.1 pmol,
0.1 mol%). Afterward, a vial was charged with CsDe (0.2 mL) and quinoline (0.1 mmol, 11.8 pL)
and the solution was transferred to the NMR tube. The vial was rinsed with 0.2 mL of C¢Ds and
transferred to the same NMR tube. The NMR tube was capped with a rubber septum. A 50 pL
micro-syringe, pre-charged with HBpin (14.5 uL, 0.1 mmol) was capped by poking into the rubber
septum. The NMR tube containing the reaction mixture and the micro-syringe were removed from
the glovebox. The HBpin was injected into the NMR tube, shaken quickly, and immediately
inserted into the NMR spectrometer. A *H NMR spectrum was recorded every 15 min for 2 h at
room temperature. Concentration of the quinoline hydroborated product was calculated based on
integrals of the characteristic product signal in the reaction mixture. All other 4 reactions (B-E)
were carried out through the same procedure.

Table 2.7. Concentrations of Reagents for Reactions A-F for VTNA",

Reaction | [2.11zn] [Quiniline] [HBpin]
A 0.0001 0.10 0.10
Be 0.0001 0.13 0.10
Ce 0.0001 0.10 0.13
D 0.0003 0.10 0.10
Ee 0.0001 0.056 0.056

*All the amounts are in mmol.
2.5.14 X-ray Crystallographic Details (2.7ag, H2L.3, 2.82n-2.11zn)

Crystallographic data were collected from single crystals mounted on MiTeGen dual
thickness MicroMounts using Parabar oil. Data were collected on a Bruker Smart (2.7a¢g and
2.10zn) or Kappa (Hz2L3, 2.8zn, 2.9zn and 2.11zn) Apexll single crystal diffractometer equipped
with a graphite monochromator. The instrument was equipped with a sealed tube Mo Ke source
(A =0.71073 A), an Apexll CCD detector and a dry compressed air-cooling system. The samples
were cooled to different temperatures during data collection: 2.11zn at 200, H2L.3 and 2.9zn at 203,
2.10zn at 208, and 2.8zn at 293 K. Raw data collection and processing were performed with the
Apex3 software package from Bruker.*? Initial unit cell parameters were determined from 36 data
frames from select w scans. Semi-empirical absorption corrections based on equivalent reflections

were applied.*® Systematic absences in the diffraction data-set and unit-cell parameters were
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consistent with the assigned space group. The initial structural solutions were determined using
ShelxT direct methods,* and refined with full-matrix least-squares procedures based on F? using
ShelXL or ShelXle.* 2.10zn exhibited positional disorder which was refined in ShelXle. Hydrogen
atoms were placed geometrically and refined using a riding model. Deposition Numbers: 2190706-
2190710.
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CHAPTER 3

SELECTIVE Co''-SNS DITHIOLATE COMPLEX-CATALYZED BIFUNCTIONAL
HYDROBORATION OF ALDEHYDES: KINETICS AND MECHANISTIC STUDIES

3.1 Introduction

The hydroboration reaction, as a potent and direct method for reduction of various
unsaturated compounds such as imines, nitriles, carbonyls, alkenes, amides and carbon dioxide,
has attracted much attention over the last decade.! Carbony! hydroboration is known as an efficient
and selective technique for production of 1° and 2° alcohols, comparing to methods using
stoichiometric reduction by LiAIH4 or NaBH4, which also suffer poor functional group tolerance
and selectivity (aldehydes vs ketones, or over-reduction).>® Cobalt complexes, due to low price
and high natural abundance, have been widely employed in hydride transfer reactions such as
hydrogenation,* hydrosilylation® and hydroboration® of a variety of unsaturated organic substrates.
So far, there have been five molecular cobalt catalysts employed for carbonyl hydroboration’
(Scheme 3.1A), but potential access to multiple oxidation and spin states has hampered detailed
mechanistic studies. In most metal-catalyzed hydroborations, B—H bond activation plays a key
role.® Depending on the nature of the unsaturated group and the potential for metal ligand
cooperativity (MLC), three main bifunctional hydroboration pathways have been characterized:
outer-sphere reduction via (BR2)E-MH (E = N, O, S), inner-sphere insertion into M—H, and inner-
sphere hydride transfer.X® The Baker group has recently been investigating first-row transition
metal complexes containing two different SNS ligands*? (one with amido as a hard N-donor and
the other with thiolate as a soft S-donor) as bifunctional catalysts. Following early studies of Ru-
thiolate complexes'® additional examples of Mo-,** Fe-3*15 and Ni-thiolate'® complexes have been
applied as hydroboration catalysts. In previous studies on copper-1’ and zinc-catalyzed®® carbonyl
hydroboration, the thiolate donor was less effective for B-H or Si—H activation, compared to its
amido analogue.

The work in this chapter began as an effort to prepare a Co complex containing both amido
and thiolate SNS ligands. Instead, reaction of the previously reported Co bis(amido) complex,*®
Co(SMeNSMe), (3.1co, Scheme 3.2) with the deprotonated thiolate ligand afforded a new cobalt
complex (3.2co), ligated by a dithiolate SNS ligand and a small NHC ligand (Scheme 3.1B).

79
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Scheme 3.1. Recently reported Co catalyst for carbonyl hydroboration (A) and our current report on Co-
catalyzed hydroboration of aldehydes (B).
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Scheme 3.2. Synthesis of 3.1c..
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In addition, we show that 3.2co is an effective catalyst for selective hydroboration of

aldehydes (vs. ketones) as shown by mechanistic, kinetics and DFT studies.
3.2 Results and Discussion
3.2.1 Synthesis and Characterization of 3.2co

To synthesize 3.2co , 1 equiv of the imidazolium salt, 4,5-dichloro-1,3-dimethyl-1H-imidazol-
3-ium iodide [DDI-H)I], was added to Co bis(amido) complex 3.1co (to protonate one L1 and
install the Co-1 bond), yielding a navy-blue solution. To this solution was added a THF solution
containing 1 equiv each of benzothiazoline (HL2) and NaHMDS, giving a dark grey solution
(HMDS = hexamethyldisilazanyl). After stirring for 12 h, the solvent was removed and the residue
extracted with CHCl,, dried, washed with diethyl ether, and dried again, affording Co(i?-
SNS)((DDI) (3.2co) in 62 % yield (Scheme 3.3). The paramagnetically-shifted *H NMR spectrum
of 3.2coshowed 10 distinct resonances between & +36 and -30, including one at & -5.1 due to the
two N-Me groups (Fig. B1). The room temperature isotropic EPR spectrum showed an octet
pattern at g = 1.917 [a(**Co) = 29.2 G], which is typical for square-planar low-spin (S = %) Co(ll)
complexes.?®2! Furthermore, density functional theory (DFT) calculations show the low-spin
doublet configuration is 2.5 kcal/mol lower in electronic energy and 0.7 kcal/mol lower in free
energy than the high-spin quartet; only the low-spin geometry is consistent with the X-ray crystal
structure. Hexane layering of a concentrated dichloromethane solution of 3.2co at room

temperature afforded suitable single crystals for X-ray diffraction (Scheme 3.3).

/
Cl Cl
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NN N
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N—Co (
(3.1 Co) (1eq) NaHMDS (1 eq) 7 N N cl
THF, RT, 12h THF, RT, 12h /
-HL1 -Nal, -HMDS, -Me-L1 3-2C0

Crystal color: dark grey
(62% Yield)

Scheme 3.3. Synthesis and molecular structure of 3.2c, with 50% probability thermal ellipsoids and
hydrogen atoms omitted for clarity. Selected bond distances (A) and angles (deg): Co-S1A 2.160(8), Co-
S2A 2.166(6), Co-N 1.921(6), Co-C 1.891(5), S1A-Co-C 83.07(3), S2A-Co-C 87.9(2), S1A-ColA-N
98.8(3), S2A-Co-N 90.0(2), S1A-Co-S2A 170.5(3), C2-Co-N 174.5(3).
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The molecular structure of 3.2co shows a distorted square-planar geometry with some
bending of the S-Co-S angle (170.5(3)°) and minor deviations originating from formation of five-
and six-membered metallacycle rings (cf. SLA-Co-N angle = 98.8(3) ° in the latter vs S2A-Co-N
=90.0(2)° in the former). The Co-S bond lengths [2.160(8) and 2.166(6)A] are similar to those
reported previously for Co thiolates.??

In the workup process of 3.2co, evaporation of the diethyl ether wash allowed for EI-MS
characterization of Me-L1 (Fig. B9). In a previous study on Ni SNS thiolate complexes,?® the IPr
NHC ligand was shown to demethylate the thioether, affording a similar IPr-Ni-dithiolate complex
(IPr = 2,6-diisopropylphenyl-imidazolylidene). Hence, to find out if the smaller NHC ligand used
here also activates the S-Me bond of L2, complexes 3.3co and 3.4co were prepared (Scheme 3.4)
and characterized (See experimental section for procedures and characterization). Treatment of
3.3co with 1 equiv of (L2) successfully afforded 3.2co and Me-L1, while reaction of 3.4co and
(L2) failed to form 3.2co , proving that only L1 activates the S-Me bond of L2. An alternate, less
likely pathway to produce 3.2co from 3.3co is iodide reaction with the S-Me and then the formed

iodomethane methylates L1to Me-L1.

/
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Scheme 3.4. Reactions of 3.3¢, and 3.4¢, with L2 for synthesis of 3.2¢..
3.2.2 3.2co-Catalyzed Hydroboration

Our previous study on zinc-catalyzed nitrile dihydroboration, comparing amido and
aryloxide donors, showed aryloxide as the primary donor participating in B—H bond activation.?*
On the other hand, our previous Cu work showed the amido donor in L1 is typically more active
for B—H bond activation than the thiolate donor in L2. Herein, 3.2co, ligated to two thiolate donors,
demonstrated selective aldehyde hydroboration. To optimize the reaction conditions, we first
showed that uncatalyzed benzaldehyde hydroboration gave only 5% yield in the absence of 3.2co
after 2 h at room temperature (Table 3.1, entry 1). Increasing the temperature to 60 °C raised the
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yield to 86% (Entry 2) as reported previously.?® Adding benzaldehyde and HBpin to 5 mol% of
3.2co in CeDe at ambient temperature, despite showing no color change, gave quantitative yield in
30 min (Entry 3). Lowering the catalyst loading to 1 mol%, and the time to 15 min kept the yield
quantitative (Entry 8). Further decrease in catalyst loading or time (Entries 6 and 9) showed a
significant yield drop. In-situ addition of HBpin and benzaldehyde to the reaction mixture after
the first run, afforded an insignificant amount of product (Entry 10). In contrast, recovery (see
experimental section for further details) and reuse of 3.2co afforded the same catalytic performance
(Entry 11). Under the same conditions, using hexanal in place of benzaldehyde gave quantitative
yield after 4 min (Entry 12). In-situ addition of HBpin and hexanal to the reaction mixture after

the first run, resulted in complete yields for second and third runs (Entries 13 and 14).

Table 3.1. Optimization of reaction conditions for 3.2¢.-catalyzed aldehyde hydroboration.?

Entry Cat. (mol%) Time (min)  Yield (%)®
1 - 120 <5
2 - 120° 86
3 3.2co (5) 30 >99
4 3.2c0 (3) 30 >99
5 3.2co (1) 30 >99
6 3.2co0 (0.5) 30 74
7 3.2co (1) 20 >99
8 3.2c0 (1) 15 >99
9 3.2co (1) 10 82
10 2" run-3.2co (1)* 60 <10
11 R-3.2co (1) 15 >99
12 3.2co (1) 4 >99
13 3.2co? 5 >99
14 3.2¢o" 5 >99

aReaction conditions: benzaldehyde (0.53 mmol), HBpin (0.53 mmol), CsDs as solvent (0.5 mL), catalyst
loading relative to benzaldehyde, at room temperature. ® Yields were determined by *H NMR spectroscopy
using mesitylene as an internal standard. ¢ At 60 °C. ¢ in-situ addition of benzaldehyde (0.53 mmol) and
HBpin (0.53mmol) after the first run. ¢ Recovered 3.2c,. "hexanal (0.53 mmol), HBpin (0.53 mmol), C¢Ds
as solvent (0.5 mL), catalyst loading relative to hexanal, at room temperature. ¢in-situ hexanal (0.53 mmol)
and HBpin (0.53 mmol) were added after the first run in entry 12. "in-situ hexanal (0.53 mmol) and HBpin
(0.53 mmol) were added after the second run in entry 13.

In assessing the substrate scope, 3.2co was found to be efficient in reducing bulky
aldehydes (Table 3.2, entries b and c), and tolerating functional groups such as N—Heterocycles

(entries e and g), olefins (entry f), ketones (entry h), nitriles (entry i), and nitro groups (entry j).
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3.2co was also efficient in reducing aldehydes possessing electron-withdrawing and -donating
functional groups in sterically compromising positions (entries k-n and p-s). For all the substrates,
full conversion was observed within 4-25 min in the presence of 1 mol% of 3.2co. As shown in
entries h and 0, 3.2co showed no tendency for catalyzing ketone hydroboration, even at 70 °C after
14 h. Interestingly, 3.2co proved to be more efficient in hydroboration of an aliphatic aldehyde in

terms of time (entry t).
3.2.3 Mechanistic Studies

In our previous study on selective Fe-catalyzed aldehyde hydroboration, our reaction
profile kinetic analysis?® revealed an unusual rate dependence on the concentrations of HBpin and
substrate.®® In a later study on Mn(L1).-catalyzed carbonyl hydroboration,® using variable time
normalization analysis (VTNA),?” a simpler rate dependence was obtained on concentrations of
HBpin, substrate, and catalyst. For 3.2co, reaction progress was assessed using B NMR
spectroscopy. Using VTNA, the results were graphically analyzed. Using 1-pyrenecarboxaldehyde
as the substrate, first-order rate dependence on [HBpin], [1-pyrenecarboxaldehyde] and [3.2co]
was obtained (Figure 3.1). In addition, plotting [(pyrene)CH2OBpin] vs. the normalized rate
components gave Kobs = 2.16 Mmin (Fig. B35). Finally, VTNA was also utilized to see if the
catalytic system suffers from possible catalyst deactivation or product inhibition.?’ To do
so, two catalytic reactions were carried out, with one monitoring consumption of 1-
pyrenecarboxaldehyde from the beginning, and the other from the reaction time mid-point.
After the time adjustment, it was determined that the catalytic system indeed suffers from
either product inhibition or catalyst deactivation (Fig. B36). To distinguish which one, a new
pair of reactions was performed - one with less substrate and HBpin compared to the normal
reaction, and another with the product present at the beginning. After the time adjustment was
applied, it was found that the catalytic system suffers from product inhibition (Fig. B37), which
was confirmed by DFT (below).

84



Table 3.2. Substrate scope for catalytic aldehyde hydroboration using 3.2c..
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aReaction conditions: Substrate (0.53 mmol), pinacolborane (0.53 mmol), 3.2¢, (1 mol%), CsDs (0.5 mL)
at room temperature for 4-25 min. Yields were determined from *H NMR integration relative to mesitylene

internal standard.

These results are in agreement with 3.2co being reusable after recovering and washing the
hydroboration product away, as described earlier. Since it was observed that hydroboration of an
aliphatic aldehyde proceeds to completion in shorter time than aromatic derivatives, and also in-
situ addition of extra hexanal and HBpin in the second and third runs shows the same catalytic
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Figure 3.1. VTNA of the kinetics data: (A) rate dependence on [1-pyrenecarboxaldehyde]; (B) rate
dependence on [HBpin]; (C) rate dependence on [3.2c.].
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activity for 3.2co, VTNA was applied using hexanal as the substrate (See experimental section).
First order dependence was found for hexanal, HBpin and 3.2co and no product inhibition or
catalyst deactivation was found (Fig. B42), showing the impact of substrate aromatic rings on
product inhibition.

To gain further insight into the reaction pathway, stoichiometric reaction of 3.2co and
HBpin in CeDs was monitored by *H NMR, showing no reaction (Figure 3.2). Stoichiometric
reaction of 3.2co and benzaldehyde, however, resulted in two new resonances at 6 +14 and +17.8
in the *H NMR spectrum. This observation suggests some interaction of benzaldehyde with 3.2co
although no other changes or shifts were observed in other resonances assigned to 3.2co (Figure
3.2). Subsequent stoichiometric addition of HBpin to this reaction mixture resulted in
disappearance of the two peaks, while those due to 3.2co remained unchanged (Figure 3.2).
Furthermore, when aliphatic aldehyde hexanal was treated with one equiv of 3.2co, no additional
resonances were detected (Figure 3.2). In addition, the EPR spectrum of the benzaldehyde/3.2co
reaction mixture was indistinguishable from that of 3.2co (Figure 3.3). In another experiment, a
gram-scale catalytic hydroboration of 1-pyrenecarboxaldehyde was performed and the catalyst
was recovered and analyzed using EPR (Fig. B11) and'H NMR (Fig. B12), again showing
unchanged 3.2co. To identify the roles of the two thiolate donors in B—H bond activation and

aldehyde reduction, DFT calculations were performed.

S orad 2.2(:0 | | I’I
—2.2co0 + HBpin
Co + Benazalc i
— (2 2co* Benzaldehyde) + HBpm ll|
2.2co
‘L‘ , \j 'l' lJ‘ { \/\‘\
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Figure 3.2. Stacked plot of *H NMR spectra of 3.2¢, (black), stoichiometric reactions of 3.2¢, with HBpin
(blue), 3.2¢, with benzaldehyde (green), 3.2c, with benzaldehyde and subsequently HBpin (purple), and
3.2¢, with hexanal.
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Figure 3.3. EPR spectra of 3.2co (blue) and reaction mixture of 3.2co and benzaldehyde (red).
3.2.4 DFT Calculations

DFT calculations using the B3LYP functional®® and the XDM dispersion correction®® were
performed to evaluate catalysis reaction pathways. The proposed pathways, along with the
computed free-energy changes for all steps, are shown in Figure 3.4. Two pathways were
considered, depending on which of the inequivalent thiolate S atoms initially interacts with HBpin.
Calculations predict initial formation of a stable, n-stacked van der Waals complex between
benzaldehyde and 3.2co. HBpin can then approach this complex, yielding a van der Waals ternary
complex in an arrangement conducive to reaction. In agreement with the experimental NMR and
EPR findings, we were able to identify distinct ternary complexes that allow the inequivalent
thiolate S donors to coordinate to B in the downhill step via a cyclic, 6-membered transition state
(TS). The 3.2¢o catalyst aids B—H bond activation and TS stabilization through formation of both
a partial S-B bond (~2.0 A) involving the HBpin and a partial Co-O bond (~2.2 A) involving the
benzaldehyde. The free energy of activation is slightly lower for the pathway involving the S atom
of the 5-membered ring (22.2 kcal/mol) compared to the 6-membered ring (24.2 kcal/mol).
However, both pathways give activation free energies that are significantly lower than the value
of 39.2 kcal/mol calculated for the uncatalyzed, bimolecular reaction of benzaldehyde and HBpin.
Finally, the hydroboration product also forms a fairly strongly bound n-stacked complex with
3.2co, consistent with the observed product inhibition. The same mechanism was calculated using

acetophenone as substrate and the calculated free-energies are displayed in Fig. B43. Overall, the
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obtained free-energies are very close to those of benzaldehyde, which is not in agreement with
experimental results, as 3.2co showed no potential for catalyzing hydroboration of acetophenone.
Thus we cannot explain the observed lack of reactivity for acetophenone based on transition-state
modeling alone. The pre-reaction complexes for the benzaldehyde and acetophenone show that the
methyl group of acetophenone does need to move up and out of the way, which would affect the

reaction coordinate (Figure 3.5).
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Figure 3.4. DFT calculated energy profile of 3.2¢c.-catalyzed benzaldehyde hydroboration through 5- and
6-membered metallocycles.

(A)

Figure 3.5. Geometries of the pre-reaction ternary complexes of 3.2¢, with HBpin and acetophenone (A)
benzaldehyde (B).
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3.3 Conclusions

The 3.2co catalytic system showed a remarkable selectivity for aldehyde hydroboration,
and also a bifunctional, hydride-free mechanism. DFT study showed two minima of a pi-stacked
complex formed by dispersion of benzaldehyde on 3.2co, which ended up proceeding through the
5-membered metallocycle being 2 kcal/mol more stable in transition state, compared to that of the
6-membered metallocycle. VTNA showed that aromatic aldehydes, unlike aliphatic aldehydes,
suffer from product inhibition. These observations were verified by stoichiometric and catalytic
reactions. As previously observed®®, first row metal thiolate catalysts tend to prefer a hydride-free

mechanism in carbonyl hydroborations.

3.4 Experimental Section

3.4.1 General Considerations

All experiments were carried out under nitrogen, using a Schlenk line or an MBraun
glovebox unless otherwise stated. Hexane, diethyl ether, acetonitrile and THF were dried on
columns of activated alumina using a J. C. Meyer (formerly Glass Contour) solvent purification
system. Anhydrous benzene (Aldrich), CeDs and acetone-ds were dried with activated alumina (ca.
10 wt %) overnight, followed by filtration. Dichloromethane (DCM) and CDCl3z were refluxed
over calcium hydride under nitrogen, collected by distillation, dried further by passing through
activated alumina (ca.10 wt%), and stored over activated 4 A molecular sieves (heated at 250 °C
for 3 d under vacuum). Ligand precursor 2-(methylthio)-benzaldehyde,® 4,5-dichloro-1,3-
dimethyl-1H-imidazol-3-ium iodide,3 SMEN"SMe (HL1)!%" and SNHSM® (HL2)'? ligands, as well
as Co''(i>-SMeENSM®), (3.1c0)®? were prepared according to literature procedures. Other chemicals
were used as obtained commercially: 2-(methylthio)-aniline (Alfa Aesar, 98%), CoCl. (Alfa
Aesar, 97%), trifluoromethane sulfonimide (NHTf., Aldrich >95%), 4,5-dichloroimidazole (Alfa
Aesar, 98%), iodomethane (Aldrich 99%), potassium carbonate (Aldrich >99%) and sodium
bis(trimethylsilyl)amide (Alfa Aesar, 98%). 'H and ''B NMR spectra were recorded on a 300 MHz
Bruker Avance or Avance Il instrument at room temperature (21-25 °C). *H NMR spectra were
referenced respectively to residual solvent protons (CeDe, 6 7.15; CDCl3, 6 7.26; CD30D, 6 1.75
and 3.31) and B NMR spectra to external BF; etherate at 0.0 ppm. EPR spectra were recorded
on a Bruker Elexsys E580 X-band spectrometer equipped with nitrogen gas temperature control
system. Mass spectra were recorded on an AB Sciex Q1MS mass spectrometer with electrospray
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ionization (ESI-MS) in positive mode (ion spray voltage: 5000.0 V, TEM: 400 °C, declustering
potential: 11.00 V and focusing potential: 300.0 V) with samples prepared to ca. 0.05 mg/mL in
acetonitrile. For electron impact (El), solid samples were prepared by drying products under
vacuum, and spectra obtained using a Kratos Concept S1 instrument (Hres 7000—10000). X-ray
diffraction data were collected on a Bruker Smart or Kappa diffractometer equipped with an
Apex!l CCD detector and a sealed-tube Mo K source (A = 0.71073 A).

3.4.2 Synthesis of Cobalt Complexes
Synthesis of Co''(k3-SNS)(D11) (3.2co) (Procedure A)

A 42 mL scintillation vial was charged with 3.1co (200 mg, 0.328 mmol) in 15 mL of THF.
To this solution, 4,5-dichloro-1,3-dimethyl-1H-imidazol-3-ium iodide (96 mg, 0.328 mmol) in 5
mL THF was added dropwise. The solution was stirred overnight at room temperature, resulting
in a navy-blue solution. To this solution was added dropwise a solution containing HL.2 (85 mg,
0.328 mmol) and sodium bis(trimethylsilyl)amide (60 mg, 0.328 mmol) in 10 mL THF. The
solution changed to dark grey after being stirred overnight at room temperature. Then the solvent
was removed and the residue extracted with DCM, filtered through Celite and the solvent removed.
After washing with diethyl ether (3 x 3 mL), the residue was dried under vacuum affording 95 mg
of 3.2co (62%). Crystals suitable for X-ray diffraction were grown by hexane layering of a
concentrated DCM solution at room temperature. *H NMR (300 MHz, CDCls): § -4.46 (br, 6H), -
29.50 (s, 1H), -24.54 (s, 1H), -22.43 (s, 1H), -17.33 (s, 1H), -11.68 (s, 1H), 9.62 (s, 1H), 19.73 (s,
1H), 26.55 (br, 1H), 37.55 (br, 1H). EI-MS: Calcd for C1gH15Cl2,CoN3S2 m/z 465.94 ([M*]). Found
m/z 465.9.

Synthesis of Co''l (k?-SMeNSMe)(DI1) (3.3co)

A 42 mL scintillation vial was charged with 3.1co (200 mg, 0.328 mmol) in 15 mL of THF.
To this solution, 4,5-dichloro-1,3-dimethyl-1H-imidazol-3-ium iodide (96 mg, 0.328 mmol) in 5
mL THF was added dropwise. The solution turned navy blue after 2 h and was then stirred
overnight at room temperature. The solvent was removed under vacuum and the residue was
washed with diethyl ether (3 x 3 mL) and dried under vacuum affording 155 mg of 3.3co (75%).
'H NMR (300 MHz, CDCls): § -4.46 (b, 6H), -29.50 (s, 1H), -24.54 (s, 1H), -22.43 (s, 1H), -17.33

91


javascript:
javascript:

(s, 1H), -11.68 (s, 1H), 9.62 (s, 1H), 19.73 (s, 1H), 26.55 (b, 1H), 37.55 (b, 1H). EI-MS: Calcd for
C18H15Cl.CoN3sS2 m/z 465.94 ([M*]). Found m/z 465.9.

Synthesis of 3.2co (Procedure B: from 3.3co)

A 42 mL scintillation vial was charged with 3.3co (205 mg, 0.328 mmol) in 15 mL of THF.
To this solution was added dropwise a THF solution (5 mL) containing HL2 (85 mg, 0.328 mmol)
and NaHMDS (60 mg, 0.328 mmol). The solution turned dark grey and was stirred overnight at
room temperature. Then the solvent was removed under vacuum and the residue was extracted into
DCM. DCM was removed under vacuum and the residue was washed with diethyl ether (3 x 3

mL) and dried under vacuum affording 97 mg of 3.2co (63%).

Synthesis of Col2(DDI)2 (3.4co)

A 42 mL scintillation vial was charged with 3.1co (200 mg, 0.328 mmol) in 15 mL of THF.
To this solution, 4,5-dichloro-1,3-dimethyl-1H-imidazol-3-ium iodide (192 mg, 0.656 mmol) in 5
mL THF was added dropwise. The solution turned green from the starting purple and was then
stirred overnight at room temperature. The solvent was removed and the residue was washed with
diethyl ether (3 x 3 mL), and dried under vacuum affording 182 mg 3.4co (86%). Crystals suitable
for X-ray diffraction were grown by hexane layering of a concentrated DCM solution at room
temperature. 'H NMR (300 MHz, CDCls): & -0.07 (br, 6H, DII-CH3). EI-MS: Calcd for
C10H12Cl4Col2Ns m/z 642.72 ([M™]). Found m/z 642.7.

Synthesis of 3.2co (Procedure C — unsuccessful)

A 42 mL scintillation vial was charged with 3.4co (210 mg, 0.328 mmol) in 15 mL of THF.
To this solution, a THF solution (5 mL) containing HL2 (85 mg, 0.328 mmol) and NaHMDS (60
mg, 0.328 mmol) was added dropwise. The solution turned brown and was stirred overnight at
room temperature. Then the solvent was removed under vacuum and the residue was extracted into
DCM. The DCM was removed under vacuum and the residue was washed with diethyl ether (3 x
3 mL), and dried under vacuum affording 170 mg product which was not 3.2co. Due to the different
color of this product and absence of 3.2co in the EI-MS of the product, further characterization

was not pursued.
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3.4.3 Catalysis Protocols
General procedure for hydroboration of aldehydes

A catalyst stock solution was prepared by dissolving 3.2co (10 mg) in CeDs (4 mL). A vial
was charged with the appropriate amount of 3.2co (2.5 mg, 1 mL, 5.3 pmol, 1 mol%), aldehyde
substrate (0.53 mmol), and subsequently pinacolborane (77 uL, 0.53 mmol). Every 5 minutes 2
drops of the reaction mixture were transferred to an NMR tube and diluted with C¢Ds for further
analysis. Reaction times varied from 15-25 min at room temperature. Yield was determined by *H
NMR in reference to internal standard mesitylene. For substrates having another functional group
with potential of being hydroborated, !B NMR was also performed to check the selectivity.

In order to isolate the hydroborated product (4,4,5,5-tetramethyl-2-(pyren-1-ylmethoxy)-
1,3,2-dioxaborolane) for the kinetic study, the reaction mixture was evaporated and the residue
was dissolved in hexane and filtered. The filtrate was kept at -39 °C overnight, affording colorless

crystals of the product.

Hydroboration of benzaldehyde
oepin Following the general procedure, benzaldehyde (53.8 upL, 0.53 mmol),
pinacolborane (77 pL, 0.53 mmol), and 3.2co (2.5 mg, 1 mol%) were used. ‘H
NMR showed quantitative conversion to hydroboration product after 15 min at

room temperature.

Hydroboration of 2-naphthaldehyde
oBpin Following the general procedure, 2-naphthaldehyde (82 mg, 0.53 mmol),
pinacolborane (77 pL, 0.53 mmol), and 3.2co (2.5 mg, 1 mol%) were used.
OO H NMR showed quantitative conversion to hydroboration product after
15 min at room temperature.

Hydroboration of 1-pyrenecarboxaldehyde
oepin Following the general procedure, 1-pyrenecarboxaldehyde (122 mg,
6 0.53 mmol), pinacolborane (77 pL, 0.53 mmol), and 3.2co (2.5 mg,
QQO 1 mol%) were used. 'H NMR showed quantitative conversion to
hydroboration product after 25 min at room temperature.
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Hydroboration of 5-bromo-2-thiophenecarboxaldehyde
~ Following the general procedure, 5-bromo-2-thiophenecarboxaldehyde
Br/®\/03pm (63 pL, 0.53 mmol), pinacolborane (77 pL, 0.53 mmol), and 3.2co (2.5
mg, 1 mol%) were used. *H NMR showed quantitative conversion to

hydroboration product after 25 min at room temperature.

Hydroboration of quinoline-8-carboxaldehyde
OBpin  Following the general procedure, quinoline-8-carboxaldehyde (83 mg, 0.53

N mmol), pinacolborane (77 uL, 0.53 mmol), and 3.2co (2.5 mg, 1 mol%) were

A

used. 'H NMR showed quantitative conversion to hydroboration product after

4

20 min at room temperature.

Hydroboration of cinnamaldehyde
oBpin Following the general procedure, cinnamaldehyde (66.7 pL, 0.53
mmol), pinacolborane (77 uL, 0.53 mmol), and 3.2co (2.5 mg, 1

5

mol%) were used. 'H NMR showed quantitative conversion to
hydroboration product after 15 min at room temperature.

Hydroboration of pyridine-2-carboxaldehyde

oBpin Following the general procedure, pyridine-2-carboxaldehyde (50.4 pL, 0.53

mmol), pinacolborane (77 uL, 0.53 mmol), and 3.2co (2.5 mg, 1 mol%) were used.
X

F

—2Z

H NMR showed quantitative conversion to hydroboration product after 20 min at

room temperature.
Hydroboration of 4-acetyl-benzaldehyde

OBpin Following the general procedure, 4-acetyl-benzaldehyde (78 mg, 0.53

mmol), pinacolborane (77 uL, 0.53 mmol), and 3.2co (2.5 mg, 1 mol%)

:

were used. *H NMR showed quantitative conversion to hydroboration
product after 15 min at room temperature.
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Hydroboration of 4-cyano-benzaldehyde
Following the general procedure, 4-cyano-benzaldehyde (69 mg, 0.53

OBpin
NCOJ mmol), pinacolborane (77 pL, 0.53 mmol), and 3.2co (2.5 mg, 1 mol%)
were used. *H NMR showed quantitative conversion to hydroboration
product after 15 min at room temperature.

Hydroboration of 4-nitro-benzaldehyde
_ Following the general procedure, 4-nitro-benzaldehyde (80 mg, 0.53
OZN@OBpIn mmol), pinacolborane (77 pL, 0.53 mmol), and 3.2co (2.5 mg, 1 mol%)
were used. 1H NMR showed quantitative conversion to hydroboration

product after 15 min at room temperature.

Hydroboration of 2-chloro-benzaldehyde
ci  oBpin Following the general procedure, 2-chloro-benzaldehyde (59.6 pL, 0.53 mmol),
pinacolborane (77 pL, 0.53 mmol), and 3.2co (2.5 mg, 1 mol%) were used. ‘H
NMR showed quantitative conversion to hydroboration product after 15 min at

room temperature.

Hydroboration of 2-fluoro-benzaldehyde
oBpin Following the general procedure, 2-fluoro-benzaldehyde (55.8 uL, 0.53 mmol),

pinacolborane (77 pL, 0.53 mmol), and 3.2co (2.5 mg, 1 mol%) were used. ‘H
NMR showed quantitative conversion to hydroboration product after 15 min at
room temperature.

Hydroboration of 3-fluorobenzaldehyde
oBpin  Following the general procedure, 3-fluorobenzaldehyde (56.2 pL, 0.53 mmol),

pinacolborane (77 pL, 0.53 mmol), and 3.2co (2.5 mg, 1 mol%) were used. H
NMR showed quantitative conversion to hydroboration product after 15 min

at room temperature.
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Hydroboration of 4-chloro-benzaldehyde
Following the general procedure, 4-chloro-benzaldehyde (74 mg, 0.53

OBpin
m—@—/ mmol), pinacolborane (77 pL, 0.53 mmol), and 3.2co (2.5 mg, 1 mol%)

were used. 'H NMR showed quantitative conversion to hydroboration

product after 15 min at room temperature.

Hydroboration of 2-(methylthio)-benzaldehyde

/

oepin Following the general procedure, 2-(methylthio)-benzaldehyde (68.3 pL, 0.53
mmol), pinacolborane (77 puL, 0.53 mmol), and 3.2co (2.5 mg, 1 mol%) were used.
H NMR showed quantitative conversion to hydroboration product after 25 min

at room temperature.

Hydroboration of 3-methoxy-benzaldehyde
oBpin Following the general procedure, 3-methoxy-benzaldehyde (64.6 uL, 0.53
O mmol), pinacolborane (77 pL, 0.53 mmol), and 3.2co (2.5 mg, 1 mol%) were
used. *H NMR showed quantitative conversion to hydroboration product
after 20 min at room temperature.

Hydroboration of 4-methoxy-benzaldehyde
Following the general procedure, 4-methoxy-benzaldehyde (64.4 uL,
OBpin
04@_/ 0.53 mmol), pinacolborane (77 pL, 0.53 mmol), and 3.2co (2.5 mg, 1
/ mol%) were used. 'H NMR showed quantitative conversion to

hydroboration product after 25 min at room temperature.

Hydroboration of 4-bromo-benzaldehyde
Following the general procedure, 4-bromo-benzaldehyde (98 mg, 0.53

OBpin
Br4©—/ mmol), pinacolborane (77 uL, 0.53 mmol), and 3.2co (2.5 mg, 1 mol%)

were used. *H NMR showed quantitative conversion to hydroboration

product after 25 min at room temperature.
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Hydroboration of hexanal

Following the general procedure, hexanal (65 pL, 0.53 mmol),
OBpin

pinacolborane (77 puL, 0.53 mmol), and 3.2co (2.5 mg, 1 mol%) were used.
'H NMR showed quantitative conversion to hydroboration product after 4
min at room temperature.

3.4.4 Mechanistic studies
3.4.4.1 Stoichiometric reaction of 3.2co and pinacolborane

To a navy-blue solution of 3.2co (0.010 g, 0.021 mmol, in 1 mL of CsDe) was added
pinacolborane (3.00 puL, 0.021 mmol, 1 equiv) and the mixture was stirred for 2 h, but no color
changes were observed. Afterwards, the solution was transferred to an NMR tube for further

analysis. The *H NMR spectrum of the mixture showed no changes in 3.2co.

3.4.4.2 Stoichiometric reaction of 3.2co and benzaldehyde

To a navy-blue solution of 3.2co (0.010 g, 0.021 mmol, in 1 mL of CsDe) was added
benzaldehyde (2.1 pL, 0.021 mmol, 1 equiv.) and the mixture was transferred to an NMR tube. No
color changes were noted. The *H NMR spectrum showed 2 extra peaks in the paramagnetic area,
but no significant shifts or changes were observed in 3.2co related peaks. In addition, the EPR
spectrum showed no changes compared to that of 3.2co.

3.4.4.3 Stepwise stoichiometric hydroboration

To a navy-blue solution of 3.2co (0.010 g, 0.021 mmol, in 1 mL of CeDe) was added
benzaldehyde (2.1 pL, 0.021 mmol, 1 equiv.) and then the mixture was transferred to an NMR
tube. The two extra peaks mentioned earlier appeared again. To this solution was added
pinacolborane (3.00 pL, 0.021 mmol, 1 equiv) and the NMR tube was shaken well. After 30 min,
the solution was analyzed by *H NMR showing hydroboration product, disappearance of the two
peaks which showed up after addition of benzaldehyde to 3.2co, and still no shifts or changes in

3.2co resonances (Figure B10).
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3.4.4.4 Catalyst recovery and reusability

A vial was charged with the appropriate amount of 3.2co (25 mg, 53 umol, 1 mol%) and 5
mL of benzene, 1-pyrenecarboxaldehyde (1220 mg, 5.3 mmol), and subsequently pinacolborane
(770 pL, 5.3 mmol). The mixture was stirred for 1 h at room temperature. Then the solvent was
completely evaporated under vacuum and the residue was washed with hexane (3 x 5 mL) and
filtered. The recovered 3.2co was dried under vacuum and a portion was dissolved in C¢Ds for H
NMR analysis (Fig. B12), another portion was dissolved in DCM for EPR analysis (Fig. B11), and
the rest was employed in catalytic benzaldehyde hydroboration reaction for checking the

reusability of 3.2co.
3.4.5 Kinetic Studies

(Al kinetic reactions were set up in a dinitrogen glovebox and performed the same way
with appropriate amounts of 3.2co, 1-pyrenecarboxaldehyde, HBpin, and 4,4,5,5-tetramethyl-2-
(pyren-1-ylmethoxy)-1,3,2-dioxaborolane — See Table 3.3, and Hexanal — See Table 3.4).

General Procedure for Reaction A

A catalyst stock solution was prepared by dissolving 0.014 g (0.030 mM) of 3.2co in 3 mL
of CeéDs. An NMR tube was charged with 100 pL of catalyst stock solution (0.467 mg, 0.001 mM,
1 mol%). Afterward, a vial was charged with 1-pyrenecarboxaldehyde (23 mg, 0.1 mM) and 0.300
mL of CsDe and the solution was transferred to the NMR tube. The vial was rinsed with 0.200 mL
of CeDs and transferred to the same NMR tube. The NMR tube was capped with a rubber septum.
A 50 puL micro-syringe, pre-charged with HBpin (14.5 pL, 0.1 mM) was capped by poking into
the rubber septum. The NMR tube containing the reaction mixture and the micro-syringe were
removed from the glovebox. The HBpin was injected into the NMR tube, shaken quickly, and
immediately inserted into the NMR spectrometer. A !B NMR spectrum was taken every 2 min
for 25 min at room temperature. Concentration of (pyrene)CH>OBpin product was calculated
based on integrals of the known [HBpin]. All 5 other reactions (B-F) were carried out through the
same procedure, but for reaction F, (pyrene)CH20Bpin (0.010 mg, 0.03 mM) was added to the vial
containing 1-pyrenecarboxaldehyde. Through the same procedure, hexanal was used as an
aliphatic aldehyde (Table 3.4).
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Table 3.3. Concentrations of Reagents for Reactions A-F for VTNA",

Reaction [3.2c0] [1-Pyrenecarboxaldehyde] [HBpin] [(Pyrene)CH.,OBpin]
Ae 0.001 0.10 0.10 -
Bm 0.001 0.16 0.10 -
Ca 0.001 0.10 0.16 -
D 0.003 0.10 0.10 -
Ee 0.001 0.07 0.07 -
Fe 0.001 0.07 0.07 0.03

*All the amounts are in mM.

Table 3.4. Concentrations of Reagents for Reactions G-K for VTNA".

Reaction [3.2¢0] [Hexanal] [HBpin]
Ge 0.001 0.10 0.10
He 0.001 0.16 0.10
le 0.001 0.10 0.16
J 0.003 0.10 0.10
Ke 0.001 0.07 0.07

“All the amounts are in mM.
3.4.6 Crystallographic Details

Crystallographic data were collected from single crystals mounted on MiTeGen dual
thickness MicroMounts using Parabar oil. Data were collected on a Bruker Smart Apexll single
crystal diffractometer equipped with a graphite monochromator. The instrument was equipped
with a sealed tube Mo Ke source (4 = 0.71073 A), an Apex!l CCD detector and a dry compressed
air-cooling system. All samples were cooled to 203(2) (3.2co and 3.4co) or 293(2) (C) K during
data collection. Raw data collection and processing were performed with the Apex3 software
package from Bruker.®® Initial unit cell parameters were determined from 36 data frames from
select w scans. Semi-empirical absorption corrections based on equivalent reflections were
applied.3* Systematic absences in the diffraction data-set and unit-cell parameters were consistent
with the assigned space group. The initial structural solutions were determined using ShelxT direct
methods,® and refined with full-matrix least-squares procedures based on F? using ShelXL or

ShelXle.*® Compounds 3.2co and C exhibited positional disorders which were refined in ShelXle.
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Hydrogen atoms were placed geometrically and refined using a riding model. Deposition
Numbers: 2162426-2162428.

Figure 3.6. Molecular structure of 3.4c, with 50% probability thermal ellipsoids and hydrogen atoms
omitted for clarity. Selected bond distances (A) and angles (deg): Co-11 2.5917(7), Co-I2 2.5988(8), Co-
C3 2.056(4), Co-C8 2.049(4), 11-Co-12 103.98(2), 11-Co-C3 105.4(1), 11-Co-C8 117.7(1), 12-Co-C3
118.5(1), 12-Co-C8 106.6(1), C3-Co-C8 105.3(2).

3.4.7 Computational Details

All calculations were carried out using the B3LYP functional?® and the XDM dispersion
correction?® with the Gaussian 09%" and postg® programs. The geometries of all species were
optimized using a mixed basis set, in which 6-31G* was assigned to H, B, and C, while 6-31+G*
was assigned to N, O, S, Cl, and Co. Frequency calculations with this same mixed basis set were
performed to determine the thermal free-energy corrections assuming an ideal gas with a molar
volume of 1L and a temperature of 298.15 K. Subsequent single-point energy calculations were
performed on the optimized structures using the larger 6-311+G(2d,2p) basis set. The XDM
damping parameters were set to a1=0, a»=3.7737 A for the geometry optimizations and frequency
calculations, and a1=0.4376, a»=2.1607 A for the single-point energies. Polarizable continuum

models were not used as all reactions were carried out in non-polar, benzene solvent. Initial tests
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applying a solvent correction to the uncatalyzed reaction revealed no change in the predicted free

energy of activation.
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CHAPTER 4

COMPARATIVE B-H BOND ACTIVATION IN Zn(NSNO)- AND NiX(NNN)-
CATALYZED NITRILE DIHYDROBORATION (X= ANIONIC N-, C-, O-, S- OR P-
DONOR)

4.1 Introduction

In recent work The Baker group has been employing simple SNS amido and thiolate
ligands in mechanistic studies of metal- ligand cooperativity (MLC) ligand using first row
metals.>? In Chapter 2, we compared Zn SNS thiolate and amido complexes as efficient
catalysts for hydroboration of carbonyls, demonstrating that the MLC role was confined to
precatalyst activation. In this Chapter we sought to expand our comparison of Lewis base
donor-assisted hydroboration, first comparing amido and aryloxide donors in a tetradentate
NSNO ligand with zinc, and then in a series of X donors in Ni(NNN)X complexes (X = Br,
phenoxide, thiophenoxide, 2,5-dimethylpyrollide and phenyl).

4.2 Introduction to Zn-NSNO complex-catalyzed nitrile dihydroboration

In spite of its limited functional group tolerance, catalyzed dihydroboration of
organonitriles affords products that can serve as valuable intermediates to primary amines
(important as building blocks for proteins, drugs, polymers, pigments and agrochemicals)*
or to build C—N bonds.? These notable applications have encouraged a broad focus on
nitrile dihydroboration over the past decade with active catalysts including a range of
transition, f-element, and main group metals.® Zinc, as an abundant and economically
accessible first row metal, is one of the most environmentally friendly and biocompatible
elements that can be employed in synthetic and catalytic processes.* Indeed, various
hydroboration reactions of N—heterocycles,® carbonyls,® isocyanates,’ carbon dioxide® and
alkynes® have been catalysed using zinc-based systems. Reports to date of zinc complex-
catalysed dihydroboration of nitriles both involve dimeric precatalysts (A,° B') with
strongly donating ligands (Scheme 4.1).

In this work we report the synthesis and characterization of a dimeric Zn complex
(4.1zn) containing a tetradentate NSNO ligand bearing both amido and aryloxide donors.

Mechanistic studies show that the aryloxide is the preferred donor for this first example of
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MLC in a catalytic cycle using zinc. Moreover, variable time normalization kinetic analysis
(VTNA)* indicates a first order rate dependence on the concentrations of zinc, HBpin and

nitrile and provides evidence for catalyst deactivation at high conversion.

/'Bu ﬁ ‘Bu\ (\N/Mes PPh,
N /Zn\ N NJ& H, /H

[ )= =] g PP
N Zn N H H N
\'Bu K ‘Bu/ Ph,P

(A) (B)

Mes
Scheme 4.1. Previous zinc catalysts employed for nitrile dihydroboration

4.3 Results and Discussion
4.3.1 Synthesis and Characterization of H2L4 and 4.1zn

Reaction of 2-aminobenzenethiol with 2-(chloromethyl)-pyridine in Na/MeOH
solution gave the functionalized amine (1). Reaction of 1 with salicylaldehyde and
subsequent NaBH4 reduction in methanol gave HzL4 (Scheme 4.2). In addition to the 12
unique aryl hydrogens between & 6.70 and 8.50, the *H NMR spectrum of HzL shows a
broad peak at 9.09 for the OH, a triplet at 5.91 for the NH, a doublet at 4.39 for the N-
benzylic CH2 and a singlet at 3.99 for the S-benzylic CH2 (Fig. C1). In the 3C{*H} NMR
spectrum the N-C and S-C benzylic carbons appearing at 47.2 and 42.1 ppm are
accompanied by seventeen aromatic C resonances (Fig. C2). The molecular structure of
single crystals of H2L4 confirms the successful synthesis. Reaction of H2L4 and 1 equiv of
diethylzinc afforded yellow crystals of [Zn(k*-NSNO)]z (4.1zn) (Scheme 4.3).

The 'H NMR spectrum of 4.1zn confirms the disappearance of the OH and NH resonances
and includes diastereotopic N- and S-CH2 groups due to the reduced symmetry vs HzL4 (Fig. C3).
The BC{*H} NMR spectrum shows shifted N-C and S-C benzylic carbons due to formation of the

5,6-membered bimetallacycle (Fig. C4). The molecular structure of 4.1zn consists of an
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unsymmetrically aryloxide-bridged dinuclear structure [cf. Zn1-O1 =1.964(2) vs Znl1l-O1’ =
2.059(2) A] with a distorted trigonal bipyramidal geometry [N1-Zn1-O1° = 133.07(9)°].

1- Na/dry MeOH
N,A\\T LN =

2-Cl A~

W= R N
~7 ONH, -NaCl ~ UNH, (1)

1- Salicylaldehyde
2- NaBH,
o1 MeOH

N2 P

N1 L ,‘s

(HLd) 7 \J
Colorless [ _
(81%) N

Scheme 4.2. Synthesis and molecular structure of H.L4 with 50% probability thermal ellipsoids and
hydrogen atoms omitted for clarity.

AN\~ // \
/ // y
LN _“Z/ )
Zn(ethyl pE——— n—
oy 2000, T L AN
-2(ethane) : [ G
THF oo o e , —
N—Zn et
/ \-\. | p 4 1Z
Crystal color: yellow \ //;»7’ P
(89% Yield) \ 7 L~

Scheme 4.3. Synthesis and molecular structure of 4.1z, with 50% probability thermal ellipsoids and
hydrogen atoms and two THF molecules omitted for clarity. Selected bond distances (A) and angles (deg):
Zn1-S1 2.5784(8), Zn1-N1 1.940(2), Zn1-N2 2.056(2), Zn1-0O1 1.964(2), Zn1-O1’ 2.059(2), N2-Zn1-S1
81.21(6), S1-Zn1-N1 82.49(6), N1-Zn1-O1 94.48(8), N1-Zn1-O1’ 133.07(8), N2-Zn1-O1 98.22(8), N2-
Zn1-01’ 109.19(8), N1-Zn1-N2 117.74(9), S1-Zn1-01 176.17(5), S1-Zn1-0O1’ 105.78(6), O1-Zn1-0O1’
78.01(7), Zn1-0O1-Zn1’ 101.99(8).
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4.3.2 Catalytic Reactivity of 4.1zn in Nitrile Dihydroboration

The catalytic potential of 4.1zn for dihydroboration of nitriles was investigated using
benzonitrile as a model substrate and 2 equiv of HBpin (Table 4.1). In the presence of 5 mol% of
4.1zn in CeDs at 80 °C, 89% of benzonitrile was converted exclusively to the diborylamine after 3
h (entry 1). Moving from 80 °C to room temperature decreased the yield to 32% (entry 2). By
omitting the solvent, benzonitrile was quantitatively dihydroborated after 5 h at room temperature
(entry 4). Increasing the time to 12 h and stepwise lowering the 4.1zn loading to 1 mol%
maintained the high yield at >99%. A further decrease to 0.5 mol% lowered the yield to 72% after
12 h (entry 8). Under the optimized conditions of 1 mol% 4.1zn at room temperature with no
solvent, several different nitriles were dihydroborated (Table 4.2). Aliphatic substrates such as
isobutyronitrile and acetonitrile gave full conversion after only 6 h (entries a and b respectively),
whereas 9 h was sufficient for most aromatic nitriles with electron-withdrawing groups.

Although treatment of 4.1zn in CeDe with 2 equiv of 4-fluoro-benzonitrile gave no changes
in the H or °F NMR spectra (Fig. C16), resonances were shifted on reaction of 4.1zn with 2 equiv
of HBpin (Fig. C17).

Table 4.1. Optimization table for hydroboration of benzonitrile using 4.1z, as pre-catalysts

i ia%
/ o " “on—N
Cat. (4.1z0) L
©/ S OAN(BM)Z ﬁx‘N—rr——z'n il
/\ ! 1 /(4 Az0)
Entry Solvent  4.1z,(mol%) Time (h) Temp. (°C) Yield (%)
1 CsDse 5 3 80 89
2 CsDe 5 3 RT 32
3 Neat 5 5 80 99
4 Neat 5 5 RT 99
5 Neat 3 12 RT 99
6 Neat 2 12 RT 99
7 Neat 1 12 RT 99
8 Neat 0.5 12 RT 72

Reaction condition: Benzonitrile (0.1 mmol), HBpin (0.2 mmol). The amount of 4.1z, was calculated
according to the amount of benzonitrile. “Yields were calculated by integration of the characteristic *H
NMR product signal in the reaction mixture vs. internal standard. Selectivity in all cases was 100% for the
reported product.
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Table 4.2. Catalytic dihydroboration of organic nitriles using 4.1zn.

e
4.1zn (1 mol%) 1 A
A

____ HBpin(2eq) / |
R RT, Neat, 6-12 h R ‘
|

N—&{ N—g jg
>_/ o "

(a) >99% (b) >99%
>%L 6h 6h
CJ~B§D o) *BP j e

N—g -
\ N
< 2—/ o] o]
(c) >99% (d) >99%
cl 8h Br 12h

Cl >iLBP o} Br. )?‘EP jo}
@J“B@Q @J‘”ﬁi

(e) >99% (f) >99%
9h 9h

o8 o}

\ /

F1 N"‘B\
B r—<: >—J (o]

(9) >99% (h) >99%

12h
o4 o o4 o

(i) >99% (i) >99%
9h 12h

Reaction conditions: 4.1z, (1 mol%), nitriles (0.1 mmol), HBpin (0.2 mmol), neat conditions at room
temperature. Conversion was calculated by *H and !B NMR integration of the characteristic product signal
in the reaction mixture vs substrate and HBpin, respectively. Selectivity for all cases was 100% for the

reported product.
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Moreover, the benzylic N- and S-CH> groups were no longer diastereotopic.
Although we were unable to identify a Zn—H resonance in the *H NMR spectrum, the 'B
NMR spectrum showed a new singlet resonance at 21.8 ppm suggesting B-O bond
formation?® (Fig. C18). On subsequent addition of 1 equiv of acetonitrile, the 'H and !B
NMR spectra showed this new species was replaced with diborylamine product resonances (Figs.
C17,18).

4.3.3 Mechanistic Studies of 4.1zn Catalytic System

In order to confirm which of our ligand donors is involved in HBpin activation, we
treated Hz2L.4 with HBpin. The 'B NMR spectrum of the resulting O-borylated product,
Bpin-HLA4, is superimposable on that due to the 4.1zn + 2 HBpin intermediate, confirming
that the aryloxide (and not the amido) donor is involved in B—H bond activation. This likely
arises from the stronger B-O (vs B-N) bond*® and is in contrast to Hz activation in which
the M-O bond in metal alkoxide complexes does not react under conditions that the M-N
bond does in metal amido complexes in the same catalytic cycle.’

Further analysis of catalyst speciation showed that the 4.1zn + 2 HBpin intermediate
is unstable over time (Fig. C17,18). After 12 h the NMR resonances of this intermediate
were identical to those observed after a catalytic reaction using 15 mg of 4.1zn. Filtration
of the resulting reaction mixture afforded insoluble zinc metal (as evidenced by gas bubble
formation on treatment with HCI). Characterization of the resulting filtrate by ESI-MS
provided evidence for formation of both H2L4 and Bpin-HL4 as their Na* adducts (Fig.
C5). As the 1B NMR spectrum of this filtrate provided no evidence for O-borylated L4,
we suggest that decomposition of 4.1zn involves subsequent formation of N-borylated L4,
which then dissociates from the Zn centre.

To gain deeper insight into the reaction pathway, kinetic studies were performed.
The catalytic reactions were monitored by *H and !B NMR and the data were analysed
graphically employing variable time normalization analysis (VTNA).* Using 4-
fluorobenzonitrile as the substrate, a first-order rate dependence was found for [HBpin],
[substrate], and [4.1zn], assuming a monomeric catalyst resting state for 4.1zn after reaction
with HBpin (Figure 4.1).
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Plotting the concentration of the diborylamine product [(4-F-CeH4)CH2N(Bpin)] vs the
normalized rate components employing VTNA gives Kobs = 13.9 mM2min? (Fig. C24).
Finally, VTNA was utilized to find out if the catalytic system suffers possible product
inhibition or catalyst deactivation. To do so, two catalytic reactions were performed, with
one monitoring consumption of 4-fluorobenzonitrile from the beginning, and the other from

the reaction time mid-point.
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Figure 4.1. VTNA of the kinetics data: (A) rate dependence on [4-fluorobenzonitrile]; (B) rate
dependence on [HBpin]; (C) rate dependence on [4.1zn] (as monomer).
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After the time adjustment, it turned out the catalytic system indeed suffers from
either product inhibition or catalyst deactivation (Fig. C25). To determine which one, a new
pair of reactions was carried out - one with less substrate and HBpin compared to the normal
reaction, and another one with the product present at the beginning. After the time adjustment, it
was revealed that the catalytic system suffers from catalyst deactivation (Fig. C26) in agreement
with our previous results on catalyst speciation.

Based on the results of the stoichiometric reactions, kinetic studies and evidence regarding
the catalyst resting state, a plausible mechanism can be proposed (Figure 4.2).

4.1Zn

HEBpin

oé\o
(V) /7< (1)
%HO%OO
B-0
() ]
3N

Scheme 4.4. Proposed mechanism for nitrile hydroboration by 4.1z,.

In the first step, bifunctional activation of HBpin forms the borylated ligand and zinc
hydride (1). Then, nitrile insertion gives intermediate (I1), external HBpin coordinates to the N
atom of the coordinated substrate and, passing through (111), transfers a hydride to the C=N carbon
to form (IV). Finally, a third equivalent of HBpin generates the product, reforming zinc hydride

(. As long as sufficient substrate is available the catalytic cycle is unperturbed, but at high

114



substrate conversion competing catalyst deactivation occurs, proposed to result from borylation of

the amido donor and subsequent ligand dissociation from the Zn centre.®
4.4 Conclusion

In summary, 4.1zn effects the catalytic dihydroboration of nitriles under neat conditions
and ambient temperature. Although the reaction rate does not compare to that using catalyst B in
Fig. 1, 4.1zn generates the Zn—H in situ, precluding the need for a very strongly donating ligand.
Kinetic studies revealed a simple reaction rate law but detailed examination at high conversion
provided evidence for catalyst deactivation. Further detailed mechanistic studies of related zinc
complexes and additional catalyzed reductive transformations® will continue to elevate this main

group metal’s status as a versatile source of efficient molecular catalysts.

4.5 Experimental
4.5.1 General considerations

All experiments were carried out under dinitrogen, using a MBraun glovebox unless
otherwise stated. Diethyl ether, toluene and THF were dried on columns of activated alumina using
aJ. C. Meyer (formerly Glass Contour) solvent purification system. Anhydrous Ce¢Ds and THF-ds
were dried with activated alumina (ca. 10 wt %) overnight, followed by filtration. CDCl3 was
stored over activated 4 A molecular sieves (heated at 250 °C for 24 h under vacuum). Anhydrous
methanol and ethanol were purchased from Aldrich and used as obtained. Other chemicals were
used as obtained commercially: 2-chloromethylpyridine (Alfa Aesar), 2-amino benzenethiol (Alfa
Aesar), diethylzinc (Aldrich), salicylaldehyde (Aldrich), sodium borohydride (Aldrich). All
reagents were purchased from commercial suppliers. *H and !B NMR spectra were recorded on a
300 MHz Bruker Avance or Avance Il instrument at room temperature (21-25 °C). 'H NMR
spectra were referenced respectively to solvent residual protons (CsDe, 6 7.15; CDClz, 6 7.26;
THF-ds, & 1.72 and 3.58). Mass spectra were recorded on an AB Sciex Q1MS mass spectrometer
with electrospray ionization (ESIMS) in positive mode (ion spray voltage, 5000.0 V; TEM, 400
°C; declustering potential, 11.00 V; focusing potential, 300.0 V) with samples prepared to ca. 0.05
mg/mL in acetonitrile or dichloromethane. For electron impact (El), solid samples were prepared
by drying products under vacuum, and spectra obtained using a Kratos Concept S1 instrument

(Hres 7000—10000). X-ray diffraction data were collected on a Bruker Smart or Kappa
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diffractometer equipped with an ApexIl CCD detector and a sealed-tube Mo K source (A =0.71073
A).

4.5.2 Synthesis of HaoL*

Precursor 1 was obtained through the literature procedure.!® To an ethanolic solution
of 1 (2.00 g, 9.24 mmol) was added salicylaldehyde (1.129 g, 9.24 mmol) and the mixture
was refluxed for 2 h. Then, the solution was cooled down to 0-5 °C and NaBH4 (0.70 g,
18.48 mmol) was added pinch wise and the mixture was heated to 50 °C for 2 h. Finally,
the solvent was removed under vacuum and HzL* was extracted with ethyl acetate and kept
in the freezer. After 4-6 h, colourless crystals of H2L* appeared and were filtered and dried
(2.41 g, 81%). The same crystal was used for X-ray crystallography. *H NMR (300 MHz,
CDCI3): 6 9.09 (b, 1H, OH), 8.50 (d, 1H, N-adjacent H in pyr ring), 7.62 (t, 1H, aromatic), 7.39
(d, 1H, aromatic), 7.21 (ov mult, 4H, aromatic), 7.12 (d, 1H, aromatic), 6.90 (m, 2H, aromatic),
6.84 (d, 1H, aromatic), 6.70 (t, 1H, aromatic), 5.91 (brt, 1H, NH), 4.39 (d, 2H, N-CHy), 3.99 (s,
2H, S-CH>).

4.5.3 Synthesis of 4.1zn

3 mL of 1 M solution of diethylzinc in hexane (3.00 mmol) was added to a solution
of HzL (0.96 g, 3 mmol in 5 mL of THF) dropwise at RT. The final solution turned yellow
after 5 min and 4.1z, precipitated out after 2 h. The precipitate was filtered, washed with
diethyl ether (3 x 3 mL), and dried under vacuum (2.08 g, 89%). Suitable crystals for
crystallography were grown by ether layering of a THF solution of 4.1z, at RT. *H NMR
(300 MHz, CDCI3): 6 8.80 (d, 1H, N-adjacent H in Py ring), 7.72 (t, 1H, aromatic), 7.64 (d, 1H,
aromatic), 7.38 (ov mult, 2H, aromatic), 7.21 (d, 1H, aromatic), 7.02 (ov mult, 2H, aromatic), 6.84
(d, 1H, aromatic), 6.66 (d, 1H, aromatic), 6.58 (t, 1H, aromatic), 6.39 (t, 1H, aromatic), 4.43, 4.32
(d, 14 Hz, 1H), 4.16, 3.94 (d, 14.5 Hz, 1H). EI-MS [M/2] 384.02, Calc’d 384.03 (Figure C5).

4.5.4 Synthesis of O-borylated HL4 (Bpin-HL*?)

0.1 g of H2L# (0.31 mmol) was dissolved in 5 mL of THF in a vial and 44 pL of HBpin
(0.31 mmol) was added and the solution was stirred at room temperature for 5 h. Then the solvent

was evaporated under vacuum and the residue dissolved in CsDs. *H NMR (300 MHz, C¢Ds): &
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8.30 (d, 1H, N-adjacent H in Py ring), 7.40 (d, 1H, aromatic), 7.28 (d, 1H, aromatic), 7.23 (d, 1H,
aromatic), 6.97 (ov mult, 2H, aromatic), 6.83 (ov mult, 2H, aromatic), 6.51 (ov mult, 2H,
aromatic), 5.90 (t, 1H, NH), 4.30 (d, 2H, N-CH>), 3.91 (s, 1H, S-CH>), 1.00 (s, 12H, Bpin CHy)
(Figure C20). !B NMR 21.8 ppm (Figure C19). ESI-MS [NaM]* 471.18, Calc’d 471.18.

4.5.5 Catalysis protocols

A catalyst stock solution was prepared by dissolving 15 mg (0.020 mmol) of 4.1zn in 4 mL
of THF. Ten small vials were charged with 20 pL of the catalyst stock solution (0.7 mg, 0.001
mmol, 1 mol%). Then, THF was evaporated under vacuum and nitrile substrates (0.1 mmol:
isobutyronitrile 6.9 mg or 8.9 uL, acetonitrile 4.1 mg or 5.2 pL, 2-chlorobenzonitrile 13.7 mg, 2-
bromobenzonitrile 18.2 mg, 3-chlorobenzonitrile 13.7 mg, 3-bromobenzonitrile 18.2 mg, 4-
fluorobenzonitrile 12.1 mg, 4-bromobenzonitrile 18.2 mg, 2-thiophenecarbonitrile 10.9 mg or 9.3
uL, 4-methoxybenzonitrile 13.3 mg) were added to the vials, and subsequently after putting a tiny
magnetic stir bar in the vials, HBpin (29 pL, 0.2 mmol) was added to the vials. The vials were
capped and the stir bars started stirring very gently. After 6-12 h, the reaction mixtures were
dissolved in CsDs and transferred to NMR tubes and a *H NMR spectrum was taken at room
temperature. Concentration of the di-hydroborated products were calculated based on integrals of

the characteristic product signal in the reaction mixture and the known [HBpin] as well.
4.5.6 Mechanistic studies

A small vial was charged with 4-fluorobenzonitrile (12 mg, 0.1 mmol), 4.1zn (38.5 mg,
0.05 mmol) and 1 mL of CeDs. The vial was capped and the mixture was stirred for 2 h at room
temperature and then transferred to an NMR tube and °F and *H NMR spectra were recorded
(Figure C16).

A small vial was charged with 4.1zn (38.5 mg, 0.05 mmol), HBpin (15 uL, 0.1 mmol) and
1 mL of CeDs. The vial was capped and the mixture was stirred for almost 2 h and then transferred
to an NMR tube and *H and !B NMR spectra were recorded. Then 2.6 pL of acetonitrile (0.05
mmol) was added to the same NMR tube. The NMR tube was well shaken, left in the glovebox

for 8 h, at room temperature. *H and !B NMR spectra were then recorded (Figure C17).
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Through the same procedure, 4.1zn (38.5 mg, 0.05 mmol) and 2 equiv of HBpin (15 pL,
0.1 mmol) were treated together and after 12 h, *H and !B NMR spectra were recorded for

comparison (Figures C17 and C18).

To recover a zinc complex after the catalytic reaction, 15 mg (0.020 mmol) of 4.1zn,
acetonitrile (20.8 pL, 0.4 mmol) and HBpin (116 pL, 0.8 mmol) were added to a vial, and
subsequently a magnetic stir bar was put in the vial and the vial was capped and the stir bar started
stirring gently. After 12 h, any remaining acetonitrile was evaporated under vacuum and 5 mL of
hexane was added. After all the product was dissolved in hexane, the mixture was filtered and the
residue was collected as a very pale green-white powder and dried under vacuum. The residue
showed no solubility in available solvents and a reaction run using the residue (5 mg), acetonitrile
(5.2 pL, 0.1 mmol) and HBpin (29 uL, 0.2 mmol) showed no hydroboration product after 24 h.
Also, addition of HCI to this residue resulted in bobbles following with the residue dissolving.
Finally, the filtrate from above was evaporated and the resulting residue also showed no nitrile

hydroboration activity.

4.5.7 Kinetic studies

All Kinetic reactions were set up in a nitrogen-filled glovebox and performed the same way
with appropriate amounts of 4.1zn, 2-fluorobenzonitrile, HBpin, and N-(4-fluorobenzyl)-4,4,5,5-
tetramethyl-N-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,3,2-dioxaborolan-2-amine
(abbreviated as 4-F-Ce¢H4)CH2N(Bpin)2) — See Table 4.3.

General procedure for reaction A.

Note: All employed concentrations of 4.1zn in the kinetic study are calculated for a
monomer form of the zinc complex (Mm: 385.79 g/mol) not the dimeric form. This consideration
is only for the kinetic study (Other 4.1zn concentrations in other sections are stated for the dimeric
form having Mm: 771.58 g/mol).

Product isolation: A vial was charged with 7 mg of 4.1zn (0.01 mmol, 1 mol%). Then, 4-
fluorobenzonitrile (121 mg, 1 mmol) and HBpin (290 uL, 2 mmol) were added to the vial. After
10 h, the product (g) was extracted into 10 mL of pentane and filtered. Then, the solution was

concentrated to 2 mL and kept at -30 °C overnight, so crystals of (4-F-CsH4)CH2N(Bpin)2 (g) were
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formed (several crystals were separated for crystallography) and then filtered and dried under
vacuum. Product g was then used in the kinetic study for reaction F (Table 4.3).

A catalyst stock solution was prepared by dissolving 15 mg (0.040 mM as a monomer) of
4.1zn in4 mL of THF. 10 small vials were charged with 20 pL of the catalyst stock solution (0.7
mg, 0.002 mM, 2 mol%). Then, THF was evaporated under vacuum and 4-fluorobenzonitrile (17
mg, 0.1 mM) was added to the vials and subsequently after putting a tiny magnetic stir bar in the
vials, HBpin (29 pL, 0.2 mM) was added, the vials were capped and the stir bars started stirring
very gently. Every 45 min (Reactions A, C, D, E and F) or 40 min (Reaction B) the reaction mixture
of one of the vials was immediately dissolved in C¢Dg and transferred to an NMR tube and *H and
1B NMR spectra were taken at room temperature. The concentration of (4-F-CsH4)CH2N(Bpin):
product was calculated based on integrals of the known [HBpin] and the characteristic signal of
(4-F-CsH4)CH2N(Bpin)2. All the other 5 reactions (B-F) were carried out through the same
procedure, but reaction F in which (4-F-CsH4)CH2N(Bpin)2 (12 mg, 0.032 mM) was added to the
vials before adding HBpin. The outlier results (compared to the uniform progression of the
catalytic yield vs. time) were repeated several times and for the cases in which the results of all
the repetitions were close, the average was considered, otherwise the best matching one was

selected.
Table 4.3. Concentrations of Reagents for Reactions A-F for VTNA",
[4.12,] [4-Fluorobenzonitrile] [HBpin] (4-F-CsH4)CH,N(Bpin),
Reaction A 0.002 0.1 0.2 -
Reaction B 0.002 0.15 0.2 -
Reaction C 0.002 0.1 0.3 -
0.006 0.1 0.2 -
Reaction E 0.002 0.068 0.136 -
Reaction F 0.002 0.068 0.136 0.032

*All the amounts are in mM.

4.5.8 Crystallographic details

Crystallographic data for all compounds were collected from a single crystal mounted on
a MiTeGen dual thickness MicroMount using Parabar oil. Data were collected on a Bruker Apexl|
single crystal diffractometer equipped with a graphite monochromator. The instrument was
equipped with a sealed tube Mo Ka source (A = 0.71073 A), an ApexIl CCD detector and a dry
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compressed air-cooling system operating at 203 K. Raw data collection and processing were
performed with the Apex3 software package from Bruker.? Initial unit cell parameters were
determined from 36 data frames from select w scans. Semi-empirical absorption corrections based
on equivalent reflections were applied.?* Systematic absences in the diffraction data-set and unit-
cell parameters were consistent with the assigned space group. The initial structural solutions were
determined using ShelxT direct methods,?? and refined with full-matrix least-squares procedures
based on F? using ShelXL or ShelXle.?® Hydrogen atoms were placed geometrically and refined

using a riding model. Additional crystallographic information is given in Table C1.
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4.7 Introduction for Nitrile Hydroboration Catalyzed by NiX(NNN)

Organoboron intermediates are very important in synthetic chemistry, enabling many
important transformations, such as formation of C-C*? and C-N** bonds, alcohols®®, imines'®!
and amines.'>** Hydroboration of unsaturated CC and CX bonds is one primary route for
production of key organoboron intermediates.'®22 Reduction of nitriles, for example, has received
much attention due to the importance of amines as precursors for production of pharmaceutical
compounds, and as components of industrial processes for production of polyesters, dyes, and
agrochemicals.?*2* The poor functional group compatibility of traditional hydroboration reagents
such as diborane or alkylboranes,?? led to development of less reactive catecholborane (HBcat)
and pinacolborane (HBpin) which do not readily reduce aldehydes at ambient temperature.?”?% To
selectively elevate the reactivity of the latter reagents, a number of first row metal and main group
complexes have been employed.?>3! Over the past decade, Metal-Ligand Cooperation (MLC), has
been shown to be particularly well-suited for catalyzed hydroboration of polar CX bonds.?*3! In
one common type of MLC, an anionic ligand X functions as a Lewis-base, converting the B-H
bond into a B—X bond and a metal hydride. In this type of mechanism, the formed B—X bond either
has a productive role in the catalytic cycle,33* known as bifunctional catalysis, or just initiates the
reaction and leaves the catalytic cycle (bifunctional catalyst activation).35-42

In our previous study, amido N- and phenolate O-donors were compared for activating the B—
H bond of pinacolborane in Zn-catalyzed nitrile dihydroboration; the O-donor played the dominant
role.® Herein, a series of divalent NiX(NNN) complexes, where X is Br, OPh, SPh,
dimethylpyrollide, PPh;, and Ph (4.3ni-4.8ni respectively, Scheme 4.4), are synthesized,
characterized and employed as precatalysts in nitrile dihydroboration. Since five of the six X
ligands include additional lone electron pairs, this allows us to assess the relative efficiency of C-
, N-, O- and P-donors for B-H bond activation. We also compare our results with previously

reported Ni catalysts (Scheme 4.4).4
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Scheme 4.5. Previous and current nickel-catalyzed nitrile hydroboration.

4.7 Results and Discussion
4.7.1 Synthesis and characterization

Treatment of NiBro(DME) with 1 equiv of HL5 afforded Ni"Br(x3-NNSM®) (4.2ni) as a
light brown solid (Scheme 4.5). The *H NMR spectrum of 4.2ni (Fig. C27) showed a singlet at &
2.82 for S-Me and another singlet at & 4.39 for benzylic CH; adjacent to N. In addition, the 8
different aryl H resonances included a doublet at low field (& 8.96, 2Jun = 5 Hz) for CH adjacent
to the pyridine N. The molecular structure of 4.2ni, determined by single crystal X-ray diffraction,
shows a strained square planar geometry about Ni (S-Ni-N2 = 169.0, N1-Ni-N2 = 84.36 and N2-
Ni-Br = 97.93°) due to the small NN bite angle and large size of Br. The Ni-N1 bond length is
0.079 A shorter than that of Ni-N2, as expected due to the anionic nature of N1.

Stoichiometric reaction of 4.2ni with HBpin afforded an insoluble black precipitate and N-
borylated Bpin-L5, as confirmed by EI-MS (Fig. C41). In previous work with a Zn(SNS):
hydroboration precatalyst we also showed that the basic amido group binds strongly to the Bpin
group, reducing the ligand’s ability to coordinate the metal.*? As a result, we turned to the less

basic pyrrolyl group in L6.47>%-3
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Scheme 4.6. Synthesis and molecular structures of 4.2n; with 50% probability thermal ellipsoids and
hydrogen atoms omitted for clarity. Selected bond distances (A) and angles (deg) for 4.2xi: Ni-S1 2.1610(5),
Ni-N1 1.835(2), Ni-N2 1.914(1), Ni-Br1A 2.352(2), S1-Ni-N1 87.52(6), N1-Ni-N2 84.36(7), N2-Ni-Br1A
97.93(8), S1-Ni-Br1A 90.90(6), S1-Ni-N2 169.05(5), N1-Ni-Br1A 173.85(8).

Treatment of HL6 with one equiv of NiBr2(DME) afforded Ni'"Br(i3-NNN) (4.3ni) as a
brown solid (Scheme 4.6). The *H NMR spectrum of 4.3ni showed one singlet at & 4.88 due to the
CHa, and 8 different aryl H resonances (Fig. C29). The molecular structure of 4.3ni shows a
strained square planar geometry about Ni with N1-Ni-N3 =167.0 and acute N-Ni-N angles of
83.5°.

Stoichiometric reaction of 4.3ni with HBpin gave a color change to reddish brown. The H
NMR spectrum of the mixture showed a singlet resonance at 6 -30.97 due to Ni—H (Fig. C43) and
a !B NMR resonance at 25.8 ppm assigned to Br-Bpin (Fig. C45), showing that B-H bond
activation occurs at the Ni-Br vs. Ni-Npyrolide bOnd. The stability of L6 in the presence of HBpin
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then afforded the opportunity to substitute bromide with other X ligands in order to assess their
efficiency for activating the B—H bond of HBpin. Indeed, reaction of 4.3ni with one equiv of phenol
yielded Ni'"(OPh)(3-NNN) (4.4ni) as a red solid (Scheme 4.7).

4 /)

I i
NiBr,(DME) /
L1HMDS
T mE / \
-LiBr
™ -HMDS N
Crystal color:

K\ I (HLS) AN l (92b°2,°\v(v|2|d /
(4.3ni)

Scheme 4.7. Synthesis and molecular structures of 4.3ni with 50% probability thermal ellipsoids and
hydrogen atoms omitted for clarity. Selected bond distances (A) and angles (deg) for 4.3ni: Ni-N3 1.875(3),
Ni-N2 1.850(2), Ni-N1 1.920(3), Ni-Brl 2.3229(4), Br1-Ni-N1 98.78(7), N1-Ni-N2 83.5(1), N2-Ni-N3
83.5(1), N3-Ni-Br1 94.14(8), Br1-Ni-N2 176.05(8), N1-Ni-N3 167.0(1).

The *H NMR spectrum of 4.4ni showed one singlet at § 4.67 due to the benzylic CHz, and
13 different aryl H resonances (Fig. C31). The molecular structure of 4.4ni shows a square planar
geometry about Ni with similar distortions as in 4.3ni.

Stoichiometric reaction of 4.4ni with HBpin led to a color change to reddish brown and

appearance of the same Ni—H resonance in the *H NMR spectrum. After solvent removal and
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hexane extraction, crystals of Ph-O-Bpin (S-P3) were obtained and analyzed by X-ray diffraction
(Fig. C60) and *H NMR spectroscopy (Fig. C46). In contrast, attempts to isolate the hexane
insoluble Ni—H complex were hampered by its thermal instability.

4 /\ \\

OH

LLHMDS
THF
-LiBr
-HMDS
(4 3ni) Crystal color: red
k\ (81% Yleld)

(4.4ni)

Scheme 4.8. Synthesis and molecular structures of (4.4n;) with 50% probability thermal ellipsoids and
hydrogen atoms omitted for clarity. Selected bond distances (A) and angles (deg) for (4.4ni): Ni-N3
1.881(3), Ni-N2 1.832(3), Ni-N1 1.850(3), Ni-O1 1.837(2), O1-Ni-N1 94.46(7), O1-Ni-N3 97.22(7), N2-
Ni-N1 83.98(8), N3-Ni-N2 84.22(8), 01-Ni-N2 176.28(7), N1-Ni-N3 168.10(8).

Reaction of 4.3ni with one equiv of thiophenol yielded Ni"(SPh)(k*-NNN) (4.5ni) as a red
solid (Scheme 4.8). The *H NMR spectrum of 4.5ni showed a singlet at & 4.94 due to the benzylic
CH:z and 13 different aryl H resonances (Fig. C33). The molecular structure of 4.5ni showed a
similar strained structure as seen for complexes 4.3ni and 4.4ni. Stoichiometric reaction of 4.5ni
with HBpin showed no color change at room temperature and no Ni—H was observed by *H NMR
(Fig. C43). Even after raising the temperature to 50 °C, no evidence for Ni—-H or PhSBpin

formation was obtained.
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Reaction of 4.3n; with one equiv of 2,5-dimethyl- pyrrole gave Ni''(2,5-Mez-pyrrolyl))(ic3-
NNN) (4.6ni) as a navy-blue solid (Scheme 4.9). The *H NMR spectrum of 4.6ni showed a singlet
at 6 2.89 for the dimethylpyrrollide methyls, a singlet at & 4.86 for benzylic CH2, and 10 different
aryl H resonances (Fig. C35).

N [j/ . N
N/\ ' LiHMDS N/\ /
Nl\ T» NI\
/ Br -LiBr / :
W -HMDS 2= o
(4.3n) / Crystal color: red

\\ | N (88% Yield) /
(4.5ni)

Scheme 4.9. Synthesis and molecular structures of 4.5n with 50% probability thermal ellipsoids and
hydrogen atoms omitted for clarity. Selected bond distances (A) and angles (deg) for 4.5ni: Ni-S1 2.199(1),
Ni-N3 1.865(4), Ni-N2 1.872(4), Ni-N1 1.915(4), S1-Ni-N1 98.8(1), S1-Ni-N3 93.9(1), N1-Ni-N2 83.8(2),
N3-Ni-N2 83.3(2), S1-Ni-N2 173.9(1), N1-Ni-N3 167.2(2).

The molecular structure of 4.6ni showed a slightly longer Ni-N bond length to the
dimethylpyrollide (1.877A) vs that to the ligand pyrollide group (1.866 A). Interestingly, treatment
of 5 with HBpin gave a reddish-brown solution with the same Ni—H observed by *H NMR (Figs.
C43, C49), and 2,5-dimethyl-pyrrollide—Bpin (S-P4) detected by EI-MS (Fig. C47). So even
though HBpin showed no propensity to add across the ligand Ni-Npyronige bond in 4.5ni, it readily

adds across the Ni-Ndimethyipyroliide bONd in 4.6ni.
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Turning to a heavier X donor, complex 4.3ni was treated with diphenylphosphine to give
[Ni"(m-PPhy))(x2-NNN)]> (4.7ni) as a light-brown solid (Scheme 4.10). The unremarkable ‘H
NMR spectrum of 4.7ni showed a singlet at 6 3.98 for the benzylic CH and 36 different aryl H
resonances (Fig. C37). The molecular structure of 4.7ni, however, revealed a phosphido-bridged
dimer with k?-NNN ligands due to dissociation of the pyridine donor. The large PPh groups incur
additional strain about the Ni centers (N1-Ni-P1’=101.0° and N2-Ni-P1 = 103.5°).

M /)

S, LiHMDS N\Ni

N
N
N i\ T N
Br -LiBr / N \
= N -HMDS = N S

, (4-3m) \ /Crystal color: blue
(74% Yield)

Scheme 4.10. Synthesis and molecular structures of 4.6ni with 50% probability thermal ellipsoids and
hydrogen atoms omitted for clarity. Selected bond distances (A) and angles (deg) for 4.6ni: Ni-N3 1.866(5),
Ni-N2 1.859(5), Ni-N1 1.905(5), Ni-N4 1.877(5), N4-Ni-N1 97.4(2), N4-Ni-N3 95.4(2), N2-Ni-N1
83.7(2), N2-Ni-N3 83.6(2), N4-Ni-N2 176.4(2), N1-Ni-N3 167.2(2).

Stoichiometric reaction of 4.7ni with HBpin was monitored by NMR but no evidence of
Ni—H or PhoPBpin was detected, even at 50°C.

Finally, we sought to include a C-donor that did not possess an additional lone electron

pair in order to compare the reactivity of complexes 4.3ni,4.4ni,4.6ni With a presumed s-bond
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metathesis B—H bond activation pathway. Through an alternate procedure, NiCI(Ph)(PPhz), was
treated with one equiv of HLG, affording Ni'"(Ph)(i3-NNN) (4.8ni) as a dark yellow solid (Scheme
4.11). The *H NMR of 7 showed a singlet resonance at & 4.95 for the benzylic CHz and 8 different
aryl H resonances (Fig. C39). The molecular structure of 4.8ni showed a strained square planar
geometry (C1-Ni-N3 = 99.5° and C1-Ni-N1= 84.3°) showing phenyl ring deviation toward the

pyrollide ring due to the larger steric hindrance of the pyridine ring.

a0 gc@ﬁ

N L:H\IDS
R — tmr
/ Br -LiBr
= -HMDS
| A
- _ \

N ’ Crystal color: light brown
(86% Yield)

Scheme 4.11. Synthesis and molecular structures of 4.7ni with 50% probability thermal ellipsoids and
hydrogen atoms omitted for clarity. Selected bond distances (A) and angles (deg) for 4.7ni: Nil-N1
1.927(4), Ni1l-N2 1.985(4), Nil1-P1 2.184(1), Nil-P1’' 2.173(1), Nil’-P1 2.173(1), Nil’-P1’ 2.184(1), Nil -
N1’ 1.927(4), Nil'-N2' 1.985(4), N1-Nil-N2 83.5(2), N1-Ni1-P1’ 101.0(1), N2-Nil1-P1 103.5(1), P1-Nil-
P1'73.33(5), P1-Nil’-P1' 73.33(5), P1-Nil’-N1"101.0(1), P1"-Nil’-N2" 103.5(1), N1"-Nil’-N2’ 83.5(2), N2-
Nil-P1’ 170.5(1), N1-Ni1-P1 169.3(1), P1-Nil’-N2' 170.5(1), P1'-Nil'-N1' 169.3(1).
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Stoichiometric treatment of 4.8ni with HBpin at room temperature failed to activate the B—
H bond and form Ni—H (Fig. C43). Increasing the temperature to 50 °C, however, led to formation
of Ph—Bpin (S-P5) as detected by EI-MS analysis (Fig. C48), but no Ni-H was observed by NMR,

possibly due to its low stability at elevated temperatures.

PPh, //Q
' HL6 / /
\;,_Ni‘© LiHMDS N
THF Ni
‘ -LiCl
PPh; -HMDS = N
Crystal color:
\ / dark yellow
K (94% Yield)
(4.8ni)

Scheme 4.12. Synthesis and molecular structures of 4.8ni with 50% probability thermal ellipsoids and
hydrogen atoms omitted for clarity. Selected bond distances (A) and angles (deg) for 4.8ni: Ni-N3 1.916(2),
Ni-N2 1.891(2), Ni-N1 1.879(2), Ni-C1 1.893(3), C1-Ni-N1 94.3(1), C1-Ni-N3 99.5(1), N2-Ni-N3
83.06(9), N2-Ni-N1 83.18(9), C1-Ni-N2 177.3(1), N1-Ni-N3 166.22(9).

4.7.2 Hydroboration catalysis

Complexes 4.2ni-4.8ni Were assessed as precatalysts for nitrile dihydroboration (Table
4.4). At first, one reaction with 5 mol% of each precatalyst was carried out at room temperature
without any solvent; after 15 h the reactions were analyzed by *H NMR. For precatalysts 4.3ni,
4.4ni and 4.6ni, quantitative yields were observed (entries 2, 3 and 6), while no product was
observed for precatalysts 4.5ni, 4.7ni and 4.8ni (entries 4, 7 and 9 respectively). These preliminary

results matched perfectly with 4.5ni, 4.7ni and 4.8ni being unable to activate HBpin, as shown
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above. Three more reactions were carried out with 4.5ni, 4.7ni and 4.8ni under the same conditions
but the temperature was increased to 50 °C. No products were observed for 4.5ni and 4.7i (entries
5 and 8, respectively), but 63% yield was obtained for 4.8ni (entry 10), matching well with 4.8ni
being able to activate HBpin only at higher temperature. After further optimization, it turned out
that 2% loading of 4.4ni was able to catalyze the reaction in 12 h, giving quantitative yield (entry
12), while 2 mol% of 4.3ni and 4.6ni gave 89 and 92% conversion after 15 h (entries 11 and 14
respectively). Lowering the loading of 4.3ni to 1 mol% decreased the yield to 88% (entry 13).

Table 4.4. Dihydroboration of benzonitrile using 4.2xi-4.8n; as pre-catalysts

N
g
Z Cat. (mol%) B
HBpin (2 eq) N(Bpin),
Neat, temp.

Entry Cat. (mol%) Time(h) Temp.('C) Yield (%)

1 4.2i (5) 15 RT 0

2 4.3 (5) 15 RT >99
3 4.4ni (5) 15 RT >99
4 4.5i (5) 15 RT 0

5 4.5i (5) 15 50 0

6 4.6ni (5) 15 RT >99
7 4.7ni (5) 15 RT 0

8 4.7vi (5) 15 50 0

9 4.8ni (5) 15 RT 0
10 4.8ni (5) 15 50 63
11 43u (2 15 RT 89
12 446 (2) 12 RT >99
13 44w (1) 12 RT 88
14 44ni (1) 5 50 >99
15 46n(2) 15 RT 92
16 46ni (1) 5 50 >99

“ Reaction conditions: benzonitrile (1 mmol, 100 pL), HBpin (2 mmol, 290 uL). Catalyst loading relative
to benzonitrile. Yields were determined by *H NMR analysis based on substrates. Selectivity in all cases
was 100% for the reported product.

Hydroboration of several different substrates was investigated using 2 mol% of 4.3ni, 4.4ni
and 4.6ni under neat condition at room temperature (Table 4.5). All three precatalysts catalyzed
hydroboration of acetonitrile quantitatively (b) after 10 h for 4.4ni and 14 h for 4.3ni and 4.6ni.

Various functional groups on different positions of the phenyl ring of benzonitrile affected the
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yield when compared to benzonitrile. An electron-withdrawing group in the ortho position (c)
made no significant change since the reaction was completed after 12 h with 4.4ni, and 18 h with
4.3ni and 4.6ni. In contrast, bulkier Br on the ortho position decreased efficiency (d), giving after
18 h full conversion with 4.4ni and 84 and 89% yield with 4.3ni and 4.6ni, respectively. Meta—Halo
substitution also reduced the catalytic efficiency with full conversion using 4.4ni after 14 and 15 h
for (e) and (f), respectively, whereas 91 and 82.5% yield were obtained for (e) and (f) in the
presence of 4.3ni and 4.6ni after 18 h. Interestingly, the electronic nature of the para functional
group significantly impacted the catalytic efficiency. While para-fluoro subsitution (g) led to full
conversion for 4.3ni, 4.4ni and 4.6ni in 15, 10 and 14 h respectively, both bromo and methoxy

groups in this position decreased the yield for 4.3ni and 4.6ni after 18 h.

To find out more details about the reaction mechanism, 4.3ni-4.7ni were treated with one
equiv of 4-fluoro-benzonitrile and the reaction was monitored by °F NMR (Fig. C42). No new
peaks were observed. In contrast, addition of one equiv of 4-fluoro-benzonitrile to the formed Ni—
H species from 4.4ni + HBpin led to disappearance of the Ni-H H NMR resonance (Fig. C44),
suggesting the next step is insertion of nitrile into Ni—H, presumably forming an imino-nickel
intermediate. Using °F NMR to follow the same series of reactions (Figure 4.3) demonstrated
that: i) After addition of 1 equiv of HBpin to 4.4ni, treatment of the resulting Ni—H species with 1
equiv of 4-fluoro-benzonitrile gave only ca. 60% of imino-nickel intermediate (resonance at -120
ppm), confirming thermal instability of the Ni-H complex in the absence of substrate; ii) While
subsequent addition of excess HBpin afforded the diborylamine product, using one equiv of HBpin
affords both unreacted intermediate and diboryl-amine, suggesting that any monoreduced

borylimine intermediate remains coordinated to nickel.
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Table 4.5. Hydroboration of nitriles using 4.3ni, 4.4ni and 4.6; as pre-catalysts.

Cat. (2 mol%) N(Bpi
R—=——=N—1Epin (2 eq) (Bpin),
" RT,Neat, 10-18 h
/ [/ \ [\
/ /" | M [ N
"\ “\ “\
= _/ - = "/ \°Q Z N\ \"\\
U (4.3ni) N J (a.4n) N f(4 5ni)
\J\
af 0
o = T Vg
i N5 j<
ok
(2), 18h, 91% (2), 14h, >99%
(a) (3), 18h, >99% (b) (3), 10h, >99%
(5), 18h, 88% (5), 14h, >99%

1?

N

& i / o
(2) 18h, >99% — (2), 18h, 84%

(c) & (3), 12h, >99% (d) Br (3), 18h, >99%
(5), 18h, >99% (5), 18h, 89%

el
o
>: )l e / @_}4 B\Ojg

(2), 18h, 90% (2), 18h, 81%
(e) (3), 14h, >99% () (3), 15h, >99%
(5), 18h, 92% (5), 18h, 84%
N
>§ 0
i B e
g
F \ Br@—/ o
(z). 15h, >99% — (2), 18h, 86%
(9) (3), 10h, >99% (h) (3), 16h, >99%
(5), 14h, >99% (5), 18h, 90%

“ Reaction conditions: Nitrile substrate (1 mmol), HBpin (2 mmol). Catalyst loading relative to the nitrile
substrates. Yields were determined by *H NMR analysis based on substrates. Selectivity in all cases was
100% for the reported products.
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~— D= B + HBpin (1 eq)

= C= B + HBpin (4 eq)

—— B= 4.4 (1 eq) + HBpin (1 eq) followed by 4-fluoro benzonitrile (1 eq)
A= 4-fluoro benzonitrile

-100 -110 -120 [ppm]

Figure 4.2. **F NMR spectra (282 MHz, CsDs) spectra of 4-fluoro-benzonitrile (A), stoichiometric reaction
of 4.4y; with 1 equiv of HBpin and subsequently with 1 equiv of 4-fluoro-benzonitrile (B), B solution after
addition of HBpin (4 eq, C), and B solution after addition of HBpin (1 eq, D).

In accord with these observations and the previous reported mechanisms for catalytic nitrile
hydroborations, 10:2335-384849.54 3 |ikely reaction pathway can be proposed for Ni- catalyzed nitrile
dihydroboration (Scheme 4.12). First, HBpin is activated by the Ni—X bond, affording X-Bpin
and NiH(NNN) (I). Second, the nitrile substrate coordinates to the Ni center, possibly displacing
the pyridine arm of the NNN ligand as seen in the Ni-diphenylphosphide reaction.Coordination
and insertion of the nitrile into Ni—-H gives imino-nickel intermediate (I11). Thereafter, HBpin
coordinates to the imine nitrogen of 111 and hydride is transferred to the imine carbon, passing
through intermediate (IV) to form borylamido intermediate (V). Finally, the third HBpin
coordinates to N and transfers hydride to Ni through VI, affording diborylamine product and

reforming catalyst 1.
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Scheme 4.13. Proposed reaction pathway for nitrile dihydroboration using HBpin and NiX(NNN)

4.8 Conclusion

In summary, a series of divalent Ni'" X(NNN) complexes was synthesized in order to assess

the different donors for pinacolborane B—H bond activation. Surprisingly, thiophenoxide complex
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precatalysts 4.3ni, 4.4ni and 4.6ni.
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4.5ni showed no reactivity with HBpin in spite of previous work by Tatsumi, Oestreich et al. with
Ru.% Presumably this results from the combination of weaker bonds formed between boron and S
(ca. 83 kcal/mol vs. 95 for B-N and 104 for B-0)°® and between first row metals and H (ca. 20
kcal/mol vs. 30 for Ru—H).%" Indeed, in our recent work on Mn-catalyzed nitrile dihydroboration
we found that thiolate donors activated HBpin by simple coordination, without B—H transfer to the
metal.>® Synthesis of phosphido-bridged complex 4.7ni revealed the ease of pyridine ring
dissociation in the NNN ligand and the lack of reactivity of 4.7ni with HBpin can also be attributed
to weak B-P bonds (ca. 64 kcal/mol).>® The work reported here also demonstrates that bifunctional
B—H bond activation is more facile than the s-bond metathesis pathway presumably used by 4.8ni
to make PhBpin. However, given the significantly reduced activity of 4.8ni vs 4.4ni at 50 °C and
the sustained activity of the former (Fig. C50), it would appear that 4.8ni operates by a different
reaction mechanism.

The correlation between Ni—H formation and dihydroboration catalytic activity suggests a
conventional inner-sphere reaction pathway with nitrile insertion into Ni—-H as no evidence was
obtained for a bifunctional role of the NNN ligand’s pyrrolide donor. However, the ligand’s
potential hemilability and apparent role in stabilizing the Ni—H intermediate in the presence of
substrate even at 50°C provides an advantage over the previously reported Ni acac catalysts
(Scheme 4.4).** Using the latter, catalysis is accompanied by formation of insoluble black solids
due to irreversible formation of acac—Bpin. Finally, with all other factors being identical, we
attribute the small but reproducible performance advantage of phenoxide precatalyst 4.4ni over
bromide 4.3ni and dimethyl-pyrollide complex 4.6ni to a deleterious effect of the corresponding
X-Bpin complexes. Additional catalysis studies using this NNN ligand with other first row metals

are in progress.
4.9 Experimental Section
4.9.1 General considerations

All experiments were performed under N2 atmosphere, using a Schlenk line or an MBraun
glovebox unless otherwise stated. THF, diethyl ether (DEE), and hexanes were dried on columns
of activated alumina using a J. C. Meyer (formerly Glass Contour) solvent purification system and
stored over activated 4 A molecular sieves (heated at 180 °C for 2 d under vacuum). C¢Ds, CDCls,

and dichloromethane (DCM) were purchased from Sigma Aldrich and used without drying.
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Ligands 2-pyridyl-N-(2’-methylthiophenyl) methylamine (HL5)*, and N-((1-H-pyrrol-2-
yl)methylene)-1-(pyridin-2-yl)methanamine (HL6)*, and the precursor complex trans-
NiCI(Ph)(PPhs),*" were prepared according to literature procedures. Other chemicals were used as
obtained commercially: 2-(methylthio)aniline (Alfa Aesar, 98%), 2-picolylamine (Sigma Aldrich,
99%), pyrrole-2-carboxaldehyde (Alfa Aesar, 99%), sodium borohydride (Sigma Aldrich, >98%),
2-pyridinecarboxaldehyde (Sigma Aldrich, 99%), lithium bis(trimethylsilyl)amide (LIHMDS,
Sigma Aldrich, >99.9%), nickel dibromide(1,2-dimethoxyethane) [NiBro(DME), Sigma Aldrich,
97%], Ni(cod)2 (Sigma Aldrich), pinacolborane (Alfa Aesar, 97%), phenol (Sigma Aldrich),
thiophenol (Sigma Aldrich, 97%), 2,5-dimethylpyrrole (Sigma Aldrich, 98%), diphenylphosphine
(Sigma Aldrich, 98%), chlorobenzene (Sigma Aldrich, 99.8%), triphenylphosphine (Sigma
Aldrich, 99%). H, 3C{*H}, *°F, and 3'P{*H} NMR spectra were recorded on a 300 MHz Bruker
Avance Il instrument at room temperature (21-25 °C). 13C and *H NMR spectra were referenced
respectively to solvent carbons and residual protons (CsDe, 5 7.15; CDCls, § 7.26). *°F and 3'P{*H}
NMR chemical shifts were referenced to external CFClz and H3PO4 both at 0 ppm. Electron impact
mass spectra (EI-MS) were obtained using a Kratos Concept S1 instrument (Hres 7000—10000).
X-ray diffraction data were collected on a Bruker Smart or Kappa diffractometer equipped with
an ApexIl CCD detector and a sealed-tube Mo K source (A = 0.71073 A).

4.9.2 Synthesis and characterization
4.9.2.1 Synthesis of Ni"'Br(x3-NNSM¢) (4.2ni)

A 42 mL glass vial was charged with NiBra(DME) (1.339 g, 4.34 mmol) in 10 mL of THF
and a solution of the HL5 ligand (1.000 g, 4.34 mmol) and LiIHMDS (726 mg, 4.34 mmol) in 20
mL of THF was added dropwise. The color changed from green to brown. After stirring overnight
at room temperature, the solvent was removed under vacuum. The residue was extracted into DCM
(2x20 mL) and filtered. The filtrate was evaporated under vacuum and the product was washed
with hexane (3x10 mL) and DEE (3x10 mL) and dried under vacuum to give 1.516 g of 4.2ni as a
light-brown powder (95%). Crystals of 4.2ni suitable for X-ray crystallography were obtained from
hexane layering of a DCM solution at room temperature after 1 day. *H NMR (300 MHz, CDCls)
58.96 (d, 1H, Ar—H), 7.79 (t, 1H, Ar-H), 7.35 (d, 1H, Ar-H), 7.22 (d, 1H, Ar-H), 7.13 (mult, 2H,
Ar-H), 6.39 (mult, 2H, Ar-H), 6.67 (tr, 7, 1H, Ar-H), 6.31 (d, 8,1H, Ar—H), 4.39 (s, 2H, -CH>-),
2.82 (s, 3H, S—CHs). BC{*H} NMR (75 MHz, CDCl3) § 167.3, 158.9, 150.8, 137.9, 130.8, 130.6,
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1225, 120.5, 119.8, 113.5, 110.7, 58.1 (-CHz-), 25.5 (S-CHs). EI-MS: [M*] 365.9344, Calcd.
365.9336 (Fig. C28).

4.9.2.2 Synthesis of Ni''"Br(x3-NNN) (4.3ni)

A 42 mL glass vial was charged with NiBr2(DME) (1.666 g, 5.39 mmol) in 15 mL of THF
and a solution of the HL6 ligand (1.000 g, 5.39 mmol) and LiIHMDS (903 mg, 5.39 mmol) in 20
mL of THF was added dropwise. The color changed from green to brown. After stirring overnight
at room temperature, the solvent was removed under vacuum. The residue was extracted into DCM
(3x20 mL) and filtered. The filtrate was evaporated under vacuum and the product was washed
with hexane (3x10 mL) and DEE (3x10 mL) and dried under vacuum to give 1.603 g of 4.3ni as a
brown powder (92%). Crystals of 4.3ni suitable for X-ray crystallography were obtained from
hexane layering of a DCM solution at room temperature after 1 day. *H NMR (300 MHz, CDCls)
§ 8.92 (d, 1H, Ar-H), 7.77 (t, 1H, Ar-H), 7.16 (m, 3H, Ar-H), 6.90 (s, 1H, Ar-H), 6.60 (d, 1H,
Ar-H), 5.98 (t, 1H, Ar-H), 4.88 (s, 2H, -CH>-). *C{*H} NMR (75 MHz, CDCls) § 165.0, 160.5,
152.6, 145.2, 1415, 138.2, 127.2, 123.0, 120.9, 118.9, 114.7, 56.9 (-CH>-). EI-MS: 320.9387,
Calcd. 320.9411 (Fig. C30).

4.9.2.3 Synthesis of Ni''(OPh)(k3-NNN) (4.4ni)

A 42 mL glass vial was charged with 4.3ni (200 mg, 0.619 mmol) in 10 mL of THF and a
solution of phenol (58 mg, 0.619 mmol) and LIHMDS (103 mg, 0.619 mmol) in 10 mL of THF
was added dropwise. The color changed from brown to red. After stirring overnight at room
temperature, the solvent was removed under vacuum. The residue was extracted into DCM (2x5
mL) and filtered. The filtrate was evaporated under vacuum and the product was washed with
hexane (3x5 mL) and DEE (3x5 mL) and dried under vacuum to give 168 mg of 4.4ni as a red
powder (81%). Crystals of 4.4ni suitable for X-ray crystallography were obtained from hexane
layering of a DCM solution at room temperature after 3 days. *H NMR (300 MHz, CDCls) § 7.95
(d, 1H, Ar-H), 7.79 (t, 1H, Ar-H), 7.62 (d, 2H, Ar-H), 7.18 (t, 2H, Ar-H), 7.10 (m, 3H, Ar-H),
6.57 (t, 1H, Ar-H), 6.53 (d, 1H, Ar-H), 6.10 (t, 1H, Ar-H), 5.90 (dd, 1H, Ar-H), 4.67 (s, 2H, -
CHz-). BC{*H} NMR (75 MHz, CDCl3) § 167.1, 162.5, 158.1, 148.8, 142.3, 139.0, 138.7, 128.9,
123.1, 121.3, 120.5, 117.5, 144.6, 111.9, 57.8 (-CH>-). EI-MS: [M*] 335.0641, Calcd. 335.0586
(Fig. C32).
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4.9.2.4 Synthesis of Ni''(SPh)(k3-NNN) (4.5ni)

A 42 mL glass vial was charged with 4.3ni (200 mg, 0.619 mmol) in 10 mL THF and a
solution of thiophenol (68 mg, 0.619 mmol) and LiIHMDS (103 mg, 0.619 mmol) in 10 mL of
THF was added dropwise. The color changed from brown to red. After stirring overnight at room
temperature, the solvent was removed under vacuum. The residue was extracted into DCM (2x5
mL) and filtered. The filtrate was evaporated under vacuum and the product was washed with
hexane (3x5 mL) and DEE (3x5 mL) and dried under vacuum to give 191 mg of 4.5ni as a red
powder (88%). Crystals of 4.5ni suitable for X-ray crystallography were obtained from hexane
layering of a DCM solution at room temperature after 1 day. *H NMR (300 MHz, CDCls) § 8.85
(d, 1H, Ar—H), 8.15 (d, 2H, Ar—H), 7.74 (t, 1H, Ar—H), 7.38 (s, 1H, Ar—H), 7.19 (d, 1H, Ar—H),
7.08 (m, 3H, Ar—H), 6.99 (d, 1H, Ar—H), 6.70 (s, 1H, Ar-H), 6.57 (d, 1H, Ar-H), 5.93 (dd, 1H,
Ar—H), 4.94 (s, 2H, -CHz-). 3C{*H} NMR (75 MHz, CDCl3) § 164.3, 157.3, 152.0, 145.1, 143 .4,
141.0,138.6,133.1,127.9,123.1,122.3,120.6,118.1, 111.9, 57.9 (-CH>-). EI-MS: [M*] 351.0356,
Calcd. 351.0340 (Fig. C34).

4.9.2.5 Synthesis of Ni''(2,5-dimethylpyrrolyl)(k3-NNN) (4.6ni)

A 42 mL glass vial was charged with 4.3ni (200 mg, 0.619 mmol) in 10 mL of THF and a
solution of 2,5-dimethylpyrrole (58 mg, 0.619 mmol) and LiIHMDS (103 mg, 0.619 mmol) in 10
mL of THF was added dropwise. The color changed from brown to navy-blue. After stirring
overnight at room temperature, the solvent was removed under vacuum. The residue was extracted
into DCM (2x5 mL) and filtered. The filtrate was evaporated under vacuum and the product was
washed with hexane (3x5 mL) and DEE (3x5 mL) and dried under vacuum to give 154 mg of 4.6ni
as a navy-blue powder (74%). Crystals of 4.6ni suitable for X-ray crystallography were obtained
from hexane layering of a DCM solution at room temperature after 3 days. *H NMR (300 MHz,
CDClIs3) 6 7.80 (t, 1H, Ar-H), 7.31 (d, 2H, Ar-H), 7.22 (d, 1H, Ar-H), 7.12 (t, 1H, Ar-H), 6.64 (t,
1H, Ar-H), 5.97 (t, 1H, Ar-H), 5.91 (s, 2H, Ar-H), 5.86 (s, 1H, Ar-H), 4.86 (s, 2H, -CH>-), 2.89
(s, 6H, 2(-CH3)). ¥*C{*H} NMR (75 MHz, CDCls) § 163.4, 157.9, 150.9, 142.7, 139.9, 138.6,
134.4,123.9,120.4,117.9,112.1, 106.0, 57.9 (-CH>-), 17.4 (-CHa). EI-MS: [M*] 336.0373, Calcd.
336.0884 (Fig. C36).
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4.9.2.6 Synthesis of [Ni"(u-PPh2)(k2-NNN)]2 (4.7ni)

A 42 mL glass vial was charged with 4.3ni (200 mg, 0.619 mmol) in 10 mL of THF and a
solution of diphenylphosphine (115 mg, 0.619 mmol) and LiIHMDS (103 mg, 0.619 mmol) in 10
mL of THF was added dropwise. The color changed from brown to light brown. After stirring
overnight at room temperature, the solvent was removed under vacuum. The residue was extracted
into DCM (2x5 mL) and filtered. The filtrate was evaporated under vacuum and the product was
washed with hexane (3x5 mL) and DEE (3x5 mL) and dried under vacuum to give 227 mg of 4.7ni
as a red powder (86%). Crystals of 4.7ni suitable for X-ray crystallography were obtained from
hexane layering of a DCM solution at room temperature after 1 day. *H NMR (300 MHz, CDCls)
8 8.30 (d, 2H, Ar—H), 8.05 (dd, 6H, Ar—H), 7.42 (m, 4H, Ar-H), 6.26 (t, 6H, Ar—H), 7.15 (t, 8H,
Ar—H), 6.99 (m, 4H, Ar-H), 6.81 (d, 2H, Ar—H), 6.44 (d, 2H, Ar-H), 5.87 (d, 2H, Ar-H), 3.98 (s,
4H, -CHa-). ¥ C{*H} NMR (75 MHz, CDCls) & 164.33, 159.0, 151.4, 148.6, 141.1, 136.2, 134.9,
130.6, 129.1, 128.3, 121.7, 121.5, 116.5, 111.7, 60.7 (-CHy-). *'P{*H} NMR (300 MHz, CDCl3) §
-102.3. EI-MS: [M/2%] 427.0731, Calcd. 427.0748 (Fig. C38).

4.9.2.7 Synthesis of Ni''(Ph)(k3-NNN) (4.8ni)

A 42 mL glass vial was charged with NiCI(Ph)(PPhs). (200 mg, 0.287 mmol) in 10 mL of
THF and a solution of HL6 (53 mg, 0.287 mmol) and LIHMDS (48 mg, 0.287 mmol) in 10 mL of
THF was added dropwise. The color changed from yellow to dark yellow. After stirring overnight
at room temperature, the solvent was removed under vacuum. The residue was extracted into DCM
(2x5 mL) and filtered. The filtrate was evaporated under vacuum and the product was washed with
hexane (3x5 mL) and DEE (3x5 mL) and dried under vacuum to give 86 mg of 4.8ni as a red
powder (94%). Crystals of 4.8ni suitable for X-ray crystallography were obtained from hexane
layering of a DCM solution at room temperature after 1 days. *H NMR (300 MHz, CDCls) § 7.83
(d, 2H, Ar-H), 7.72 (m, 3H, Ar-H), 7.21 (d, 1H, Ar—H), 7.10 (t, 2H, Ar-H), 7.00 (m, 2H, Ar-H),
6.60 (d, 1H, Ar—H), 5.99 (d, 2H, Ar—H), 4.95 (s, 2H, -CHz-). *C{*H} NMR (75 MHz, CDCls) §
165.2, 159.7, 155.5, 152.4, 144.4, 139.3, 138.0, 137.5, 125.9, 123.3, 122.6, 120.9, 116.4, 111.0,
56.5 (-CH>-). EI-MS: [M*] 319.0621, Calcd. 319.0619 (Fig. C40).
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4.9.3 Catalytic studies
Nitrile hydroboration catalysis

An 18 mL glass vial was charged with 0.02 mmol (2 mol%) of nickel complex (4.3ni: 6.4
mg, 4.4ni: 6.7 mg, 4.5ni: 7.0 mg, 4.6ni: 6.7 mg, 4.7ni: 17.1 mg, 4.8ni: 6.4 mg), and 1 mmol of nitrile
substrate (100 pL benzonitrile, 52 pL acetonitrile, 137 mg 2-chlorobenzonitrile, 182 mg 2-
bromobenzo-nitrile, 137 mg 3-chlorobenzonitrile, 182 mg 3-bromobenzonitrile, 121 mg 4-
fluorobenzo-nitrile, 182 mg 4-bromobenzonitrile, 133 mg 4-methoxybenzonitrile). After adding a
stir bar to the vial, HBpin (290 pL, 2 mmol) was added, the vial capped and stirred for 10-18 h at
room temperature. A portion of the resulting reaction mixture was then dissolved in CesDe,
transferred to an NMR tube and the *H NMR spectrum recorded. All diborylamine products were
characterized by comparison with their previously reported *H NMR spectra.3®450 As no side-
products were observed, dihydroborated product yield was calculated based on integrals compared

to the starting nitrile. Similar reactions were performed with 4.5ni, 4.7ni, and 4.8ni at 50 °C.
4.9.4 Stoichiometric reactions
4.9.4.1 Reactions of 4.3ni-4.8ni with nitrile

A small vial was charged with 1 equiv of 4-fluoro-benzonitrile (0.1 mmol, 12.1 mg), 1
equiv of nickel complex (0.1 mmol; 4.3ni: 32.2 mg, 4.4ni: 33.6 mg, 4.5ni: 35.2 mg, 4.6ni: 33.7 mg,
4.8ni: 32.00 mg, and 0.5 equiv, 0.05 mmol of 4.7ni: 42.8 mg) and 0.5 mL of C¢Ds. The solution
was stirred for 2 h and then transferred to an NMR tube for analysis.

4.9.4.2 Reactions of 4.2ni-4.8ni with HBpin

A small vial was charged with 1 equiv of nickel complex (0.1 mmol; 4.2ni: 36.7 mg, 4.3ni:
32.2 mg, 4.4ni: 33.6 mg, 4.5ni: 35.2 mg, 4.6ni: 33.7 mg, 4.8ni: 32.00 mg, and 0.5 equiv, 0.05 mmol
of 4.7ni: 42.8 mg), 0.5 mL of CeDe, and 1 equiv of HBpin (0.1 mmol, 14.5 pL). The solution was
stirred for 30 min and then transferred to an NMR tube for analysis. After that, the solutions were
transferred from the NMR tube to a vial and the solvent was evaporated under vacuum. The residue
of the reaction of 4.4ni was extracted into hexane and then recrystallized to grow suitable single
crystal for crystallography and NMR analyses. The residue of the reactions of 4.2ni, 4.5ni, 4.6i,

4.7ni, and 4.8ni were submitted for EI-MS analysis.
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In another trial, complexes 4.5ni, 4.7ni, and 4.8ni were treated with HBpin and heated at 50
°C for 6 h. Only complex 4.8ni reacted, although no Ni—H was observed. Work-up as above,

however, showed formation of PhBpin, cf., EI-MS spectrum in Fig. C48.

4.9.4.3 Reaction of 4.4ni with HBpin, and then 4-fluoro-benzonitrile, followed by addition of
HBpin

A small vial was charged with 1 equiv of 4.4ni (0.1 mmol, 33 mg), 0.5 mL of CsDe, and 1
equiv of HBpin (0.1 mmol, 14.5 pL). The solution immediately turned reddish brown and was
then stirred for 30 min and transferred to an NMR tube for *H NMR analysis. Then a small vial
charged with 1 equiv of 4-fluoro-benzonitrile (0.1 mmol, 12 mg) in 0.5 mL of CsDe was injected
into the NMR tube resulting in a color change to purplish brown. The NMR tube was shaken well
and after 1 h *H and *°F NMR analyses were carried out. To this solution, was added 4 more equiv
of HBpin (0.4 mmol, 58 pL) and after almost 15 h, *°F NMR analysis was carried out.

In another experiment, all the mentioned steps were carried out in the same way, but for

the last step only 1 equiv of HBpin was added.
4.9.4.4 Monitoring reaction progress of benzonitrile dihydroboration using complex 4.8ni

6 small vials were charged with complex 4.8ni (16 mg, 5 mol%), and benzonitrile (1 mmol,
100 pL), HBpin (290 pL, 2 mmol) and a small stir bar and then were capped and heated to 50 °C.
Every hour, to one of the vials was added 0.5 mL of C¢Ds and the mixture transferred to an NMR
tube for *H NMR analysis (Fig. C50).

4.9.5 X-ray crystallographic details (4.2ni-4.8niand S-P3)

Crystallographic data were collected from single crystals mounted on MiTeGen dual
thickness MicroMounts using Parabar oil. Data were collected on a Bruker Smart (4.3ni, 4.5ni,
4.6ni, and 4.7ni) or Kappa (4.2ni, 4.4ni, 4.8ni, and S-P3) Apexll single crystal diffractometer
equipped with a graphite monochromator. The instrument was equipped with a sealed tube Mo
Ka source (A = 0.71073 A), an Apexll CCD detector and a dry compressed air-cooling system.
All samples were cooled to 200(2) (4.8ni and S-P3), 203(2) (4.3ni, 4.4ni, 4.5ni , 4.6ni, and 4.7ni)
or 293(2) (4.2ni) K during data collection. Raw data collection and processing were performed

with the Apex3 software package from Bruker.5® Initial unit cell parameters were determined from
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36 data frames from select @ scans. Semi-empirical absorption corrections based on equivalent
reflections were applied.>® Systematic absences in the diffraction data-set and unit-cell parameters
were consistent with the assigned space group. The initial structural solutions were determined
using ShelxT direct methods,® and refined with full-matrix least-squares procedures based on F2
using ShelXL or ShelXle.®t Compound 4.2ni exhibited minor positional disorder which was
refined in ShelXle. Hydrogen atoms were placed geometrically and refined using a riding model.
CCDC Deposition Numbers: 2155492-2155499.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Connecting the Chapters: Key Findings and Contributions to the State of the Art

Metal-ligand cooperation is a reaction strategy that serves as a powerful tool to activate
different substrates and has earned increasing interest over the last decade for its efficacy in
promoting catalytic activity of economical, earth-abundant transition and main group metal
complexes. In Chapter 1, the most common type of MLC is summarized, in which the X-ligand
functions as a Lewis base and the metal center as a Lewis acid. Key examples of different Lewis
base donor ligands were highlighted. More importantly, the mechanistic details were featured,
showing that MLC can also occur in the catalyst activation step. Overall, we confirmed the need
for deeper and more thoughtful mechanistic investigations in MLC. More interesting within the
context of this dissertation was ligand design leading to MLC in the catalytic cycle.

The Baker group had previously studied the bifunctional behavior of two [SNS] pincer
ligands with L1 featuring an amido donor and L2 a thiolate donor. In a first comparison of their
performance as catalysts for carbonyl reduction, the Cu NHC thiolate complex was effective for
hydroboration but not hydrosilylation, whereas the analogous amido complex catalyzed both
reactions efficiently. Mechanistic studies demonstrated formation of a Cu-H, leading to the
assertion of an outer-sphere mechanism in which the substrate would not need to insert into the
sterically hindered Cu-H. In Chapter 2, we sought to compare the bifunctional reactivity of these
two ligands with the ‘redox-innocent’ metal zinc. In this case, we were even able to prepare a
complex with the metal bound to both amido and thiolate ligands. While all three complexes [2.1zn,
2.2zn and 2.4zn] were active carbonyl hydroboration catalysts, catalyst speciation studies showed
that the amido ligand undergoes borylation-dissociation to generate the active Zn-H catalyst.
While borylation of the thiolate ligand proceeded through a more complicated pathway (including
an uncommon aldehyde deoxygenation), the same Zn-H active catalyst was formed, demonstrating
that the ligand N- and S-donors served to activate the catalyst rather than participating in a
bifunctional catalytic cycle.

Dissociation of the borylamido SNS ligand in Chapter 2 led us to reinvestigate the original

Cu report. Indeed, we showed that this complex also undergoes ligand borylation-dissociation to
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form the active catalyst, [CuH(IPr)]2. 2.6cu was also compared to its heavier Group 10 analogue
Ag(>-SNS)(IPr) (2.7ag). Interestingly, the latter complex was unable to serve as a carbonyl
hydroboration catalyst.

In our next project, this MLC catalyst activation strategy was employed to prepare an
especially active Zn hydride hydroboration catalyst. Using a bidentate amine-pyrollide ligand with
an aryl ether side-group, a 5-coordinate Zn complex, Zn(k>-ONN)2(DDI) (2.12zn) was prepared
and used in hydroboration reactions. On treatment with excess HBpin, formation of ONN(Bpin):
gave rise to the reactive NHC-stabilized ZnH. catalyst that effected the rapid hydroboration of
nitriles and quinoline derivatives under ambient conditions with only 0.01 and 0.05 mol% catalyst
loading respectively. In our kinetic study of quinoline hydroboration, the VTNA method showed
that this catalytic system does not face either catalyst deactivation or product inhibition.

The value of these contributions is derived from our detailed catalyst speciation, and how
following the mechanism of the reaction gives deeper insight that then assists with the design of
more efficient bifunctional ligands for more active and stable catalysts. In situ-generated
ZnH2(DDI) is one of the most active catalysts yet reported for carbonylation of polar bonds. The
reduced steric footprint vs. conventional NHCs such as IPr presumably contributes to this
catalyst’s activity and the backbone chlorines likely contribute to enhanced catalyst stability.*
However, the latter also reduce the NHC’s donor power, so it would be interesting to see if the
tetramethyl-substituted NHC ligand? affords an even more active catalyst, i.e. if activity is
positively correlated with Zn-H hydricity.?

Early investigations indicated that mono- or bidentate Lewis base donors (especially
amidos), despite being very reactive bifunctional ligands, can easily dissociate from first row metal
centers upon borylation.* However, strongly chelating multidentate coordination can keep the
borylated ligand connected.>® In addition, previous reports by the Baker group showed the amido
ligand (x3-L1), can tolerate an HBpin’ or a proton® on the ligand N atom and retain its connectivity
to the metal center. Therefore, to study the reactivity of the amido (L1) and thiolate (L2) ligands
in their «® form, we attempted in Chapter 3 to prepare a cobalt complex containing both amido and
thiolate SNS ligands. Instead, the high basicity of the L1 ligand led to demethylation of the L2
ligand’s thioether group, affording the Co(ll) dithiolate complex, Co(i®-SNS)(DDI) (3.2co). This
complex proved to be a selective catalyst for aldehyde hydroboration, over other functional groups
such as ketones, nitriles and olefins. Our VTNA kinetic study showed that 3.2co suffers from
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product inhibition in the presence of aromatic (but not aliphatic) aldehydes. DFT studies not only
supported these finding, but also showed that 3.2co assembles the HBpin and aldehyde substrates
through a bifunctional inner-sphere hydride transfer mechanism. As observed previously®, this
metal-thiolate catalytic system prefers a metal-hydride-free mechanism in hydroboration reactions.

To expand our MLC investigation to include additional donors beyond N and S, more
catalytic systems needed to be investigated. In chapter 4 a dimeric Zn"-[x*-NSNO] complex
(4.1zn) was prepared in order to compare aryloxide and amido donors for B—H bond activation.
4.1zn successfully catalyzed the dihydroboration of a range of aromatic and aliphatic nitriles.
Mechanistic studies determined that the aryloxide donor activates the B—H bond in the first step
and the mechanism then likely proceeds through an inner-sphere substrate insertion into Zn-H. As
detected by our kinetic studies, at high turnovers the catalyst decomposes when Bpin also binds to
the amido donor. These findings clearly highlight the necessity of a strongly chelating ligand when
both amido and aryloxide donors can be borylated.

Next, a Ni-based catalytic system, Ni'X(x3-NNN), was designed in which a series of
monodentate X donors (bromide, phenoxide, thiophenoxide, 2,5-dimethylpyrrolylide,
diphenylphosphide, and phenyl) was employed for a more comprehensive comparison. The Ni
center was well supported by a tridentate (NpyridineNimineNpyronice) ligand. Among these complexes,
only the bromide, phenoxide, and 2,5-dimethylpyrollide derivatives generated an observable Ni-
H and served as catalysts for nitrile dihydroboration. Moreover, superior activity of the phenoxide
derivative (vs. thiophenoxide or phenyl) suggested that B—H bond activation occurs at the Ni—X
(vs. ligand Ni-Npyrolide) bond. In addition, 4.4ni proved to be more active than 4.6ni, highlighting
that the basicity of the donor is not the only important factor in B-H bond activation. Both B—X
and M—H bond formation energies also need to be considered, cf., the weaker bond formed
between boron and S (ca. 83 kcal/mol vs. 95 for B-N and 104 for B-O)*° and between first row
metals and H (ca. 20 kcal/mol vs. 30 for Ru-H).!!

Overall, the above findings provided us with important details on MLC both for catalyst
activation and in catalytic cycles involving polar CO and CN bonds. Although we did not pursue
alkyne or diene substrates, none of our catalysts were effective for hydroboration of alkene
substrates such as substituted styrenes. Our ligand design for Ni catalysts enabled B-H bond
activation through MLC and stabilized the active catalytic species, although these catalysts did not

compete with the in situ-generated DDI zinc dihydride catalyst in nitrile dihydroboration. In
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general, ligands with additional Lewis base capabilities have only provided rare examples of C-H

bond activation,? whereas those with Lewis acid properties are showing significant promise.*®
5.2 Recent Advances and Future Directions

The use of first-row transition metals in MLC over the last decade has grown this strategy
as an advanced catalytic tool for functionalization of various chemical units. The modes of metal-
ligand cooperativity are diverse, and the chosen method greatly depends on the desired reactivity.
As shown in Chapter 1, the use of Lewis base donors for cooperative bond activation across an
M-E unit has been well studied and is now the most mature type of MLC. Through this mode of
MLC, activation of different bonds has been facilitated, such as H-H bond activation in
(de)hydrogenation chemistry, B—H bond activation in hydroboration, and Si—H bond activation in
hydrosilylation. Activation of stronger C-H bonds, while synthetically very useful, is still
underdeveloped, with precious metal carboxylates in concerted metalation-deprotonation being
the most visible example.?

Although extension of MLC to first-row transition metals has advanced the latter’s catalysis
applications, MLC has not yet been deeply studied with main group metals.® Furthermore, new
studies show that bimetallic chemical frameworks are potentially capable of metal-metal
cooperation that results in activation of stable C—H bonds.

There have been several reports of C—H bond activation through MLC utilizing either
carbene!*!® or Lewis acidic borane donors'®, although instances of well-defined catalytic
functionalization are still rare. Building on borane acceptors’ successful C—H bond activation,
some groups have been exploring alternate Lewis acidic bifunctional donors and significant
achievements have been made. The Lu group recently demonstrated a C—H bond activation
facilitated through metal-metal cooperation in bimetallic complexes. In 2021 Lu et al. reported a
Ni%—AI"" complex (5.1) that showed cooperative activity in ortho-directed oxidative addition of a
pyridine N—oxide C-H bond.!” This C—H bond activation presumably proceeded through the pre-
coordination of the oxide donor to the oxophilic Al center (Scheme 5.1).
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Scheme 5.1. Ortho-directed C—H activation of pyridine N—oxide by a cooperative Ni—Al.

The Nakao group also showed Al’s donor potential for bifunctional C—H functionalization
catalysis.*® They reported the bimetallic Rh—Al complex 5.3 which catalyzed C—H silylation of
pyridines at the C2 site (Scheme 5.2). The reaction needed 2.5 equiv. of silane reagent and also

3,3-dimethyl-1-butene as hydrogen acceptor which is common in most reported C—H silylations.*®

. me O© Clﬁ
5 mol% 6.3 N—.}\I—R‘:
g 2.5 H—ISI] /
" 3 3-dimethyl- . f‘PA'P“ph
N H 1-butene [S1] N— g
150 °C, 6h sl

= SiMe,Ph 5.3
Scheme 5.2. Ortho-selective silylation of pyridines by a Rh—Al complex.

The selectivity for the C2 site shows the importance of the catalyst design. In the proposed reaction
pathway (Scheme 5.3) 5.3 is initially reduced with dimethylphenylsilane and 3,3-dimethyl-1-
butene to afford the active catalyst 5.4. Then the pyridine substrate coordinates to the Al center
giving 5.5. Selective pyridine C(2)-H bond activation occurs at Rh to afford the rhodium hydride
intermediate 5.6. Subsequent alkene coordination and insertion into the Rh—H generates
intermediate 5.7. Another equiv. of silane proceeds the reaction to production of intermediate 5.8,

which affords the 2-silylpyridine product after final reductive elimination.
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Scheme 5.3. Proposed reaction pathway for pyridine C(2)-H silylation by a Rh—Al complex.

Finally, in 2012, Lin and his co-workers demonstrated TM-aluminyl complexes can

cooperatively facilitate activation of C—O bond across Au— and Cu—Al bonds (Scheme 5.4).23
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Scheme 5.4. Cooperative CO; activation across Au- and Cu-Al bond.

156



They also showed that the Cu-Al center potentially activates C=N bonds (Scheme 5.5).
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Scheme 5.5. Cooperative carbodiimide activation across Cu-Al bond.

Lin found that the reactivity of TM-AI centers with heteroallenes (including CO> and
carbodiimides) derives from the nucleophilicity of the TM—AI o-bond, which could be partly
explainable according to the electropositive nature of the Al center that can enhance the
nucleophilic role. In fact, by comparing the two classes of electropositive ligands, aluminyls and
boryls,?>® we see that TM-B/AIl nucleophilic nature may play an important role in their
corresponding reactivity. These works clearly offer valuable insights that can lead to advanced
design of TM-aluminyl complexes in the future and also their applications in small-molecule

activations and chemical transformations.
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Appendix A — Chapter 2
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Figure A25. 'H NMR spectra (CsDg) of S-P1 and 2.2z, in catalytic benzaldehyde hydroboration.
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Figure A26. 'H NMR spectra of S-P1, and Bpin-L1, and stoichiometric reaction of 2.4z, with
benzaldehyde (2eq) and HBpin (1eq) in CeDes.
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Figure A27. Profiles of acetophenone hydroboration using HBpin catalyzed by 2.4z, with 0.1 mol%
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Figure A28. EI-MS spectrum of 2.2z, showing [M™].
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Table Al. X-ray crystallographic data collection and refinement details for 2.1zn,2.22n, 2.424, Bpin-L1 and

2.1zn (SO707)  2.2zn(S0699)  2.4zn (S0811) Bpin-L1 S-P1
(S0733) (S0927)
empirical formula CaoH32N2SaZn CogH2aN2SaZn CagH2sNaSaZn  CyHzsBNO,S; CxnH19NS;
formula weight (g-mol?) 614.18 582.10 598.14 401.37 349.49
crystal system orthorhombic monoclinic triclinic Monoclinic orthorhombic
space group Pbcn P 2i/c P1 P 2i/c Pna2;
a(A) 21.2905(10) 7.1899(7) 10.7382(9) 10.9771(4) 18.558(3)
b (A) 7.6279(4) 8.1002(8) 11.2465(11) 11.5337(4) 9.2607(14)
c(A) 17.5124(8) 44.714(4) 12.8901(12) 17.6262(6) 10.3515(16)
a (deg) 90 90 68.170(3) 90 90
f# (deg) 90 94.341(3) 68.707(3) 104.460(1) 90
y (deg) 90 90 87.560(3) 90 90
V (A3 2844.0(2)(7) 2596.7(4) 1338.7(2) 2160.90(13) 1779.0(5)
Z 4 4 2 4 4
T (K) 203(2) 203(2) 203(2) 203(2) 203(2)
Pealed (g-CM) 1.434 1.489 1.484 1.234 1.305
u (mmt) 1.180 1.288 1.252 0.262 0.301
26,,.x (deg) 61.012 55.298 55.444 52.844 51.408
total/unique reflections 25606/4339 63086/6027 28566/6216 16576/4421 10688/3304
Reflections [lo = 2a(lo)] 2853 3745 4286 3121 2681
R1, WR2 [lo = 20(l0)] 0.0408, 0.0821 0.0441,0.685  0.0419, 0.0748  0.0502,0.1280 0.0588, 0.1415
goodness of fit 1.022 1.005 1.005 1.055 1.034
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Table A2. Bond lengths for 2.1z,.

Atom
Znl
Znl
Znl
Znl
S1
S1
S2
S2
N1
N1
C2
C2
C3
C4
C5
C6
C8
C9
C9
C10
C11
Ci12
C13
S1
S1
S2
S2
N1
N1
C2
C2
C3
C4
C5
C6
C8
C9
C9
C10
Cil1
C12

Atom

S1
N1
S1
N1
Cl
C2
Cl4
C15
c7
C8
C3
C7
C4
C5
C6
Cc7
C9
C10
C14
Cl1
C12
C13
Cl4
C1
C2
Cl4
C15
Cc7
C8
C3
Cc7
C4
C5
C6
C7
C9
C10
Cl14
Cl1
C12
C13

Length/A

2.4663
1.925
2.4663
1.925
1.818(2)
1.780(2)
1.771(2)
1.789(3)
1.361(3)
1.453(3)
1.386(3)
1.422(3)
1.377(4)
1.382(4)
1.375(3)
1.423(3)
1.511(3)
1.393(3)
1.398(3)
1.376(4)
1.372(4)
1.388(4)
1.390(3)
1.818(2)
1.780(2)
1.771(2)
1.789(3)
1.361(3)
1.453(3)
1.386(3)
1.422(3)
1.377(4)
1.382(4)
1.375(3)
1.423(3)
1.511(3)
1.393(3)
1.398(3)
1.376(4)
1.372(4)
1.388(4)
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C13 C14 1.390(3)

Table A3. Bond lengths for 2.2z,.

Atom Atom Length/A
Znl s1 2.273(1)
Zn1 s3 2.246(1)
Zn1 N1 2.085(2)
zn1 N2 2.109(2)
s1 Cl4 1.755(3)
) C1 1.784(4)
) c2 1.755(3)
S3 C28 1.757(3)
S4 C15 1.798(3)
s4 C16 1.755(3)
N1 c8 1.281(4)
N1 C9 1.434(4)
N2 C22 1.284(4)
N2 c23 1.430(4)
C2 C3 1.386(5)
C2 C7 1.405(5)
C3 C4 1.369(6)
C4 C5 1.390(6)
C5 Cc6 1.390(5)
C6 Cc7 1.392(5)
Cc7 C8 1.462(4)
o C10 1.387(5)
C9 Cl4 1.405(4)
C10 C11 1.376(4)
C11 C12 1.385(4)
C12 C13 1.383(5)
C13 C14 1.398(4)
C16 C17 1.385(4)
C16 c21 1.417(4)
c17 C18 1.382(5)
C18 C19 1.385(5)
C19 C20 1.383(5)
C20 c21 1.381(5)
c21 C22 1.465(4)
C23 C24 1.391(4)
C23 C28 1.414(4)
C24 C25 1.382(5)
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C25 C26 1.381(5)
C26 c27 1.375(5)
c27 C28 1.393(4)

Table A4. Bond lengths for 2.4z,.

Atom Atom Length/A
Zn1 s1 2.4793(7)
Znl s3 2.256(1)
zn1 N006 1.923(3)
zn1 N0O7 2.106(2)
s1 c1 1.817(3)
s1 c2 1.780(4)
S2 C14 1.771(3)
) C15 1.789(4)
s3 C16 1.763(3)
sS4 C28 1.765(4)
S4 C29 1.790(3)
N C7 1.364(3)
N006 c8 1.460(3)
N007 c21 1.430(5)
N0O7 C22 1.287(4)
c2 C3 1.386(4)
C2 7 1.422(4)
c3 C4 1.379(6)
C4 C5 1.391(4)
C5 C6 1.376(4)
Cé c7 1.418(5)
C8 C9 1.504(3)
co C10 1.390(4)
o Cl4 1.406(5)
C10 c11 1.380(5)
c11 C12 1.374(5)
c12 C13 1.381(4)
C13 Cl4 1.396(4)
C16 c17 1.387(6)
C16 c21 1.404(5)
c17 C18 1.383(5)
c18 C19 1.385(5)
C19 C20 1.373(6)
C20 c21 1.395(5)
c22 c23 1.453(6)
c23 C24 1.397(5)
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C23
C24
C25
C26
ca7

C28
C25
C26
c27
C28

1.413(4)
1.385(6)
1.384(4)
1.373(5)
1.390(6)

Table A5. Bond lengths for Bpin-L1.

Atom
S1

S1
01
01
N1
N1
N1
C2
C2
C2
C3
C4
C5
C6
Cc8
C9
C9
C10
Cl1
C12
C13
Cl6
C16
Cl6
Bl
O2A
C1A
C19A
C19A

Atom
Ci14
Ci15
Ci16
Bl
C7
C8
B1
C3
C7
S2A
C4
C5
C6
C7
C9
C10
Ci14
C11
Ci12
C13
Cl14
C17
C18
C19A
02A
C19A
S2A
C20A
C21A

Length/A
1.763(2)
1.794(3)
1.459(4)
1.370(4)
1.436(3)
1.468(3)
1.408(4)
1.394(4)
1.398(3)
1.78(1)
1.378(3)
1.375(3)
1.384(4)
1.385(3)
1.502(3)
1.414(4)
1.403(3)
1.364(4)
1.370(5)
1.383(5)
1.404(4)
1.557(5)
1.473(6)
1.596(8)
1.424(8)
1.46(1)
1.79(2)
1.54(2)
1.51(1)

Table A6. Bond lengths for S-P1.

Atom

Atom

Length/A
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S1
S1
S2
S2
N1
N1
N1
Cc2
Cc2
C3
C4
C5
C6
C7
C9
C9
C10
Cl1
C12
C13
C15
Cl6
C16
C17
C18
C19
C20

Cl4
C15
Cl
C2
C8
C9
C15
C3
Cc7
C4
C5
C6
C7
C8
C10
Cl4
Cl1
C12
C13
C14
C16
C17
C21
C18
C19
C20
c21

1.764(6)
1.838(6)
1.789(8)
1.773(6)
1.451(7)
1.393(7)
1.480(7)
1.383(9)
1.407(8)
1.40(1)

1.350(9)
1.418(8)
1.374(8)
1.502(8)
1.391(8)
1.395(8)
1.398(8)
1.347(9)
1.40(1)

1.379(8)
1.497(8)
1.375(8)
1.387(8)
1.375(8)
1.371(9)
1.37(1)

1.381(9)
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Figure A33. Stacked plot of *H NMR spectra of Bpin-L1 and reaction mixture of stoichiometric reaction
of 2.7ag with HBpin in C¢Ds. * indicates protic impurity in CsDs.
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Table A7: X-ray crystallographic data collection and refinement details of 2.74g.

2.7Ag
empirical formula Ca250H53AgCIN3S,
formula weight (g-mol™?) 813.32
crystal system monoclininc
space group P 2i/c
a(A) 16.9305(4)
b (A) 12.5740(3)
c(A) 19.3854(5)
a (deg) 90
B (deg) 98.888(1)
v (deg) 90
V (A% 4077.29(17)
z 4
T (K) 200
pcalcd(g'Cm'3) 1.325
pu(mm) 0.695
20max (deg) 50.054
total/unique reflections 24912/7185
Reflections [lo = 2a(lo)] 6173
R1, WR2 [lo = 20(lo)] 0.0276, 0.0651
goodness of fit 1.066
CCDC number 2201240

Table A8. Bond lengths for 2.7 .

Atoml Atom2 Length
Cl2 CI3 0.926(5)
CI3 Cl2 0.926(5)
ClA H1AA 0.989
ClA H1AB 0.991
ClA ClA 1.64(1)
ClA H1AA 0.989
ClA H1AB 0.991

Agl Sl 2.8032(8)
Agl N1 2.105(2)
Agl Ci1 2.070(2)
s1 C2 1.787(4)
s1 C3 1.769(3)
S2 C15  1.768(2)
S2 C16  1.784(3)
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N1
N1
N2
N2
N2
N3
N3
N3
C2
C2
C2
C3
C3
C4
C5
C5
Cé
C6
Cc7
Cc7
C8
C9
C9
C9
C10
C10
Cl1
Cl1
C12
C12
C13
C13
C14
C14
C16
C16
C16
C17
C17
C18
C19
C19
C20
C20
C21

C4
C9
C1
C18
C31
C1
c17
C19
H2A
H2B
H2C
C4
Cc8
C5
H5
C6
H6
C7
H7
Cc8
H8
HI9A
HoB
C10
c11
C15
H11
C12
H12
C13
H13
C14
H14
C15
H16A
H16B
H16C
H17
C18
H18
C20
C24
c21
Cc28
H21

1.347(3)
1.451(3)
1.352(3)
1.383(3)
1.447(3)
1.351(3)
1.391(3)
1.446(3)
0.981
0.98
0.979
1.427(3)
1.388(3)
1.423(3)
0.95
1.376(3)
0.95
1.379(4)
0.95
1.378(4)
0.95
0.99
0.99
1.519(3)
1.373(3)
1.403(3)
0.95
1.384(4)
0.95
1.371(4)
0.95
1.376(4)
0.95
1.389(3)
0.979
0.98
0.98
0.95
1.340(3)
0.95
1.388(3)
1.397(3)
1.396(3)
1.514(3)
0.95
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C21
C22
C22
C23
C23
C24
C25
C25
C25
C25
C26
C26
C27
C27
C27
C28
C28
C28
C29
C29
C29
C30
C30
C30
C31
C31
C32
C32
C33
C33
C34
C34
C35
C35
C36
C37
C37
C37
C38
C38
C38
C39
C39
C39
C40

C22
H22
C23
H23
C24
C26
H25A
H25B
H25C
C26
H26
C27
H27A
H27B
H27C
H28
C29
C30
H29A
H29B
H29C
H30A
H30B
H30C
C32
C36
C33
C37
H33
C34
H34
C35
H35
C36
C40
H37
C38
C39
H38A
H38B
H38C
H39A
H39B
H39C
H40

1.377(4)
0.95
1.367(4)
0.95
1.395(4)
1.511(3)
0.98
0.98
0.981
1.524(4)
1
1.527(4)
0.98
0.98
0.98

1
1.524(4)
1.529(4)
0.98
0.98
0.98
0.98
0.98
0.98
1.391(3)
1.398(3)
1.390(3)
1.516(3)
0.95
1.373(3)
0.95
1.367(4)
0.95
1.391(4)
1.513(4)
1
1.529(3)
1.524(3)
0.98
0.98
0.98
0.981
0.98
0.98

1
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C40
C40
C41
C41
C41
C42
C42
C42

C41

C42

H41A
H41B
H41C
H42A
H42B
H42C

1.527(5)
1.528(4)
0.98
0.98
0.979
0.98
0.98
0.98

Table A9. All angles for 2.7 ag.

Atoml
H1AA
H1AA
H1AB
Cl1A
Cl1A
H1AA
S1

S1

N1
Agl
Agl
C2
C15
Agl
Agl
C4

C1

C1
C18
C1

C1
C17
Agl
Agl
N2

S1

S1

S1
H2A
H2A
H2B
S1

Atom2 Atom3 Angle

Cl1A
Cl1A
Cl1A
Cl1A
Cl1A
Cl1A
Agl
Agl
Agl
S1
S1
S1
S2
N1
N1
N1
N2
N2
N2
N3
N3
N3
C1l
C1
C1
C2
C2
C2
C2
C2
C2
C3

H1AB
ClA
ClA
H1AA
H1AB
H1AB
N1

C1l

C1l

C2

C3

C3
C16
C4

C9

C9
C18
C31
C31
C17
C19
C19
N2

N3

N3
H2A
H2B
H2C
H2B
H2C
H2C
C4

110
125.1
124.4
125.1
124.4
110
75.83(5)
126.07(6)
158.10(8)
94.3(1)
93.79(8)
102.0(2)
104.1(1)
127.6(1)
114.9(1)
117.5(2)
111.5(2)
122.0(2)
126.5(2)
111.1(2)
123.8(2)
125.1(2)
124.6(1)
131.2(1)
104.2(2)
109.4
109.5
109.5
109.4
109.5
109.5
120.8(2)
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s1
C4
N1
N1
C3
C4
C4
H5
C5
C5
H6
C6
C6
H7
C3
C3
C7
N1
N1
N1
HO9A
HO9A
HoB
C9
C9
c11
C10
C10
H11
c11
c11
H12
C12
C12
H13
C13
C13
H14
s2
s2
C10
s2
s2
s2
H16A

C3
C3
C4
C4
C4
C5
C5
C5
Cé
Cé
Cé
Cc7
Cc7
Cc7
C8
C8
C8
C9
C9
C9
C9
C9
C9
C10
C10
C10
Cl1
Cl1
Cl1
C12
C12
C12
C13
C13
C13
C14
C14
C14
C15
C15
C15
C16
C16
C16
C16

C8
C8
C3
C5
C5
H5
C6
C6
H6é
C7
C7
H7
C8
C8
C7
H8
H8
HIA
H9B
C10
H9B
C10
C10
c11
C15
C15
H11
C12
C12
H12
C13
C13
H13
Cl4
Cl4
H14
C15
C15
C10
Cl4
Cl4
H16A
H16B
H16C
H16B

118.0(2)
121.2(2)
121.7(2)
123.6(2)
114.8(2)
118.7
122.6(2)
118.7
1195
121.1(2)
1195
120.8
118.4(2)
120.8
121.8(2)
119.1
119.1
108.3
108.3
115.9(2)
107.4
108.3
108.3
121.7(2)
119.4(2)
118.8(2)
119.4
121.3(2)
119.4
120.2
119.5(2)
120.3
119.6
120.7(3)
119.7
120.1
119.9(2)
120.1
116.7(2)
123.5(2)
119.8(2)
109.5
109.4
109.5
109.5
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HI6A C16  H16C  109.5
H16B C16  H16C  109.4
N3 Cl7  H17 1267
N3 Cl7 C18  106.6(2)
H17 C17  Cl8 1267
N2 Cl18 Cl17  106.6(2)
N2 C18  H18 1267
Cl7 C18  H18 1267
N3 Cl9 C20  11856(2)
N3 Cl9 C24  1182(2)
C20 C19 C24 123202
Cl9 C20 C21  117.3(2)
Cl9 C20 C28 12312
C21 C20 C28  119.6(22)
C20 C21  H2l 1196
C20 C21 C22  120.8(2)
H21  C21 €22 1196
c21  C22  H22 1198
C21 C22 C23  120.5@3)
H22  C22  C23 1198
C22 C23  H23 1193
C2 C23 C24  1215(2)
H23 €23  C24 1192
Cl9 C24 C23 116702
Cl9 C24 C26 121902
C23 C24 C26  1213(2)
H25A C25  H25B 1095
H25A C25  H25C 1095
H25A C25  C26 1095
H25B  C25  H25C  109.4
H25B C25  C26 1095
H25C C25  C26  109.4
C24 C26 C25  1136(2
C24 C26  H26  107.6
C24 C26  C27 110202
C25 C26  H26  107.6
C25 C26  C27  109.9(2)
H26  C26  C27  107.6
C26  C27  H27A  109.5
C26  C27  H27B  109.5
C26  C27  H27C  109.5
H27A C27  H27B 1095
H27A C27  H27C 1095
H27B  C27  H27C 1095
C20 C28  H28  107.6
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C20
C20
H28
H28
C29
C28
C28
C28
H29A
H29A
H29B
C28
C28
C28
H30A
H30A
H30B
N2
N2
C32
C31
C31
C33
C32
C32
H33
C33
C33
H34
C34
C34
H35
C31
C31
C35
C32
C32
C32
H37
H37
C38
C37
C37
C37
H38A

C28
C28
C28
C28
C28
C29
C29
C29
C29
C29
C29
C30
C30
C30
C30
C30
C30
C31
C31
C31
C32
C32
C32
C33
C33
C33
C34
C34
C34
C35
C35
C35
C36
C36
C36
C37
C37
C37
C37
C37
C37
C38
C38
C38
C38

C29
C30
C29
C30
C30
H29A
H29B
H29C
H29B
H29C
H29C
H30A
H30B
H30C
H30B
H30C
H30C
C32
C36
C36
C33
C37
C37
H33
C34
C34
H34
C35
C35
H35
C36
C36
C35
C40
C40
H37
C38
C39
C38
C39
C39
H38A
H38B
H38C
H38B

111.7(2)
111.02)
107.6
107.6
111.2(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.4
109.5
118.8(2)
118.2(2)
122.9(2)
117.2(2)
122.3(2)
120.5(2)
1195
121.02)
1195
119.7
120.6(2)
119.7
119.3
121.3(2)
119.3
116.9(2)
123.0(2)
120.1(2)
107.7
110.8(2)
113.2(2)
107.7
107.7
109.5(2)
109.5
109.5
109.5
109.5
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H38A
H38B
C37
C37
C37
H39A
H39A
H39B
C36
C36
C36
H40
H40
C41
C40
C40
C40
H41A
H41A
H41B
C40
C40
C40
H42A
H42A
H42B

C38
C38
C39
C39
C39
C39
C39
C39
C40
C40
C40
C40
C40
C40
C41
C41
C41
C41
C41
C41
C42
C42
C42
C42
C42
C42

H38C
H38C
H39A
H39B
H39C
H39B
H39C
H39C
H40

C41

C42

C41

C42

C42

H41A
H41B
H41C
H41B
H41C
H41C
H42A
H42B
H42C
H42B
H42C
H42C

109.5
109.5
109.5
109.5
109.5
109.5
109.4
109.5
107.9
111.6(2)
111.0(2)
107.9
107.9
110.3(2)
109.5
109.4
109.5
109.5
109.5
109.5
109.4
109.5
109.5
109.5
109.5
109.5
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Figure A34. 'H NMR (top, 300 MHz, CDCI3) and *C{*H} NMR spectra (bottom, 75 MHz, CDCls) of
(H2L3). * indicates protic impurity in CDCls.
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Figure A35. 'H NMR (top, 300 MHz, CDCI;) and *C{*H} NMR spectra (bottom, 75 MHz, CDCls) of
2.8zn. * indicates protic impurity in CDCls.
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Figure A36. EI-MS spectrum of 2.8z, showing [M*].
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Figure A37.'H NMR (top, 300 MHz, CDCI3) and *C{*H} NMR spectra (bottom, 75 MHz, CDCls) of
2.9zn. * indicates protic impurity in CDCls.
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Figure A38. EI-MS spectrum of 2.9z, showing [M + H]".

196



a N W,
Q
lh < ~ Lo ~ od 00
() < - |© o906
- N Q| o Ngw;
o = L PJ L“’Igm"
T T T | T T T T | T T T T ] T T T T I T T T T | T T T T
7 6 5 4 3 [ppm]
Q
Q
/ A
OO
T T T T T T T T T T T T T T T T T ] T T T I T T T T T T T T
160 140 120 100 80 60 40 [ppm]

Figure A39. 'H NMR (top, 300 MHz, CDCI3) and *C{*H} NMR spectra (bottom, 75 MHz, CDCls) of
2.10zn. * indicates protic impurity in CDCls.
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Figure A40. EI-MS spectrum of 2.8z, showing [M*].
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Figure A41. 'H NMR (top, 300 MHz, CDCI3) and **C{*H} NMR spectra (bottom, 75 MHz, CDCl;) of
2.11z,. * indicates protic impurity in CDCls.
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Figure A42. ESI-MS spectrum of 2.11z, showing [M+H]".
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Figure A43. Stock plot of tH NMR (300 MHz, CsDs) spectra showing quinoline (green), stoichiometric
reaction of 2.11z, with quinoline (black), and 2.11z, (blue). * indicates protic impurity in C¢De.
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Figure A44. *H (300 MHz, CeDs - top) and B (96 MHz - bottom) NMR spectra of (Bpin),-L3. *
indicates protic impurity in CgDe.
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Figure A45. EI-MS spectrum of (Bpin)2-L3 [M™].
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Figure A46. Stock plot of *H NMR (300 MHz, CsDs) spectra showing (Bpin).-L3 (blue), and 2.11zn
catalyzed quinoline hydroboration reaction (black). * indicates protic impurity in C¢De.
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Figure A47. EI-MS spectrum of 2.12z, [M*].
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Figure A48. Stock plot of 'H NMR (300 MHz, CsD¢) spectra showing reaction of 2.12z, with quinoline
with ratio 1:4 (blue), and 2.12z, (black). m indicates free quinoline, ® indicates product of the reaction and
* indicates protic impurity in CgDes.
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Figure A49. 'H (300 MHz, CsDg - top) and B (96 MHz - bottom) NMR spectra of isobutyronitrile
hydroboration product. * indicates protic impurity in CeDs.
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Figure A50. *H (300 MHz, CsDs - top) and B (96 MHz - bottom) NMR spectra of acetonitrile
hydroboration product. * indicates protic impurity in CeDs.
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Figure A51. *H (300 MHz, CsDs - top) and B (96 MHz - bottom) NMR spectra of 2-chloro-benzonitrile
hydroboration product. * indicates protic impurity in CeDs.
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Figure A52. 'H (300 MHz, CsDs - top) and B (96 MHz - bottom) NMR spectra of 2-bromo-benzonitrile
hydroboration product. * indicates protic impurity in CeDs.
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Figure A53. 'H (300 MHz, CsDs - top) and B (96 MHz - bottom) NMR spectra of 3-chloro-benzonitrile
hydroboration product. * indicates protic impurity in CeDs.
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Figure A54. 'H (300 MHz, CsDs - top) and B (96 MHz - bottom) NMR spectra of 3-bromo-benzonitrile
hydroboration product. * indicates protic impurity in CeDs.
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Figure A55. *H (300 MHz, CsDs - top) and B (96 MHz - bottom) NMR spectra of 4-fluoro-benzonitrile
hydroboration product. * indicates protic impurity in CeDs.
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Figure A56. 'H (300 MHz, CsDs - top) and B (96 MHz - bottom) NMR spectra of 4-bromo-benzonitrile
hydroboration product. * indicates protic impurity in CeDs.
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Figure A57. 'H (300 MHz, CsDs - top) and B (96 MHz - bottom) NMR spectra of 2-cyano-thiophene
hydroboration product. * indicates protic impurity in CeDe.
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Figure A58. 'H (300 MHz, CsDs¢ - top) and B (96 MHz - bottom) NMR spectra of 4-methoxy-
benzonitrile hydroboration product. * indicates protic impurity in CeDe.
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Figure A59. *H (300 MHz, CsDs - top) and !B (96 MHz - bottom) NMR spectra of quinoline
hydroboration product. * indicates protic impurity in CeDs.
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Figure A60. *H (300 MHz, CsDs - top) and B (96 MHz - bottom) NMR spectra of 4-methyl-quinoline
hydroboration product. * indicates protic impurity in CeDe.
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Figure A61. *H (300 MHz, CsDs - top) and B (96 MHz - bottom) NMR spectra of 6-chloro-quinoline
hydroboration product. * indicates protic impurity in CeDs.
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Figure A62. 'H (300 MHz, CsDs - top) and B (96 MHz - bottom) NMR spectra of 3-chloro-quinoline
hydroboration product. * indicates protic impurity in CeDs.
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Figure A63. *H (300 MHz, CsDs - top) and B (96 MHz - bottom) NMR spectra of acridine
hydroboration product. * indicates protic impurity in CeDe.
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Figure A64. 'H (300 MHz, CsDs - top) and B (96 MHz - bottom) NMR spectra of iso-quinoline
hydroboration product. * indicates protic impurity in CeDs.
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Figure A65. VTNA of rate order of [Quinoline].
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Figure A66. VTNA of rate order of [HBpin].
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Figure A67. VTNA of rate order of [2.112,].
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Figure A69. VTNA of [quinoline] vs. time to find out if the catalytic system suffers either product
inhibition or catalyst deactivation. Top: before time adjustment. Bottom: after time adjustment.
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Table A10. Data collection and refinement metrics for H.L.3 and complexes 2.82,-2.11z.

H2L3 2.82n 2.9z2n 2.10z, 211z,
empirical formula | Ci3H16N20 Ci1sH20N20Zn | CoH26C12N4OZn | CoH3oN4O2Zn | CaiH3sCl2NsO22Zn
formula weight 216.28 309.70 47472 495.91 660.93
(g'mol)
crystal system Orthorhombic | Triclinic Monoclinic Triclinic Monoclinic
space group Pna 2; P1 P 2i/n P1 P 2i/n
a(A) 12.1012(5) 11.1033(5) 7.4008(3) 10.6633(11) | 9.8318(4)

b (A) 7.6551(3) 11.5670(5) 16.3380(6) 10.7873(11) | 25.6044(11)
c(A) 25.5457(12) | 13.3255(6) 18.3165(7) 11.6049(12) | 12.4012(6)
a (deg) 90 89.530(1) 90 66.418(3) 90

B (deg) 90 65.995(1) 99.385(3) 82.864(3) 90.869(1)

¥ (deg) 90 73.581(1) 90 82.468(3) 90

V (A3 2366.45(17) | 1488.47(12) | 2185.08(15) 1209.1(2) 3121.5(2)

z 8 4 4 2 4

T (K) 203(2) 293(2) 203(2) 208(2) 200(2)
Peatea (g-CMP) 1.214 1.382 1.443 1.362 1.406

u (mm?) 0.078 1.644 1.386 1.046 0.997

26, (deg) 50.048 50.046 54.622 50.044 50.05
total/unique 7300/2608 19140/5170 26412/4862 12079/4268 16568/5459
reflections

Reflections [l, = 2300 4382 4219 3377 5028
20(lo)]

R1, WRz [lo = 0.0400, 0.0355, 0.0530, 0.1267 0.0550, 0.0362, 0.0815
20(lo)] 0.0910 0.0764 0.1476

goodness of fit 1.085 1.114 1.195 1.069 1.089
CCDC number 2190706 2190707 2190709 2190708 2190710
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Table A11. Bond lengths for HoL3.

Atoml Atom2 Length (A)

01
01
N1
N1
N1
N2
N2
N2
C1
C1
C2
C2
C3
C3
C4
C5
C5
C6
C6
C6
C7
C7
C8
C8
C9
C9
C10
C10
Cl1
Cl1
C13
C13
C13
02
02
N3
N3
N3
N4
N4
N4
C14

c12
c13
c1
c4
H5
C5
C6
H6
H1
C2
H2
C3
H3
c4
C5
HEA
H5B
H6A
H6B
C7
cs
c12
H8
C9
H9
C10
H10
c11
H11
c12
H13A
H13B
H13C
C25
C26
C14
c17
H4
c18
C19
H7
H14

1.363(4)
1.429(5)
1.366(5)
1.372(4)
0.96(5)
1.470(4)
1.478(5)
0.90(5)
0.94
1.350(6)
0.94
1.406(6)
0.94
1.371(6)
1.484(6)
0.98
0.98
0.98
0.98
1.504(5)
1.385(5)
1.407(5)
0.94
1.395(6)
0.94
1.375(6)
0.94
1.375(5)
0.94
1.385(5)
0.97
0.97
0.97
1.376(4)
1.423(6)
1.372(5)
1.361(5)
0.94(5)
1.477(5)
1.474(5)
0.90(5)
0.94
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C14
C15
C15
C16
C16
C17
C18
C18
C19
C19
C19
C20
C20
C21
C21
C22
C22
C23
C23
C24
C24
C26
C26
C26

Table Al12.

Atom1
C12
C1
C1
C4
C5
C5
C6
N1
N1
H1
C1
C1
H2
C2
C2
H3

C15
H15
C16
H16
C17
C18
H18A
H18B
H19A
H19B
C20
C21
C25
H21
C22
H22
C23
H23
C24
H24
C25
H26A
H26B
H26C

All angles for H,L3.

Atom2 Atom3 Angle (deg)

01
N1
N1
N1
N2
N2
N2
C1
C1
C1
C2
C2
C2
C3
C3
C3

1.361(6)
0.94
1.412(6)
0.94
1.369(6)
1.482(6)
0.98
0.98
0.98
0.98
1.512(5)
1.382(5)
1.394(5)
0.94
1.382(6)
0.94
1.379(6)
0.94
1.375(5)
0.94
1.379(5)
0.97
0.971
0.97

C13
C4
H5
H5
C6
H6
H6
H1
C2
C2
H2
C3
C3
H3
C4
C4

117.4(3)
109.1(3)
125(3)
126(3)
110.3(3)
110(3)
106(3)
125.7
108.5(3)
125.7
126.3
107.5(4)
126.3
126.1
107.8(3)
126.1
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N1
N1
C3
N2
N2
N2
C4
C4
H5A
N2
N2
N2
H6A
H6A
H6B
C6
C6
C8
Cc7
Cc7
H8
C8
C8
H9
C9
C9
H10
C10
C10
H11l
01
01
Cc7
01
01
01
H13A
H13A
H13B
C25
C14
C14
C17
C18
C18

C4
C4
C4
C5
C5
C5
C5
C5
C5
Cé
Cé
Cé
C6
C6
C6
Cc7
Cc7
Cc7
C8
C8
C8
C9
C9
C9
C10
C10
C10
Cl1
Cl1
Cl1
C12
C12
C12
C13
C13
C13
C13
C13
C13
02
N3
N3
N3
N4
N4

C3
C5
C5
C4
H5A
H5B
H5A
H5B
H5B
H6A
H6B
C7
H6B
C7
C7
Cc8
C12
C12
H8
C9
C9
H9
C10
C10
H10
c11
c11
H11
C12
C12
C7
c11
c11
H13A
H13B
H13C
H13B
H13C
H13C
C26
c17
H4
H4
C19
H7

107.1(3)
122.7(3)
130.1(3)
113.1(3)
108.9
109
109
109
107.8
1085
1085
115.0(3)
107.5
108.5
108.5
122.6(3)
118.8(3)
118.6(3)
119.8
120.5(4)
119.8
120.2
119.6(4)
120.2
119.3
121.4(4)
119.3
120.4
119.2(4)
120.4
113.9(3)
125.3(3)
120.8(3)
109.5
109.5
109.5
109.5
109.5
109.4
117.5(3)
109.6(3)
123(3)
127(3)
111.1(3)
107(3)
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C19
N3
N3
H14
C14
C14
H15
C15
C15
H16
N3
N3
C16
N4
N4
N4
C17
C17
H18A
N4
N4
N4
HI19A
HI19A
H19B
C19
C19
C21
C20
C20
H21
C21
C21
H22
C22
C22
H23
C23
C23
H24
02
02
C20
02
02

N4

C14
C14
C14
C15
C15
C15
C16
C16
C16
C17
C17
C17
C18
C18
C18
C18
C18
C18
C19
C19
C19
C19
C19
C19
C20
C20
C20
C21
C21
C21
C22
C22
C22
C23
C23
C23
C24
C24
C24
C25
C25
C25
C26
C26

H7
H14
C15
C15
H15
C16
C16
H16
C17
C17
C16
C18
C18
C17
H18A
H18B
H18A
H18B
H18B
H19A
H19B
C20
H19B
C20
C20
c21
C25
C25
H21
C22
C22
H22
Cc23
Cc23
H23
C24
C24
H24
C25
C25
C20
C24
C24
H26A
H26B

111(3)
126.1
107.9(3)
126
126.4
107.2(4)
126.4
126.1
107.8(3)
126.1
107.5(3)
123.5(3)
129.0(4)
113.2(3)
108.9
109
108.9
108.9
107.8
1085
1085
115.0(3)
107.5
108.5
108.5
122.1(3)
119.6(3)
118.3(3)
119.5
121.0(4)
119.5
120.2
119.6(4)
120.2
119.7
120.6(4)
119.7
120.3
119.4(4)
120.3
114.6(3)
124.3(3)
121.1(3)
109.5
109.4
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02

H26A
H26A
H26B

Table A13.

Atom1
Znl
Znl
Znl
01
01
N1
N1
N2
N2
N2
C1
C1
C1
C2
C2
C2
C5
C5
C6
C6
C7
C7
C8
C9
C9
C10
C10
C10
Cl1
Cl1
C12
C12
C13
C13
Cl4
Cl4

C26
C26
C26
C26

H26C
H26B
H26C
H26C

109.5
109.4
109.5
109.4

Bond lengths for 2.8zn.

Atom2 Length (A)

N1
N2
C1
C16
c17
C5
Cc8
C9
C10
H1
H1A
H1B
C2
H2A
H2B
H2C
H5
C6
H6
C7
H7
Cc8
Cc9
HO9A
HoB
H10A
H10B
c11
C12
C16
H12
C13
H13
Cl4
H14
C15

1.975(2)
2.191(3)
1.973(4)
1.369(4)
1.430(5)
1.364(5)
1.368(4)
1.475(3)
1.485(6)
0.83(6)
0.98
0.98
1.523(4)
0.97
0.97
0.97
0.94
1.376(4)
0.94
1.405(6)
0.94
1.374(3)
1.493(5)
0.98
0.98
0.979
0.98
1.496(4)
1.379(4)
1.398(5)
0.94
1.384(4)
0.94
1.366(6)
0.94
1.385(6)
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C15
C15
C17
C17
C17
Zn2
Zn2
Zn2
02

02

N3

N3

N4

N4

N4

C3

C3

C3

C4

C4

C4

C18
C18
C19
C19
C20
C20
c21
Cc22
Cc22
C23
C23
C23
C24
C24
C25
C25
C26
C26
c27
c27
C28
C28
C30
C30

H15
C16
H17A
H17B
H17C
N3
N4
C3
C29
C30
C18
C21
C22
C23
H2
H3A
H3B
C4
H4A
H4B
H4C
H18
C19
H19
C20
H20
C21
C22
H22A
H22B
H23A
H23B
C24
C25
C29
H25
C26
H26
C27
H27
C28
H28
C29
H30A
H30B

0.94
1.386(4)
0.97
0.97
0.97
1.964(2)
2.146(3)
1.965(4)
1.374(4)
1.421(5)
1.367(4)
1.357(5)
1.488(4)
1.478(4)
0.88(6)
0.98
0.98
1.491(8)
0.97
0.97
0.97
0.941
1.362(6)
0.94
1.409(7)
0.94
1.389(5)
1.497(5)
0.981
0.979
0.98
0.98
1.506(6)
1.384(4)
1.390(5)
0.94
1.394(6)
0.94
1.368(7)
0.94
1.384(5)
0.94
1.389(6)
0.97
0.97
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C30

Table Al4.

Atom1
N1
N1
N2
Cl6
Znl
Znl
C5
Znl
Znl
Znl
C9
C9
C10
Znl
Znl
Znl
H1A
H1A
H1B
C1
C1
C1
H2A
H2A
H2B
N1
N1
H5
C5
C5
H6
C6
C6
H7
N1
N1
Cc7
N2
N2

H30C

All angles for 2.8zn.

Atom2 Atom3 Angle (deg)

Znl
Znl
Znl
01
N1
N1
N1
N2
N2
N2
N2
N2
N2
Cl
Cl
C1
C1
Cl
C1
C2
C2
C2
C2
C2
C2
C5
C5
C5
C6
C6
C6
C7
C7
C7
C8
C8
C8
C9
C9

0.97

N2
C1
C1
c17
C5
Cc8
Cc8
C9
C10
H1
C10
H1
H1
H1A
H1B
C2
H1B
C2
C2
H2A
H2B
H2C
H2B
H2C
H2C
H5
C6
C6
H6
C7
C7
H7
Cc8
Cc8
C7
C9
C9
Cc8
HO9A

81.3(1)
138.3(1)
119.3(1)
118.1(3)
137.0(2)
115.6(2)
106.3(2)
106.6(2)
119.7(2)
100(4)
112.3(3)
108(4)
108(4)
107.8
107.8
118.1(3)
107.1
107.8
107.8
109.5
109.4
109.5
109.5
109.5
109.5
124.9
110.2(3)
124.9
126.7
106.7(3)
126.6
126.9
106.4(3)
126.8
110.4(3)
117.7(2)
131.8(3)
109.8(3)
109.7
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N2
C8
C8
H9A
N2
N2
N2
H10A
H10A
H10B
C10
C10
C12
Cl1
Cl1
H12
C12
C12
H13
C13
C13
H14
Cl4
Cl4
H15
01
01
Cl1
01
01
01
H17A
H17A
H17B
N3
N3
N4
C29
Zn2
Zn2
C18
Zn2
Zn2
Zn2
Cc22

C9

C9

C9

C9

C10
C10
C10
C10
C10
C10
Cl1
Cl1
Cl1
C12
C12
C12
C13
C13
C13
Cl4
Cl4
Cl4
C15
C15
C15
Cl6
Cl6
Cl6
C17
C17
C17
C17
C17
C17
Zn2
Zn2
Zn2
02

N3

N3

N3

N4

N4

N4

N4

H9B
HOA
H9B
H9B
H10A
H10B
Cl1
H10B
Cl1
Cl1
C12
C16
C16
H12
C13
C13
H13
C14
C14
H14
C15
C15
H15
C16
C16
Cl1
C15
C15
H17A
H17B
H17C
H17B
H17C
H17C
N4
C3
C3
C30
C18
C21
C21
C22
C23
H2
C23

109.8
109.7
109.7
108.2
109.6
109.5
110.2(3)
108.2
109.6
109.6
121.7(3)
119.5(3)
118.8(3)
119.4
121.1(4)
119.4
120.4
119.2(4)
120.4
119.3
121.5(4)
119.2
120.6
118.8(4)
120.6
114.6(3)
124.8(3)
120.5(3)
109.5
109.4
109.4
109.5
109.5
109.5
83.6(1)
145.2(2)
122.4(1)
118.1(3)
134.6(2)
113.5(2)
107.6(3)
106.6(2)
117.6(2)
102(4)
113.4(3)
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Cc22
C23
Zn2
Zn2
Zn2
H3A
H3A
H3B
C3
C3
C3
H4A
H4A
H4B
N3
N3
H18
C18
C18
H19
C19
C19
H20
N3
N3
C20
N4
N4
N4
c21
c21
H22A
N4
N4
N4
H23A
H23A
H23B
C23
C23
C25
C24
C24
H25
C25

N4
N4
C3
C3
C3
C3
C3
C3
C4
C4
C4
C4
C4
C4
C18
C18
C18
C19
C19
C19
C20
C20
C20
C21
C21
C21
C22
C22
C22
C22
C22
C22
C23
C23
C23
C23
C23
C23
C24
C24
C24
C25
C25
C25
C26

H2
H2
H3A
H3B
C4
H3B
C4
C4
H4A
H4B
H4C
H4B
H4C
H4C
H18
C19
C19
H19
C20
C20
H20
C21
C21
C20
C22
C22
C21
H22A
H22B
H22A
H22B
H22B
H23A
H23B
C24
H23B
C24
C24
C25
C29
C29
H25
C26
C26
H26

109(4)
107(4)
107.7
107.7
118.2(3)
107.1
107.8
107.8
109.5
109.5
109.5
109.5
109.5
109.4
125.1
109.7(3)
125.2
126.4
107.2(4)
126.4
126.9
106.1(3)
126.9
109.3(3)
118.0(3)
132.7(3)
109.5(3)
109.8
109.8
109.8
109.8
108.2
108.7
108.6
114.3(3)
107.6
108.7
108.7
121.4(3)
120.5(3)
118.1(3)
119.4
121.3(3)
119.3
120.4
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C25
H26
C26
C26
H27
C27
C27
H28
02
02
C24
02
02
02
H30A
H30A
H30B

Table A15.

Atom1
Znl
Znl
Znl
Znl
Cl1
Cl2
01
01
N1
N1
N2
N2
N2
N3
N3
N3
N4
N4
N4
C1
C1
C1
C2

C26
C26
c27
c27
c27
C28
C28
C28
C29
C29
C29
C30
C30
C30
C30
C30
C30

C27
C27
H27
C28
C28
H28
C29
C29
C24
C28
C28
H30A
H30B
H30C
H30B
H30C
H30C

119.3(4)
120.3
119.5
120.9(4)
119.5
120.5
119.0(4)
120.5
114.5(3)
124.2(3)
121.3(3)
109.5
109.5
109.5
109.5
109.4
109.5

Bond lengths for 2.9zy.

Atom2 Length (A)

N1
N2
C1
C3
C6
Cc7
C19
C20
C8
Cl1
C12
C13
H1
C3
C4
C6
C3
C5
Cc7
H1A
H1B
C2
H2A

2.019(3)
2.212(3)
2.049(4)
2.098(4)
1.688(4)
1.684(4)
1.371(6)
1.422(6)
1.362(5)
1.358(5)
1.474(5)
1.479(5)
0.79(7)
1.353(5)
1.464(4)
1.365(5)
1.360(5)
1.467(5)
1.377(5)
0.98
0.98
1.373(9)
0.97
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C2
C2
C4
C4
C4
C5
C5
C5
Cé
C8
C8
C9
C9
C10
C10
Cl1
C12
C12
C13
C13
C13
C14
C14
C15
C15
C16
C16
C17
C17
C18
C18
C20
C20
C20

Table Al6.

Atom1
N1
N1
N1
N2
N2
C1

H2B
H2C
H4A
H4B
H4C
H5A
H5B
H5C
Cc7
H8
C9
H9
C10
H10
Cl1
C12
H12A
H12B
H13A
H13B
C14
C15
C19
H15
C16
H16
C17
H17
C18
H18
C19
H20A
H20B
H20C

0.969
0.97
0.97
0.969
0.971
0.97
0.97
0.969
1.348(5)
0.94
1.372(7)
0.94
1.401(6)
0.94
1.378(5)
1.494(5)
0.98
0.98
0.98
0.98
1.506(6)
1.384(7)
1.392(5)
0.94
1.385(8)
0.94
1.365(8)
0.939
1.374(7)
0.94
1.390(6)
0.969
0.97
0.97

All angles for 2.9zp.

Atom2 Atom3 Angle (deg)

Znl
Znl
Znl
Znl
Znl
Znl

N2
C1
C3
C1
C3
C3

81.1(1)
119.4(2)
107.2(1)
117.4(1)
95.4(1)
125.5(2)
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C19
Znl
Znl
C8
Znl
Znl
Znl
C12
C12
C13
C3
C3
C4
C3
C3
C5
Znl
Znl
Znl
H1A
H1A
H1B
C1
C1
C1
H2A
H2A
H2B
Znl
Znl
N3
N3
N3
N3
H4A
H4A
H4B
N4
N4
N4
H5A
H5A
H5B
Cl1
Cl1

01
N1
N1
N1
N2
N2
N2
N2
N2
N2
N3
N3
N3
N4
N4
N4
C1l
C1l
C1l
C1l
C1l
C1l
C2
C2
C2
C2
C2
C2
C3
C3
C3
C4
C4
C4
C4
C4
C4
C5
C5
C5
C5
C5
C5
C6
C6

C20
C8
Cl1
Cl1
C12
C13
H1
C13
H1
H1
C4
C6
C6
C5
Cc7
Cc7
H1A
H1B
C2
H1B
C2
C2
H2A
H2B
H2C
H2B
H2C
H2C
N3
N4
N4
H4A
H4B
H4C
H4B
H4C
H4C
H5A
H5B
H5C
H5B
H5C
H5C
N3
Cc7

118.0(4)
134.7(3)
113.7(2)
106.2(3)
105.4(2)
121.0(2)
103(5)
112.5(3)
109(5)
106(5)
124.2(3)
111.9(3)
123.8(3)
125.7(3)
111.3(3)
123.0(3)
108.4
108.4
115.4(4)
1075
108.4
108.4
109.5
109.5
109.4
109.5
109.4
109.5
125.8(3)
130.4(3)
103.6(3)
109.5
109.5
109.5
109.5
109.4
109.5
109.4
109.4
109.5
109.4
109.5
109.5
124.1(3)
129.2(3)
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N3
Cl2
Cl2
N4
N1
N1
H8
C8
C8
H9
C9
C9
H10
N1
N1
C10
N2
N2
N2
Cl1
Cl1
H12A
N2
N2
N2
H13A
H13A
H13B
C13
C13
C15
C14
C14
H15
C15
C15
H16
C16
C16
H17
C17
C17
H18
01
01

Cé

Cc7

Cc7

Cc7

C8

C8

C8

C9

C9

C9

C10
C10
C10
Cl1
Cl1
Cl1
C12
C12
C12
C12
C12
C12
C13
C13
C13
C13
C13
C13
C14
C14
C14
C15
C15
C15
C16
C16
C16
C17
C17
C17
C18
C18
C18
C19
C19

Cc7
N4
C6
C6
H8
C9
C9
H9
C10
C10
H10
Cl1
Cl1
C10
C12
C12
Cl1
H12A
H12B
H12A
H12B
H12B
H13A
H13B
C14
H13B
C14
C14
C15
C19
C19
H15
C16
C16
H16
C17
C17
H17
C18
C18
H18
C19
C19
C14
C18

106.8(3)
123.3(3)
130.3(3)
106.4(3)
124.8
110.3(4)
124.9
126.6
106.8(4)
126.6
127
106.0(3)
127
110.7(3)
117.3(3)
132.0(3)
108.9(3)
110
109.9
109.9
109.9
108.3
109.4
109.4
111.03)
108
109.5
109.4
120.8(4)
120.8(4)
118.4(4)
119.3
121.3(4)
119.4
120.3
119.3(5)
120.4
1195
121.0(5)
1195
120.2
119.7(4)
120.1
115.6(4)
124.1(4)
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C14
01
01
01
H20A
H20A
H20B

Table Al7.

Atom1
Znl
Znl
Znl
Znl
N1
N1
N3
N3
C1
C1
C2
C2
C3
C3
C4
C5
C5
C5
Cl4
Cl4
C15
C15
Cl6
Cl6
C17
C18
C18
C18
O1A
O1A
N2A
N2A
C6A

C19
C20
C20
C20
C20
C20
C20

C18

H20A
H20B
H20C
H20B
H20C
H20C

120.3(4)
109.5
109.4
109.5
109.5
109.5
109.4

Bond lengths for 2.10zn.

Atom2 Length (A)

N1
N3
N2A
N4A
C1l
C4
C14
C17
H1
C2

H2
C3
H3
C4
C5
H5AA
H5AB
N2A
H14
C15
H15
C16
H16
C17
C18
H18A
H18B
N4A
C12A
C13A
H2A
C6A
H6AA

1.934(5)
1.949(3)
2.11(2)
2.055(6)
1.362(8)
1.365(6)
1.358(6)
1.349(6)
0.94
1.359(9)
0.941
1.420(7)
0.94
1.386(8)
1.489(7)
0.98
0.98
1.50(2)
0.94
1.391(8)
0.94
1.390(7)
0.939
1.385(7)
1.498(5)
0.98
0.98
1.479(8)
1.37(1)
1.43(1)
0.99
1.50(3)
0.98
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C6A
C6A
C7A
C7A
C8A
C8A
COA
CoA
C10A
C10A
CliA
CliA
C13A
C13A
C13A
O2A
O2A
N4A
N4A
C19A
C19A
C19A
C20A
C20A
C21A
C21A
C22A
C22A
C23A
C23A
C24A
C24A
C26A
C26A
C26A

Table A18.

Atom1
N1
N1
N1
N3
N3

H6AB  0.98
C7A 1.50(1)
C8A 1.37(1)
C12A  1.401(7)
H8A 0.939
COA 1.41(1)
HI9A 0.94
C10A  1.38(1)
H10A 0.94
Cl11A 1.36(1)
H11A 094
C12A  1.40(1)
H13A 0.97
H13B  0.97
H13C 0.97
C25A  1.412(9)
C26A 1.42(2)
H4A 0.991
C19A  1.504(9)
H19A  0.98
H19B 0.98
C20A  1.52(1)
C21A  1.32(1)
C25A  1.37(1)
H21A 094
C22A  1.39(2)
H22A  0.94
C23A  1.35(2)
H23A 094
C24A  1.39(1)
H24A  0.94
C25A  1.40(1)
H26A  0.97
H26B  0.97
H26C  0.97
All angles for 2.10zn.
Atom2 Atom3
Znl N3
Znl N2A
Znl N4A
Znl N2A
Znl N4A

Angle (deg)
137.7(2)
83.5(6)
117.7(2)
111.2(6)
86.4(2)
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N2A
Znl
Znl
C1
Znl
Znl
Cl4
N1
N1
H1
C1
C1
H2
C2
C2
H3
N1
N1
C3
C4
C4
C4
H5AA
H5AA
H5AB
N3
N3
H14
Cl4
Cl4
H15
C15
C15
H16
N3
N3
Cl6
C17
C17
C17
H18A
H18A
H18B
C12A
Znl

Znl
N1
N1
N1
N3
N3
N3
C1
C1
C1
C2
C2
C2
C3
C3
C3
C4
C4
C4
C5
C5
C5
C5
C5
C5
Cl4
Cl4
Cl4
C15
C15
C15
Cl6
Cl6
Cl6
C17
C17
C17
C18
C18
C18
C18
C18
C18
O1A
N2A

N4A
C1l
C4
C4
C14
C17
C17
H1
C2
C2
H2
C3
C3
H3
C4
C4
C3
C5
C5
H5AA
H5AB
N2A
H5AB
N2A
N2A
H14
C15
C15
H15
C16
C16
H16
C17
C17
C16
C18
C18
H18A
H18B
N4A
H18B
N4A
N4A
C13A
C5

125.9(6)
139.9(4)
112.2(3)
106.2(4)
139.3(3)
112.8(3)
107.4(4)
124.3
111.2(5)
124.5
126.7
106.6(5)
126.7
127.2
105.6(4)
127.1
110.4(4)
117.6(4)
132.0(4)
110.4
110.4
106.3(8)
108.7
1105
110.4
125.2
109.5(5)
125.3
126.8
106.5(5)
126.7
126.7
106.6(4)
126.7
110.0(4)
119.1(4)
130.9(4)
108.9
109
113.2(4)
107.7
108.9
108.9
117.3(9)
102(1)
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Znl
Znl
C5
C5
H2A
N2A
N2A
N2A
H6AA
H6AA
H6AB
C6A
C6A
C8A
C7A
C7A
H8A
C8A
C8A
H9A
C9A
C9A
H10A
C10A
C10A
H11A
O1A
O1A
C7A
O1A
O1A
O1A
H13A
H13A
H13B
C25A
Znl
Znl
Znl
C18
C18
H4A
N4A
N4A
N4A

N2A
N2A
N2A
N2A
N2A
C6A
C6A
C6A
C6A
C6A
C6A
C7A
C7A
C7A
C8A
C8A
C8A
COA
COA
COA
C10A
C10A
C10A
Cl1A
Cl1A
Cl1A
C12A
C12A
C12A
C13A
C13A
C13A
C13A
C13A
C13A
O2A
N4A
N4A
N4A
N4A
N4A
N4A
C19A
C19A
C19A

H2A
C6A
H2A
C6A
C6A
H6AA
H6AB
C7A
H6AB
C7A
C7A
C8A
C12A
C12A
H8A
COA
COA
H9A
C10A
C10A
H10A
Cl1A
Cl1A
H11A
C12A
C12A
C7A
Cl1A
Cl1A
H13A
H13B
H13C
H13B
H13C
H13C
C26A
C18
H4A
C19A
H4A
C19A
C19A
H19A
H19B
C20A

108
114(1)
109
114(1)
108

109

109
113(1)
107.7
108.9
108.9
122.6(7)
118.8(6)
118.5(6)
119.5
120.9(7)
119.6
121
118.5(9)
121

119
122(1)
119
120.2
119.6(8)
120.2
115.9(6)
123.5(7)
120.6(6)
110

109

109

109

110

109
115.0(8)
107.9(4)
106.3
117.0(5)
106.3
112.3(6)
106.3
108.7
108.7
114.4(7)

242



H19A
H19A
H19B
C19A
C19A
C21A
C20A
C20A
H21A
C21A
C21A
H22A
C22A
C22A
H23A
C23A
C23A
H24A
O2A

O2A

C20A
O2A

O2A

O2A

H26A
H26A
H26B

Table A19.

Atom1
Znl
Znl
Znl
Znl
Znl
Cl1
Cl2
01
01
02
02
N1
N1

C19A
C19A
C19A
C20A
C20A
C20A
C21A
C21A
C21A
C22A
C22A
C22A
C23A
C23A
C23A
C24A
C24A
C24A
C25A
C25A
C25A
C26A
C26A
C26A
C26A
C26A
C26A

H19B
C20A
C20A
C21A
C25A
C25A
H21A
C22A
C22A
H22A
C23A
C23A
H23A
C24A
C24A
H24A
C25A
C25A
C20A
C24A
C24A
H26A
H26B
H26C
H26B
H26C
H26C

107.6
108.7
108.6
124.8(7)
119.2(7)
116.0(7)
117.4
125(1)
118

122
117(1)
122

119
123(1)
119

122
115.8(9)
122
115.3(6)
121.2(7)
123.5(7)
109

109

109

109

109

109

Bond lengths for 2.11zn.

Atom2 Length (A)

N1
N2
N3
N4
C1
C4
C5
C17
C18
C30
C31
C6
C9

2.003(2)
2.329(2)
1.975(2)
2.540(2)
2.061(2)
1.696(2)
1.697(2)
1.373(4)
1.429(4)
1.366(3)
1.431(4)
1.366(3)
1.356(3)

243



N2
N2
N2
N3
N3
N4
N4
N4
N5
N5
N5
NG
N6
N6
C2
C2
C2
C3
C3
C3
C4
C6
C6
Cc7
Cc7
C8
C8
C9
C10
C10
Cl1
Cl1
Cl1
C12
C12
C13
C13
C14
C14
C15
C15
C16
C16
C18
C18

C10
c11
H1
C19
c22
c23
C24
H2
C1
C3
C5
C1
C2
C4
H2A
H2B
H2C
H3A
H3B
H3C
C5
H6
C7
H7
Cc8
H8
C9
C10
H10A
H10B
H11A
H11B
C12
C13
c17
H13
Cl4
H14
C15
H15
C16
H16
c17
H18A
H18B

1.475(3)
1.483(3)
0.92(5)
1.355(3)
1.360(3)
1.484(3)
1.462(3)
0.89(5)
1.351(3)
1.462(3)
1.382(3)
1.358(3)
1.463(3)
1.383(3)
0.98
0.98
0.98
0.98
0.98
0.98
1.336(4)
0.95
1.372(4)
0.95
1.402(4)
0.95
1.374(3)
1.491(3)
0.99
0.99
0.99
0.99
1.509(4)
1.390(4)
1.395(4)
0.95
1.378(4)
0.95
1.369(6)
0.95
1.382(6)
0.95
1.395(5)
0.979
0.98
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C18
C19
C19
C20
C20
C21
C21
C22
C23
C23
C24
C24
C24
C25
C25
C26
C26
C27
C27
C28
C28
C29
C29
C31
C31
C31

Table A20.

Atom1
N1
N1
N1
N1
N2
N2
N2
N3
N3
N4
C17
C30
Znl
Znl

H18C
H19
C20
H20
C21
H21
C22
C23
H23A
H23B
H24A
H24B
C25
C26
C30
H26
C27
H27
C28
H28
C29
H29
C30
H31A
H31B
H31C

All angles for 2.11zn.

Atom2 Atom3 Angle (deg)

Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
Znl
01

02

N1

N1

0.98
0.95
1.376(4)
0.95
1.405(4)
0.95
1.373(4)
1.500(3)
0.99
0.99
0.99
0.99
1.506(3)
1.383(3)
1.410(4)
0.95
1.394(4)
0.95
1.378(4)
0.95
1.378(5)
0.95
1.383(4)
0.98
0.98
0.98

N2
N3
N4
C1l
N3
N4
C1
N4
C1
C1
C18
C31
C6
C9

78.76(7)
123.81(8)
88.81(7)
123.14(8)
96.89(8)
160.22(7)
100.94(8)
77.22(7)
112.75(8)
98.73(8)
118.1(2)
117.6(3)
135.8(2)
116.9(1)
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C6
Znl
Znl
Znl
C10
C10
Cl1
Znl
Znl
C19
Znl
Znl
Znl
C23
C23
C24
C1
C1
C3
C1
C1
C2
Znl
Znl
N5
N6
N6
N6
H2A
H2A
H2B
N5
N5
N5
H3A
H3A
H3B
Cl1
Cl1
N6
Cl2
Cl2
N5
N1
N1

N1
N2
N2
N2
N2
N2
N2
N3
N3
N3
N4
N4
N4
N4
N4
N4
N5
N5
N5
N6
N6
N6
C1l
C1l
C1l
C2
C2
C2
C2
C2
C2
C3
C3
C3
C3
C3
C3
C4
C4
C4
C5
C5
C5
C6
C6

C9
C10
Cl1
H1
Cl1
H1
H1
C19
C22
C22
C23
C24
H2
C24
H2
H2
C3
C5
C5
C2
C4
C4
N5
N6
N6
H2A
H2B
H2C
H2B
H2C
H2C
H3A
H3B
H3C
H3B
H3C
H3C
N6
C5
C5
N5
C4
C4
H6
Cc7

106.2(2)
104.2(1)
125.3(1)
98(3)
111.5(2)
112(3)
104(3)
131.8(2)
119.2(2)
106.8(2)
96.7(1)
116.8(1)
111(3)
111.5(2)
111(3)
110(3)
124.9(2)
110.9(2)
124.1(2)
125.9(2)
110.4(2)
123.6(2)
125.7(2)
129.3(2)
104.7(2)
109.5
109.5
109.4
109.5
109.5
109.5
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Appendix B — Chapter 3
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Figure B1. *H NMR spectrum (300 MHz, CDCls) of 3.2c..
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Figure B3. EPR spectra of 3.2¢, (blue) and mixture of 3.2¢, and benzaldehyde (red).
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Figure B4. *H NMR spectrum (300 MHz, CDCls) of 3.3c,. * indicates protic impurity in CDCls.
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Figure B8. 'H (300 MHz, CDCls), 'B (96 MHz), and *C (75 MHz) NMR spectra of 4,4,5,5-tetramethyl-
2-(pyren-1-ylmethoxy)-1,3,2-dioxaborolane. * indicates protic impurity in CDCls.
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Figure B9. EI-MS spectrum of the filtrate portion of the workup process of synthetic reaction of 3.2¢..
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Figure B10. Stacked plot of *H NMR spectra (300 MHz, CeDs) of 3.2¢, (black), stoichiometric reactions

of 3.2¢, with HBpin (blue), 3.2¢c, with benzaldehyde (green), 3.2c, with benzaldehyde and subsequently
HBpin (purple), and 3.2c, with Hexanal.

256



— 3.2, after catalytic reaction — 3.2co

-0.1
-0.15
-0.2

-0.25

Intensity

o
w

-0.35
-0.4

3200 3250 3300 3350 3400 3450 3500 3550 3600 3650 3700
Magnetic Field (mT)

Figure B11. Stacked plot of EPR spectra of 3.2¢, (in blue) and recovered 3.2¢, (in red).
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Figure B12. Stacked plot of *H NMR spectra (300 MHz, CsDs) of 3.2¢, (blue) and recovered 3.2¢, (red).
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Figure B13. *H NMR spectrum (300 MHz, CsD¢) of hydroborated benzaldehyde. * indicates protic
impurity in CeDe.
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Figure B14. *H NMR spectrum (300 MHz, CsD¢) of hydroborated 2-naphthaldehyde. * indicates protic
impurity in CeDe.
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Figure B15. *H NMR spectrum (300 MHz, CsDs) of hydroborated 1-pyrenecarboxaldehyde. * indicates
protic impurity in C¢De.
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Figure B16. *H NMR spectrum (300 MHz, CsDs) of hydroborated 5-bromo-2-thiophenecarboxaldehyde.
* indicates protic impurity in C¢De.
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Figure B17. *H (300 MHz, CsDs) and B (96 MHz) NMR spectra of hydroborated quinoline-8-
carboxaldehyde. * indicates protic impurity in CeDs.
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Figure B18. *H NMR spectrum (300 MHz, C¢Ds) of hydroborated cinnamaldehyde. * indicates protic
impurity in CeDe.
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Figure B19. *H (300 MHz, C¢Ds) and B (96 MHz) NMR spectra of hydroborated pyridine-2-
carboxaldehyde. * indicates protic impurity in CeDe.
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Figure B20. *H (300 MHz, C¢Ds) and B (96 MHz) NMR spectra of hydroborated 4-acetylbenzaldehyde.
* indicates protic impurity in C¢De.
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Figure B21. *H (300 MHz, C¢Ds) and 1B (96 MHz) NMR spectra of hydroborated 4-cyanobenzaldehyde.
* indicates protic impurity in C¢De.
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Figure B22. 'H (300 MHz, C¢Ds) and B (96 MHz) NMR spectra of hydroborated 4-nitrobenzaldehyde.
* indicates protic impurity in C¢De.
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Figure B23. *H NMR spectrum (300 MHz, CsDs) of hydroborated 2-chlorobenzaldehyde. * indicates
protic impurity in C¢De.
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Figure B24. *H NMR spectrum (300 MHz, CsDs) of hydroborated 2-fluorobenzaldehyde. * indicates
protic impurity in C¢De.
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Figure B25. *H NMR spectrum (300 MHz, CsDs) of hydroborated 3-fluorobenzaldehyde. * indicates
protic impurity in CeDe.
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Figure B26. *H NMR spectrum (300 MHz, CsDs) of hydroborated 4-chlorobenzaldehyde. * indicates
protic impurity in C¢De.
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Figure B27. *H NMR spectrum (300 MHz, CsDs) of hydroborated 2-(methylthio)-benzaldehyde. *
indicates protic impurity in CeDe.
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Figure B28. *H NMR spectrum (300 MHz, CsDs) of hydroborated 3-methoxybenzaldehyde. * indicates
protic impurity in C¢De.
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Figure B29. *H NMR spectrum (300 MHz, CsDs) of hydroborated 4-methoxybenzaldehyde. * indicates
protic impurity in CeDe.
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Figure B30. *H NMR spectrum (300 MHz, C¢Ds) of hydroborated 4-bromobenzaldehyde. * indicates
protic impurity in C¢De.
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Figure B31. *H NMR spectrum (300 MHz, CsDs) of hydroborated Hexanal. * indicates protic impurity
in CeDs.
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Figure B32. VTNA of rate order of [1-pyrenecarboxaldehyde].
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Figure B33. VTNA of rate order of [HBpin].
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Figure B34. VTNA of rate order of [3.2¢q].
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Normalised to 1-Pyrenecarboxaldehyde, HBpin, and 3.2¢co
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Figure B36. VTNA of [1-pyrenecarboxaldehyde] vs. time to find out if the catalytic system suffers either
product inhibition or catalyst deactivation. Top: before time adjustment. Bottom: after time adjustment.
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Figure B37. VTNA of [1-Pyrenecarboxaldehyde] vs. time to find out if the catalytic system suffers
product inhibition. Top: before time adjustment. Bottom: after time adjustment.
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Figure B38. VTNA of rate order of [Hexanal].
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Figure B39. VTNA of rate order of [HBpin].
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Figure B40. VTNA of rate order of [3.2¢q].
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Figure B42. VTNA of [Hexanal] vs. time to find out if the catalytic system suffers either product
inhibition or catalyst deactivation. Top: before time adjustment. Bottom: after time adjustment.
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Table B1. Data collection and refinement metrics for 3.2¢o, 3.4c0and C.

3.2¢0 (S0933) 3.4¢0 (S0907) C (S1040)
empirical formula C18H15CI2CoNsS, | C1oH12ClaCol2N4 C23H23B303
formula weight (g-mol™) | 467.28 642.77 358.22
crystal system Monoclinic Monoclinic Monoclinic
space group P 21/n P 2i/c P 2i/c
a(A) 9.9944(6) 8.3466(4) 10.027(6)
b (A) 14.7779(10) 18.4430(9) 11.235(6)
c (A) 13.3704(8) 25.5300(11) 17.190(10)
a (deg) 90 90 90
B (deg) 106.754(2) 97.492(2) 92.096(19)
¥ (deg) 90 90 90
V (A3 1890.9(2) 3896.4(3) 1935.2(19)
YA 4 8 4
T (K) 203(2) 203(2) 293(2)
Pealed (g-cm3) 1.641 2.191 1.230
i (mmY) 1.418 4.596 0.079
26,.,. (deg) 52.764 56.93 50.048
total/unique reflections 13977/3820 60226/9770 11007/3413
Reflections [lo > 20(lo)] | 2395 6611 1564
R1, WR2 [lo = 2a(l0)] 0.0399, 0.0724 0.0405, 0.0842 0.0558, 0.1337
goodness of fit 1.011 1.020 0.940
CCDC number 2162426 2162428 2162427
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Table B2. Bond lengths for 3.2¢o.
Atom2

Atoml
cl1
Cl2
N1
N1
N1
N2
N2
N2
C1
C1
C1
C2
C3
C3
C3
C4
C6
C6
C6
C7
C7
C8
C8
C9
C9
C10
C10
Cl1
C13
C13
C13
Cl4
Cl4
C15
C15
Cl6
Cl6
C17
C17
C18
ColA
ColA

C5
C4
C1
C2
C5
C2
C3
C4
H1A
H1B
H1C
ColA
H3A
H3B
H3C
C5
C7
Cl1
S1A
H7
C8
H8
C9
H9
C10
H10
Cl1
C12A
Cl4
C18
N3A
H14
C15
H15
C16
H16
C17
H17
C18
S2A
S1A
N3A

Length
1.693(3)
1.696(3)
1.458(3)
1.355(4)
1.378(3)
1.359(3)
1.451(4)
1.381(4)
0.97
0.97
0.97
1.891(5)
0.969
0.97
0.97
1.337(4)
1.404(4)
1.392(4)
1.720(9)
0.94
1.367(6)
0.94
1.367(5)
0.94
1.366(5)
0.94
1.399(6)
1.437(7)
1.389(5)
1.387(5)
1.512(5)
0.94
1.367(4)
0.94
1.369(5)
0.94
1.370(4)
0.94
1.383(4)
1.811(4)
2.160(8)
1.921(6)
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ColA S2A  2.166(6)
N3A  CI2A  1.301(9)
CI2A  HI2A 094

Table B3. Bond lengths for 3.4co.
Atoml Atom2 Length

11 Col  2.5917(7)
12 Col  2.5988(8)
Col  C3 2.056(4)
Col C8 2.049(4)
ci C2 1.699(6)
CI2 C4 1.690(6)
ci3 c7 1.702(4)
Cl4 Cc9 1.692(5)
N1 c1 1.454(8)
N1 Cc2 1.380(7)
N1 Cc3 1.365(6)
N2 Cc3 1.362(6)
N2 C4 1.390(7)
N2 C5 1.451(9)
N3 C6 1.453(6)
N3 c7 1.379(6)
N3 cs 1.357(6)
N4 cs 1.360(6)
N4 C9 1.380(6)
N4 Cl10  1.461(7)
c1 HIA  0.969
c1 HIB  0.971
c1 HIC  0.969
C2 C4 1.326(8)
Cc5 H5A  0.97

Cc5 H5B  0.97

Cc5 H5C  0.969
C6 H6A  0.971
C6 H6B  0.97

C6 H6C  0.969
c7 C9 1.339(7)

Cl0  HI0A 097
Cl0  H10B  0.969
Cl0  H10C 0971
13 Co2  2.5936(9)
14 Co2  2.5995(8)
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Co2
Co2
CI5
Cl6
Cl7
CI8
N5
N5
N5
N6
N6
N6
N7
N7
N7
N8
N8
N8
Cl11
Cl11
Cl11
C12
Ci15
Ci15
Ci15
C16
C16
C16
C17
C20
C20
C20

C13
C18
C12
C14
C17
C19
Cl1
C12
C13
C13
C14
C15
C16
C17
C18
C18
C19
C20
H11A
H11B
H11C
C14
H15A
H15B
H15C
H16A
H16B
H16C
C19
H20A
H20B
H20C

2.054(5)
2.051(5)
1.696(5)
1.692(6)
1.699(5)
1.703(5)
1.453(6)
1.382(7)
1.364(6)
1.356(6)
1.375(7)
1.466(7)
1.443(7)
1.376(6)
1.365(7)
1.358(7)
1.377(6)
1.473(7)
0.969
0.97
0.97
1.332(7)
0.971
0.969
0.97
0.969
0.97
0.97
1.322(7)
0.97
0.97
0.97

Table B4. Bond lengths for C

Atoml Atom?2

01
01
02
02
(OX]
(OX]
CO0A
CO0A
CO0A

C00J
Bl

Bl
C5A
Bl
C6A
HOOA
C007
C008

Length
1.437(4)
1.338(4)
1.349(4)
1.46(1)
1.364(4)
1.46(2)
0.93
1.343(5)
1.430(5)
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C0ooB
C0ooB
C0ooB
CcoocC
coocC
CcoocC
C00D
C0o0D
C00D
COOE
COOE
COOH
C00J
C00J
C00J
COOK
COOK
COOK
CooL
CooM
CooM
COON
C004
C004
C004
CO005
CO006
C007
Cl1A
Cl1A
Cl1A
Cl1A
C2A
C2A
C2A
C2A
C3A
C3A
C3A
C3A
C4A
C4A
C4A
C4A
C5A

COOH
CooL
C005
COOE
CooM
C006
HOOD
CooL
C009
HOOE
COOH
HOOH
HOOB
HOOC
C009
HOOK
COON
C008
HOOL
HOOM
COON
HOON
C005
C007
C009
C006
C008
HO07
H1AA
H1AB
H1AC
C6A
H2AA
H2AB
H2AC
C6A
H3AA
H3AB
H3AC
C5A
H4AA
H4AB
H4AC
C5A
C6A

1.430(5)
1.376(5)
1.422(4)
1.423(5)
1.397(6)
1.420(4)
0.93
1.388(5)
1.385(5)
0.93
1.336(6)
0.93
0.97
0.971
1.497(5)
0.93
1.372(5)
1.391(5)
0.93
0.93
1.361(6)
0.93
1.422(3)
1.432(4)
1.401(4)
1.416(4)
1.405(4)
0.93
0.96
0.96
0.96
1.51(1)
0.96
0.96
0.96
1.49(2)
0.961
0.959
0.96
1.55(1)
0.96
0.96
0.959
1.49(1)
1.55(2)
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3.2¢o
total energy (SCF+XDM) -3.959275815966E+03
Thermal correction to Gibbs Free Energy=0.243701
Cl 513761  -0.33071 1.71989
3.80753  -0.10957 0.66544
2.48925  -0.32991 1.03806
3.78757 0.29386  -0.63314
2.04966  -0.77303 2.35717
1.65064  -0.06671 0.00179
5.08605 0.71357  -1.66639
2.45746 0.31455  -1.02746
0.97701  -0.95571 2.29692
2.25488 0.00487 3.10259
2.56344  -1.69818 2.62833
-0.25741  -0.20690  -0.00058
1.97985 0.68829  -2.35499
-0.01205  -2.32283  -0.57207
-2.19212  -0.46004  -0.00281
-0.24277 1.95889 0.40006
0.89550 0.58495  -2.35037
2.41269 0.02439  -3.10747
2.24955 1.72477 -2.57181
-1.69578  -2.80712  -0.35066
-3.01893 1.89380  -0.03690
-3.10728 0.46197  -0.14874
-1.84874 2.63800 0.27168
-2.64522  -1.82268  -0.01919
-4.11800 0.11589  -0.36191
-2.09611  -4.14686  -0.43860
-4.24774 2.58533  -0.19756
-1.97258 4.03315 0.44587
-3.95025  -2.21066 0.32157
-1.35962  -4.89706  -0.71206
-3.40773  -451634  -0.15130
-5.13701 2.00764  -0.43942
-4.34242 3.95461  -0.04320
-3.18808 4.68110 0.29098
-1.07995 4.60102 0.69173
-4.33222  -3.54828 0.24937
-4.66659  -1.47998 0.68258
-3.70045  -5,56106  -0.21039
-5.29555 4.45837  -0.17088
-3.24240 5.75838 0.42435
-5.34364  -3.83293 0.52389

o

ITTIITITOIOOIOITIOOOOIOOOOOIIIONZ0UO0Q0IIIZO0000Z20
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benzaldehyde
total energy (SCF+XDM) -3.456994589618E+02
Thermal correction to Gibbs Free Energy=0.082711

C -1.04796 -0.36184 0.00000
C -0.76079 -1.72256 0.00000
C 0.57010 -2.15787 0.00000
C 1.61634 -1.23240 0.00000
C 1.33037 0.13166 0.00000
C 0.00000 0.57260 0.00000
C -0.27916 2.02292 0.00000
O -1.39134 2.52448 0.00000
H -1.56871 -2.44871 0.00000
H 0.79038 -3.22196 0.00000
H 2.64737 -1.57403 0.00000
H 2.13646 0.86225 0.00000
H 0.62305 2.67162 0.00000
H -2.07124 0.00001 0.00000
HBpin

total energy (SCF+XDM) -4.120369179696E+02
Thermal correction to Gibbs Free Energy=0.162253
0.00000 1.96399  -0.47725
-0.55291 0.56290  -0.19242
-1.76132 0.28296  -1.08066
0.55291  -0.56290  -0.19242
0.00000  -1.96399  -0.47725
176132  -0.28296  -1.08066
0.99571  -0.56763 1.20152
0.00000 0.00000 1.94884
-0.99571 0.56763 1.20152
-1.46191 0.21523  -2.13290
-2.48228 1.10072  -0.98493
-2.26424  -0.64479  -0.79990
0.30733 2.06869  -1.52302
0.85818 2.19351 0.16188
-0.78136 2.70173  -0.27185
1.46191  -0.21523  -2.13290
2.48228  -1.10072  -0.98493
2.26424 0.64479  -0.79990
-0.30733  -2.06869  -1.52302
-0.85818  -2.19351 0.16188
0.78136  -2.70173  -0.27185
0.00000 0.00000 3.13697

I TIITIITIIIIIITITIIIOWOOOOOOO

TS, catalyst-free reaction
total energy (SCF+XDM) -7.576891616150E+02
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Thermal correction to Gibbs Free Energy=0.260258
-2.68951 0.70827  -0.71212
-3.88833 1.40387  -0.60537
-4.95265 0.85598 0.12060
-4.82517  -0.38849 0.74642
-3.62755  -1.08896 0.64532
-2.56067  -0.54534  -0.08865
-1.31473  -1.29356  -0.20746
-0.39424  -0.97293  -1.05090
-3.99818 2.37376  -1.08090
-5.88719 1.40437 0.20179
-5.65600  -0.80459 1.30802
-3.51118  -2.05638 1.12774
-1.30186  -2.29244 0.25123
-1.84145 111021  -1.25644
3.03463  -0.72692  -1.58581
2.82923  -0.51985  -0.07765
4.07270  -0.96738 0.68639
2.31851 0.92930 0.27622
2.51899 1.28480 1.75662
2.87902 2.03998  -0.60959
0.89729 0.82749 0.02987
0.56116  -0.54193 0.20305
1.71547 -1.34378 0.34387
492537  -0.31451 0.46411
4.34005  -1.98665 0.38864
3.90103  -0.96573 1.76514
3.91801  -0.19134  -1.95179
2.16253  -0.39398  -2.15564
3.17641 -1.79517 -1.77739
3.96986 2.10312  -0.51597
2.45664 3.00295  -0.30367
2.62531 1.87842  -1.65957
3.57465 1.45437 1.99644
2.13802 0.49212 2.40780
1.96479 2.20284 1.97657
-0.27758  -0.74818 1.14637

I T ITIIITIIITITIITITIOWOOOOOOOIIIIITIOOOOOOOON

product

total energy (SCF+XDM) -7.578020831774E+02
Thermal correction to Gibbs Free Energy=0.264998
1.14270 1.90644 0.57417

1.86133 0.87569  -0.30500

2.65125 157630  -1.40555

2.67343  -0.19349 0.52532

3.75918  -0.89853  -0.29681

3.25496 0.31944 1.83912

OO0O0O0O0O0
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1.65633  -1.18863 0.82844
0.67376  -1.05849  -0.12622
0.82746 0.05855  -0.92471
3.48457 2.14808  -0.98132
1.99807 2.27484  -1.93829
3.04934 0.86452  -2.13201
1.84966 2.60503 1.03387
0.56590 1.42179 1.36789
0.44546 247751  -0.04603
3.97747 1.12350 1.65714
3.77544  -0.49541 2.35198
2.47462 0.69305 2.50551
459893  -0.22990  -0.51373
3.36144  -1.27492  -1.24466
413615  -1.75206 0.27449
-1.44461  -1.66744  -1.11789
-1.94554  -2.62651  -1.27696
-1.08195  -1.30038  -2.08376
-4.77363 1.91793 1.17375
-4.10620 1.19716 0.70894
-3.35949 1.55657  -0.41369
-3.44228 2.55879  -0.82576
-2.50144 0.62898  -1.00819
-1.90833 0.91049  -1.87402
-2.38585  -0.66585  -0.49156
-3.14174  -1.01907 0.63428
-3.05295  -2.02290 1.04234
-3.99418  -0.09342 1.23382
-4.57527  -0.37840 2.10678
-0.32903  -1.96482  -0.25723

OIOIOOIOIOOIITOIIIIIIIIIIIIOWO

3.2co-benzaldehyde, 5-membered ring

total energy (SCF+XDM) -4.305001957451E+03
Thermal correction to Gibbs Free Energy=0.342410
Cl -6.16753  -0.63035  -1.00575

C -4.66007  -0.26175  -0.28225
N -3.43805  -0.50350  -0.89165
C -4.39156 0.29351 0.92974
C -3.26231  -1.08246  -2.21937
C -2.41650  -0.10312  -0.08443
Cl -5.47065 0.80968 2.15398
N -3.01148 0.38287 1.03720
H -2.19583  -1.25534  -2.36092
H -3.63356  -0.39407  -2.98340
H -3.79694  -2.03291  -2.28367
Co -0.54848  -0.20172  -0.50409
C -2.29768 0.93106 2.18901
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-0.56755  -2.30008 0.19806
1.33119  -0.41211  -0.97247
-0.72327 1.93853  -0.98928
-1.22930 0.82612 2.01606
-2.57401 0.37968 3.09078
-2.54471 1.98848 2.30999
1.01905 -2.75115  -0.43017
2.08239 195432  -1.16610
2.23309 0.52887  -1.07115
0.85100 2.66144  -1.21237
1.80987  -1.76090  -1.04336
3.27271 0.20717  -1.09752
1.49245  -4.06928  -0.37464
3.29666 2.68035  -1.27953
0.89359 4.05882  -1.41072
2.99447  -2.13015  -1.69696
0.88670  -4.82339 0.11992
2.70256  -4.41569  -0.97248
4.23152 212799  -1.23124
3.31513 4.05028  -1.45029
2.09414 474137  -1.52405
-0.04708 459995  -1.45418
3.44343  -3.44839  -1.65718
3.55999  -1.39706  -2.26250
3.04883  -5.44496  -0.93467
4.25755 458280  -1.53391
2.08662 5.81910  -1.66461
435907 -3.72014  -2.17421
0.86549 0.70960 3.09849
1.50260  -0.23716 2.65823
1.03463  -1.23680 2.58312
2.90115  -0.15645 2.18966
3.54582  -1.32176 1.75351
3.00963  -2.26681 1.75711
486169  -1.26208 1.29565
5.35480  -2.16426 0.94721
5.53319  -0.03755 1.27606
4.89243 1.12957 1.71320
5.41993 2.07901 1.69326
6.55925 0.01064 0.92059
3.57980 1.07267 2.16847
3.05755 1.96352 2.50233

TOITOOIOIOOIOOIIIIIOIOOIOIOOOOIOOOOOIIIOVDZW

3.2co-benzaldehyde, 6-membered ring

total energy (SCF+XDM) -4.305001209311E+03
Thermal correction to Gibbs Free Energy=0.341465
Cl -5.51227 0.04489 2.18407
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-4.36690  -0.13735 0.92509
-3.03258 0.22264 1.04505
-453217  -0.63419  -0.32979
-2.43549 0.82391 2.23595
-2.36387  -0.04289  -0.10959
-5.94140  -1.24509  -1.08651
-3.29507  -0.56915  -0.95311
-1.38973 1.04120 2.02782
-2.50600 0.13028 3.07781
-2.95588 1.75313 2.47947
0 -0.51616 0.28230  -0.50316
-3.02935  -0.98124  -2.32763
-1.08466 2.36967  -0.92896
1.32927 0.72962  -0.95263
-0.21391  -1.88190  -0.17448
-1.98088  -0.77152  -2.53416
-3.66402  -0.41502  -3.01407
-3.21799  -2.05148  -2.44201
0.55118 3.02020  -1.04615
2.33845  -1.52393  -1.29654
2.26298  -0.08751  -1.35727
1.36347  -2.38885  -0.73278
1.63907 2.12941  -0.99389
3.15461 0.36579  -1.78805
0.79516 439665  -1.14005
3.54861  -2.08025  -1.78132
1.66768  -3.76403  -0.63921
2.94695 2.63578  -0.94417
-0.05030 5.07648  -1.19336
2.09789 488880  -1.13493
428734  -1.40914  -2.21292
3.81775  -3.43333  -1.70046
2.86501  -4.27985  -1.11177
0.92609  -4.42474  -0.19911
3.17626 4.00765  -1.01978
3.78920 1.96783  -0.80265
2.27084 5.95995  -1.19317
475337  -3.83234  -2.08015
3.05844  -5.34651  -1.03217
4.19320 438586  -0.97016
3.53822 0.78055 2.03280
4.84497 0.52519 1.62930
5.27808  -0.79460 1.44782
440531  -1.86148 1.67007
3.09493  -1.60781 2.07066
2.65714  -0.28953 2.25369

OO0O0O0O0O0OO0OO0OIIIIIOITIOOIOIOOOOIOOO0OO0OO0OIIIVZVLVO0IIIZOOOOZO0O
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1.26730  -0.04563 2.68501
0.79803 1.05531 2.93486
5.53153 1.35000 1.45857
6.29972  -0.98899 1.13209
473866  -2.88283 1.51620
240190  -2.42848 2.23430
0.64169  -0.95462 2.78011
3.17647 1.79403 2.17295

ITTITITTOO

3.2¢0-benzaldehyde—HBpin, 5-membered ring
total energy (SCF+XDM) -4.717053798639E+03
Thermal correction to Gibbs Free Energy=0.519356
Cl -4.53569  -3.04761 1.78581
-3.21148  -2.45542 0.87348
-2.06571  -1.92174 1.44309
-3.04598  -2.39121  -0.47468
-1.81233  -1.81753 2.87536
-1.19077  -1.53439 0.47219
-4.10988  -2.87850  -1.72214
-1.80286  -1.82820  -0.70401
-0.89700  -1.24080 3.00404
-1.69228  -2.81308 3.31161
-2.64055  -1.29721 3.36219
0.55585  -0.79190 0.76412
-1.24394  -1.57241  -2.02955
-0.38665 1.17730 1.12624
2.29295 0.01868 1.13169
1.29259  -2.80525 0.25857
-0.30115  -1.04285  -1.91437
-1.94196  -0.95692  -2.59863
-1.06606  -2.52027  -2.54349
1.04414 1.99992 1.74625
3.85713  -1.65927 0.16187
3.46142  -0.39440 0.71498
3.01742  -2.79237  -0.01015
2.26601 1.30106 1.77048
4.28627 0.31101 0.79859
0.99034 3.30659 2.25103
523186  -1.76409  -0.17541
3.60439  -3.99028  -0.47385
3.37297 1.87062 2.41646
0.05038 3.84907 2.20136
2.11415 3.88988 2.83304
5.85970  -0.88576  -0.04970
577952  -2.93934  -0.64961
495121  -4.06552  -0.79049
2.96554  -4.85960  -0.59921

o
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3.30124 3.15991 2.93950
4.28982 1.30319 2.53648
2.05362 4.89822 3.23346
6.83408  -2.99386  -0.90197
5.36411  -5.00207  -1.15620
4.16550 3.58472 3.44166
-5.16680 3.46351  -2.04212
-4.31978 3.03227  -0.83929
-4.55175 3.97962 0.33455
-4.45024 1.49508  -0.49142
-4.17991 1.17482 0.98222
-5.75457 0.83879  -0.93650
-3.35885 0.90227  -1.26336
-2.47446 1.90295  -1.57258
-2.92553 3.15296  -1.25319
-5.57624 3.88855 0.71347
-4.40233 5.01213 0.00372
-3.85603 3.78238 1.15296
-6.23622 3.44960  -1.80681
-4.99228 2.81607  -2.90697
-4.88861 448359  -2.32352
-6.61143 1.28723  -0.42078
-5.72925  -0.22675  -0.68790
-5.90838 0.92905  -2.01401
-4.97429 1.56786 1.62561
-3.21957 1.57680 1.31456
-4.14980 0.08872 1.10466
-1.44351 1.70230  -2.12134
1.34371 0.33108  -2.91133
1.64425 1.25078  -2.16357
0.85675 1.81443  -1.62949
3.02989 1.68673  -1.89336
3.24997 2.78148  -1.04686
2.40266 3.29426  -0.59987
4.55150 3.19471  -0.76368
4.71959 4.03518  -0.09745
5.63234 2.51501  -1.32956
5.41602 142210  -2.17969
6.26157 0.89793  -2.61629
6.64748 2.83595  -1.11051
4.11915 1.00680  -2.46144
3.92464 0.15622  -3.10685

TOITOOIOIOOIOOIIIIIIIIIIIIIOWOOOOOOOIIIITIO

3.2c0-benzaldehyde—HBpin, 6-membered ring

total energy (SCF+XDM) -4.717053383819E+03
Thermal correction to Gibbs Free Energy=0.520019
Cl 419837  -2.80743 1.86570
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3.04171  -2.51223 0.63939
1.77669  -1.99997 0.88002
3.14764  -2.69291  -0.70464
1.25289  -1.63967 2.19641
1.09875  -1.84471  -0.28769
446314  -3.28506  -1.62757
1.94809  -2.27750  -1.26076
0.16844  -1.56065 2.12559
1.69054  -0.69068 2.51579
1.50373  -2.42550 2.91146
0 -0.68543  -1.19380  -0.54088
1.62815  -2.30512  -2.68367
-1.35616  -3.27269  -0.27319
-2.54374  -0.65854  -0.81351
0.24408 0.75534  -0.96589
0.60204  -1.95626  -2.79291
1.71385  -3.32551  -3.06543
2.30300  -1.64387  -3.23332
-3.08554  -2.93638  -0.19335
-2.29550 1.63168  -1.76848
-2.97482 0.40745  -1.43252
-0.93108 1.92677  -1.51184
-3.53356  -1.62412  -0.43135
-4.02864 0.41984  -1.70679
-4.01403  -3.92909 0.14620
-3.12125 2.64633  -2.31432
-0.47248 3.24191  -1.73938
-4.88835  -1.31134  -0.23904
-3.65947  -4.94129 0.31791
-5.36367  -3.61935 0.29069
-4.16363 241069  -2.51516
-2.64645 3.92032  -2.56342
-1.30999 422041  -2.25464
0.56052 3.47537  -1.49955
-5.79981  -2.30379 0.11300
-5.23299  -0.28651  -0.31703
-6.06994  -4.39707 0.56823
-3.30228 4.68000  -2.97777
-0.92322 522209  -2.42353
-6.84310  -2.04410 0.26730
4.03795 0.86757  -0.73869
4.17703 1.74466 0.50912
5.51780 1.47485 1.18745
3.85152 3.27214 0.25033
4.58512 4.22730 1.19832
4.02421 3.73023  -1.19538

OO0O0O0O0O0OO0OO0OIIIIIOITIOOIOIOOOOIOOO0OO0OO0OIIIVZVLVO0IIIZOOOOZO0O
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2.43386 3.36600 0.58996
2.11452 2.27303 1.34788
3.11662 1.34507 1.43522
6.34859 1.79713 0.54941
5.62355 0.39973 1.36421
5.59785 1.98425 2.15012
4.81839 1.09649  -1.47220
3.05881 0.98861  -1.20849
414589  -0.17984  -0.44511
5.06906 3.63691  -1.51266
3.73759 478327  -1.28008
3.39887 3.15140  -1.87870
5.65923 4.25681 0.98746
4.44373 3.93932 2.24448
4.18045 5.23564 1.06896
1.09427 2.17571 1.94502
-1.89877  -0.62316 2.93032
-1.70515 0.46177 2.40136
-0.67489 0.79910 2.18000
-2.76146 1.41477 2.01151
-2.39138 2.66179 1.48984
-1.33838 2.90202 1.37383
-3.36976 3.57998 1.11265
-3.08121 4.54036 0.69749
-4.71875 3.24816 1.25197
-5.09288 2.00303 1.77412
-6.14517 1.75466 1.88316
-5.48402 3.96028 0.95427
-4.11838 1.08672 2.15670
-4.38140 0.11309 2.55719

TOITOOIOIOOIOOIIIIIIIIIIIIIOWO

3.2c0-benzaldehyde—HBpin TS, 5-membered ring

total energy (SCF+XDM) -4.717016850788E+03
Thermal correction to Gibbs Free Energy=0.528659
Cl -4.74701  -2.84611 1.82555

C -3.45903  -2.38343 0.79457
N -2.18624  -2.07338 1.24476
C -3.43717  -2.24286  -0.55683
C -1.76312  -2.13353 2.63945
C -1.38000  -1.71732 0.19859
Cl -4.69876  -2.47839  -1.69092
N -2.15602  -1.85098  -0.90771
H -0.67480  -2.08352 2.66300
H -2.08731  -3.07951 3.07887
H -2.18086  -1.29687 3.20556
Co 0.43717  -1.07276 0.45366
C -1.72815  -1.61370  -2.28475
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T TIITTITIITIOWOOOOOOOIIIIIOIOOIOIOOOOIOOOOOIII®NDZ2W,

-0.45436
2.21481
1.06246
-0.69805
-2.36619
-1.80699
1.06181
3.66831
3.35221
2.77503
2.25981
4.22844
1.04730
5.03456
3.31157
3.43168
0.10464
2.23014
5.70517
5.52636
4.64798
2.63533
3.41725
4.36526
2.22184
6.57372
5.01601
4.34062

-2.22489

-2.61560

-3.35095

-3.34737

-4.12044

-4.24269

-2.23636

-1.12546

-1.39275

-4.32146

-2.75739

-3.51450

-3.09907

-1.70689

-1.54734

-5.05891

-4.68771

-3.67736

0.80445
-0.37920
-3.16106
-1.25708
-0.84659
-2.54482
1.59501
-2.11411
-0.85680
-3.20500
0.87606
-0.22429
2.86780
-2.27053
-4.41500
1.44013
3.40061
3.43812
-1.42732
-3.44999
-4.53715
-5.25309
2.70649
0.89031
4.42970
-3.54031
-5.47960
3.11817
4.16256
3.58458
4.63690
2.19491
1.81874
2.03002
1.27464
1.88282
3.23237
4.87827
5.55614
4.29790
4.52055
3.41889
5.00845
2.76185
1.02910
2.14714

1.36189
0.99985
0.05142
-2.25018
-2.72864
-2.85237
1.84323
-0.04503
0.57153
-0.24377
1.68626
0.69196
2.41950
-0.40464
-0.74401
2.22454
2.49017
2.87923
-0.25382
-0.92357
-1.08167
-0.88515
2.79890
2.21574
3.32190
-1.19440
-1.47907
3.19612
-1.90646
-0.53905
0.28622
-0.64856
0.62387
-1.87393
-0.76853
-0.14815
0.15784
-0.16322
0.32410
1.31169
-2.46101
-2.52016
-1.75272
-1.86560
-1.87190
-2.80134
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-5.02592 2.42309 0.74560
-3.49837 1.93874 1.51619
-4.41709 0.76667 0.55581
-0.05642 1.74421  -0.94358
0.78955  -0.17653  -1.54339
0.77186 1.07433  -1.81849
0.17945 1.38493  -2.70323
2.03737 1.88452  -1.62403
2.01860 3.24255  -1.28799
1.06840 3.73853  -1.10906
3.21301 3.94601  -1.13586
3.18862 499532  -0.85411
4.43735 3.30263  -1.33396
4.46036 195168  -1.68614
5.40956 1.44785  -1.85264
5.36749 3.85214  -1.21486
3.26555 1.24410  -1.82758
3.26654 0.19180  -2.09237

TOITOOIOIOOIOOIIIXT

3.2c0-benzaldehyde—HBpin TS, 6-membered ring
total energy (SCF+XDM) -4.717014844341E+03
Thermal correction to Gibbs Free Energy=0.529945
Cl -4.98880  -2.04926 -1.53870
-3.66055 -1.89474  -0.46826
-2.35597 -1.70536 -0.89018
-3.64429 -1.92279 0.88993
-1.95926 -1.63338  -2.29417
-1.52447 -1.58522 0.17664
-4.93875  -2.12492 1.99458
-2.32457 -1.74926 1.27381
-0.89293  -1.40821 -2.32340
-2.51676  -0.83022 -2.78175
-2.17549 -2.58852 -2.78016
0.38900  -1.27462 0.28663
-1.85280 -1.79839 2.65374
0.59879 -3.48705 0.07082
2.33538  -1.19263 0.62476
-0.11187 0.74442 1.22835
-0.77171 -1.93150 2.63415
-2.30788  -2.65165 3.16139
-2.10208  -0.87419 3.18119
2.34480 -3.49702 -0.12015
2.62436 1.02593 1.75705
3.00537 -0.29300 1.27734
1.34687 1.62904 1.72209
3.07177 -2.31597 0.13131
405208  -0.51426 1.48189

IOOOOOIIIUJZU)OQIIIZOOOOZO
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TOITOOIOOIITIIIIIIIIIIIOWOOOOOOOIIIIIOIZIOOIOZOOOONO

3.03633
3.70105
1.18583
4.44909
2.47405
4.40783
4.68804
3.53851
2.27020
0.20075
5.11575
4.99706
4.92221
4.39055
2.12188
6.17688
-3.78202
-3.09708
-4.11137
-2.23492
-1.91684
-2.79033
-0.99112
-0.87550
-2.08936
-4.85194
-4.64516
-3.62443
-4.60693
-3.07079
-4.18865
-3.77089
-2.11309
-2.89206
-2.80018
-1.52930
-1.15164
0.08517
0.72625
0.84365
0.31020
2.18298
2.29549
1.39752
3.55041
3.62659

-4.64036
1.78988
2.94655

-2.27321

-5.55199

-4.60136
1.33605
3.09683
3.68095
3.39577

-3.40875

-1.34132

-5.49165
3.65721
4.70495

-3.35694
2.09858
2.31865
2.16839
3.63386
4.08727
4.80146
3.20538
1.82293
1.28928
2.97627
1.21832
2.17393
2.80152
2.20219
1.08249
5.10983
5.65839
4.54296
4.49717
3.26058
4.86911
1.54748

-0.45050
0.79617
1.15219
1.47241
2.83925
3.44122
3.41924
4.47700

-0.55226
2.26372
2.17159

-0.14360
-0.73271

-0.77840
2.29177
2.69481
2.64146
2.12554

-0.59223
-0.05412
-1.13020
3.06755
2.97252
-0.81733
0.79243

-0.56387

-1.69456

-0.61373

-2.04522
0.19689
0.00016

-0.24142
-0.71418
-1.66678
-1.58688
-2.67243
0.95120
1.61773
0.82009
-0.18431
0.12074
1.25343
-2.54652
-2.64869
-2.00722

-1.15051
-1.71012

-1.99221

-2.89710

-1.77781

-1.49967

-1.38901

-1.31651

-1.07925
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4.70572 2.64104  -1.42667
4.59823 1.28041  -1.72216
5.49358 0.67166  -1.82298
5.68355 3.09410  -1.28528
3.34175 0.69706  -1.89265
3.24171  -0.36181  -2.10617

TOITIITOO

3.2¢0-product, 5-membered ring
total energy (SCF+XDM) -4.717113279069E+03
Thermal correction to Gibbs Free Energy=0.529957
Cl 401256  -2.86356  -2.05472
293479  -2.60198  -0.74950
1.74412  -1.90358  -0.86207
3.04605  -2.99165 0.54809
1.21501  -1.35872  -2.10968
1.11286  -1.84309 0.34136
4.29658  -3.87061 1.32116
1.91727  -2.52628 1.20493
0.47387  -0.60613  -1.85665
0.75624  -2.15814  -2.69755
2.02108  -0.88111  -2.66455
-0.53724  -0.94520 0.74291
1.60612  -2.78947 2.60690
0.61838 0.48964 1.97260
-2.15352 0.06914 1.16447
-1.50479  -2.66606  -0.22929
0.62618  -2.36199 2.81198
2.35010  -2.31948 3.25463
158856  -3.86818 2.78315
-0.65888 1.68565 2.17788
-3.96074  -1.51307 0.49580
-3.38975  -0.34528 1.11139
-3.24592  -2.54074  -0.17379
-1.94669 1.38630 1.69582
-4.13986 0.29902 1.56714
-0.40829 2.94710 2.73602
-5.37787  -1.56937 0.52183
-3.98531  -3.55698  -0.81706
-2.92973 2.38720 1.69170
0.58543 3.16529 3.11485
-1.40499 3.91932 2.77076
-5.91553  -0.77812 1.03896
-6.08207  -2.57902  -0.10484
-5.37097  -3.57942  -0.78718
-3.43857  -4.33852  -1.33682
-2.66381 3.64408 2.23035
-3.88736 2.21539 1.21436

o
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-1.19107 4.89807 3.19144
-7.16719  -2.59446  -0.07439
-5.90564  -4.38010  -1.29159
-3.43269 4.41071 2.20629
3.29187 3.17039 1.35233
3.35018 3.19284  -0.17803
415371 440295  -0.64962
3.79215 1.80760  -0.82214
452770 1.95694  -2.15890
4.57921 0.89087 0.11303
2.52785 1.15922  -1.11587
1.54092 2.11572  -1.07478
1.98217 3.34877  -0.65324
5.20495 431232  -0.35334
3.74849 5.30836  -0.18708
4.10521 452766  -1.73363
4.29402 3.09950 1.78883
2.68652 2.33593 1.71427
2.83269 410171 1.69900
5.52584 1.35324 0.41469
481067  -0.04532  -0.40562
4.00225 0.64880 1.00817
5.51703 240800  -2.02985
3.95546 2.56825  -2.86360
4.65882 0.96479  -2.60260
-0.75783 3.21115  -0.32097
-2.29087 0.94393  -2.06277
-3.57059 0.46194  -2.35079
-4.67185 1.31521  -2.29763
-4.48503 2.66018  -1.96290
-3.20735 3.13851  -1.67764
-2.09782 2.28336  -1.71763
-0.74158 2.84226  -1.35299
0.27303 1.84572  -1.48472
-3.70269  -0.58636  -2.60212
-5.66725 0.93768  -2.51518
-5.33517 3.33669  -1.92574
-3.06976 418377  -1.40809
-0.49752 3.69411  -2.00134
-1.44373 0.27157  -2.08579

I TIITIITITOOOOOOOOIIIIIIIIIIIIIOWOOOOOOOIIIT

3.2co-product, 6-membered ring

total energy (SCF+XDM) -4.717113087156E+03
Thermal correction to Gibbs Free Energy=0.529781
Cl -3.82090  -3.14145  -1.75626

C -2.65915  -2.78609  -0.55078

N -1.47556  -2.11197  -0.80178
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o

-2.68558
-1.05132
-0.76758
-3.88425
-1.51886
-0.01871
-1.68450
-1.10512
0.94845
-1.12644
1.81328
2.75766
-0.16858
-0.15719
-1.04823
-1.85934
3.49702
2.31101
3.10226
0.89509
3.82637
4.16606
4.50015
3.05962
0.29512
5.14699
4.22934
5.81320
4.14428
2.45464
1.05413
-0.78726
6.13370
5.41251
6.57915
3.05397
0.55853
7.14673
-3.95009
-4.09644
-5.40941
-3.84648
-4.53321
-4.15996
-2.41422
-2.01970

-3.05690
-1.62403
-1.94907
-3.85178
-2.53671
-1.29543
-0.78896
-2.43799
-1.11860
-2.63654
-3.05268
-0.38727
0.60107
-2.15063
-3.68740
-2.12894
-2.53722
1.81752
0.71320
1.90563
-1.21620
0.86996
-3.40652
2.93102
3.12092
-0.77356
-4.42629
-2.96816
2.85301
4.10753
4.20133
3.19544
-1.64149
0.26309
-3.64993
4.94709
5.12183
-1.27472
0.45539
1.36081
1.05952
2.89060
3.83926
3.30673
3.03137
1.99381

0.78188
-2.11126
0.34734
1.71121
1.32033
-2.00913
-2.41533
-2.83787
0.55406
2.72225
-0.03096
0.72977
1.35600
2.82448
3.01258
3.35419
-0.11454
1.81947
1.34110
1.80915
0.24011
1.50435
-0.56698
2.27938
2.20708
0.05773
-0.82533
-0.70173
2.29237
2.67827
2.62967
2.16631
-0.40051
0.22613
-1.06120
3.01694
2.92703
-0.53853
0.70320
-0.52438
-1.24218
-0.20402
-1.19360
1.23015
-0.41678
-1.23454
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-3.00161 1.04585  -1.43226
-6.26715 1.33295  -0.61705
-5.47056  -0.01357  -1.45041
-5.48401 159226  -2.19268
-4.76406 0.61960 1.41743
-2.99448 0.61746 1.20848
-3.99113  -0.58791 0.37893
-5.22286 3.16339 1.45571
-3.92614 4.36815 1.36149
-3.56948 2.73632 1.95060
-5.62087 3.83597  -1.06716
-4.30372 3.56975  -2.22939
-4.16906 485648  -1.01997
0.08673 3.28769  -0.59764
1.77738 1.14080  -2.50172
3.07529 0.68228  -2.73397
417179 1.44279  -2.32721
3.96217 2.65895  -1.67220
2.66449 3.11084  -1.43297
1.56077 2.35916  -1.85226
0.17284 290775  -1.62005
-0.81882 1.90829  -1.85861
3.22963  -0.27361  -3.22678
5.18040 1.08356  -2.50884
4.80947 3.25662  -1.34515
2.50783 4.05035  -0.90743
-0.01558 3.74911  -2.30170
0.92189 0.55906  -2.82234

I TIITITOOOOOOOOIIIIIIIIIIIIIO

3.2¢o - quartet state

total energy (SCF+XDM) -3.959271826126E+03
Thermal correction to Gibbs Free Energy=0.240773
Cl -3.68968  -2.50514 1.97176

C -3.05940  -1.37249 0.85336
N -1.70683  -1.15347 0.65553
C -3.72009  -0.52922 0.01230
C -0.63790  -1.87421 1.34331
C -1.50551  -0.20154  -0.29856
Cl -5.40412  -0.31696  -0.20846
N -2.75451 0.18291  -0.68076
H 0.29690  -1.35315 1.15020
H -0.56506  -2.89632 0.96358
H -0.83896  -1.88901 2.41673
Co 0.32478 0.33858  -1.06735
C -3.04016 1.19435  -1.69846
S 0.42042 2.50739  -1.81374

N 1.69692 0.83930 0.29922
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1.27308

-2.10973
-3.77818
-3.42842
0.89968
3.13196
2.76238
2.55657
1.51363
3.49084
0.70342
4.21445
3.09094
1.87724
0.24294
1.08475

4.65604
4.70856

4.13136

2.66090
1.66592

2.29724
0.91463
5.53116
4.50524
1.93802

-1.55185
1.72208
1.90127
0.71764
3.06538

-1.17217
0.18286

-1.98692
2.18184
0.69773

4.39706
-1.68901
-3.28631

2.62269

5.08644

4.83492

-1.04899

-2.96475

-3.77030

-3.91016

3.94750

1.91641

5.87028

-3.33177

-4.77599
4.27953

-1.86007
-1.91379
-1.31321
-2.60278
-0.19490
0.28612
0.63837
-0.73925
0.72802
1.27133
0.20359
1.04518
-0.91003
2.00670
-0.49791
1.47008
1.80579
0.85913
-0.13451
-1.68772
2.38072
2.71795
1.75303
1.46496
-0.30786
3.37826
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Figure B43. DFT calculated energy profile of 3.2¢.-catalyzed acetophenone hydroboration through 5-
and 6-membered metallocycles.

acetophenone
total energy (SCF+XDM) -3.850384612810E+02
Thermal correction to Gibbs Free Energy=0.108696

C 0.58051 -1.22417 0.00000
C 1.96891 -1.13651 0.00000
C 2.59121 0.11592 0.00000

C 1.81927 1.27909 -0.00000
C 0.42757 1.19196 -0.00000
C -0.20534 -0.06048 -0.00000
C -1.69559 -0.20290 -0.00000
O -2.22020 -1.31059 -0.00000
H 2.56929 -2.04196 0.00000
H 3.67572 0.18425 0.00000

H 2.30024 2.25315 -0.00000
H -0.16113 2.10366 -0.00000
C -2.55343 1.05038 0.00000

H 0.07852 -2.18592 -0.00000
H -3.60484 0.75897 0.00000

H -2.34748 1.66640 -0.88336
H -2.34747 1.66640 0.88337

product

total energy (SCF+XDM) -7.578020831774E+02
Thermal correction to Gibbs Free Energy=0.264998

C
C

-1.30078  -2.04323 0.01365
-1.96473  -0.79359  -0.57709
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-2.73026  -1.14924  -1.84738
-2.78102 0.04289 0.48528
-3.81357 0.98194  -0.14949
-3.42549  -0.78081 1.59575
-1.74917 0.88361 1.07527
-0.73125 0.97199 0.15376
-0.88939 0.12464  -0.92440
-3.59057  -1.78812  -1.61665
-2.07373  -1.69868  -2.52953
-3.08645  -0.25680  -2.36659
-2.03815  -2.81679 0.25270
-0.73779  -1.80445 0.92134
-0.59678  -2.44939  -0.71865
-4.16507  -1.47755 1.18417
-3.93946  -0.11316 2.29439
-2.68253  -1.35013 2.15839
-4.66102 0.42724  -0.56595
-3.36797 1.58518  -0.94686
-4.19094 1.66303 0.61921
1.48329 1.66995  -0.51826
2.33533 292103  -0.32275
1.16166 1.60764  -1.56486
419442  -2.84417 0.73214
3.64819  -1.93881 0.48143
3.43041  -1.59807  -0.85442
3.80336  -2.23891  -1.64902
2.72109  -0.43878  -1.17312
2.53624  -0.18498  -2.21434
2.23003 0.39589  -0.16466
2.45364 0.04849 1.17445
2.06352 0.68547 1.96321
3.15496  -1.11342 1.49511
3.31794  -1.37487 2.53739
0.31603 1.82281 0.31515
3.23016 287291  -0.95217
2.65119 3.00773 0.72200
1.76201 3.81504  -0.58841

ITITITOIOIOOIOIOOIITIOOIIIIIIIIIIIIOWOOOOO

3.2¢0-acetophenone, 5-membered ring

total energy (SCF+XDM) -4.344342677571E+03
Thermal correction to Gibbs Free Energy=0.368945
Cl -5.92004 0.06874  -1.47032
-4.43480 0.10285  -0.61910
-3.19665 0.15383  -1.24175
-4.20122 0.09293 0.72084
-2.98331 0.18449  -2.68455
-2.19964 0.17790  -0.31447

OO0 z0

305



TOOIOITOOOOOIIIITITOIOOIOIOOOOIOOOOOIIIVZULVO0IIITZO

o

-5.31332
-2.82607
-1.90786
-3.39675
-3.45590
-0.31734
-2.13718
-0.40066
1.57936
-0.47690
-1.08052
-2.26055
-2.52708
1.23100
2.31515
2.46696
1.09123
2.07303
3.50786
1.69533
3.52734
1.13632
3.31664
1.03991
2.95830
4.46015
3.55083
2.33477
0.19875
3.76206
3.94043
3.29984
4.49289
2.33008
4.72661
-0.12415
0.82846
0.89686
1.96515
3.09544
3.15221
4.15820
5.02924
4.09594
2.96488
2.91023

0.03191
0.14332
0.14762
1.10436
-0.68382
0.22632
0.13393
-1.96534
0.17625
2.37971
0.30052
-0.83158
0.93761
-2.19518
2.48198
1.11060
3.14651
-1.07531
0.83827
-3.46158
3.21408
4.51885
-1.23364
-4.31904
-3.61623
2.69566
4.55182
5.20877
5.02799
-2.49370
-0.37409
-4.60198
5.08745
6.26265
-2.59253
-2.08155
-2.45572
-3.87973
-1.52590
-1.93299
-2.93376
-1.05195
-1.38038
0.24569
0.66688
1.68098

2.02013
0.89097
-2.85540
-3.10656
-3.14971
-0.67790
2.18005
-0.88812
-1.14667
-0.25761
1.98359
2.67279
2.80886
-1.50963
-0.52901
-0.93518
-0.25525
-1.65084
-1.08835
-1.89463
-0.43311
0.07588
-2.28217
-1.76833
-2.46003
-0.64334
-0.09190
0.16008
0.27952
-2.67449
-2.50192
-2.76378
-0.02645
0.42575
-3.16378
3.21463
2.53716
2.02488
2.24611
1.52348
1.11019
1.32259
0.76295
1.83223
2.53981
2.92452
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H 4.92360 0.93270 1.67696
C 1.91042  -0.21487 2.74781
H 1.03380 0.08785 3.31003
H 1.73592  -4.41120 2.49162
H 1.04651  -3.90147 0.94165
H -0.03515  -4.38954 2.27331

3.2¢c0-acetophenone, 6-membered ring
total energy (SCF+XDM) -4.344341863389E+03
Thermal correction to Gibbs Free Energy=0.368368
Cl -5.35574  -0.23754 1.99010
-4.22205  -0.06749 0.71939
-2.87483 0.18985 0.92215
-4.41172  -0.14732  -0.62512
-2.23648 0.35382 2.22127
-2.22103 0.26017  -0.26752
-5.84829  -0.43634  -1.51096
-3.17519 0.05864  -1.21803
-1.23761 0.74857 2.04997
-2.15887  -0.60567 2.74033
-2.81079 1.06561 2.82423
-0.35149 0.57254  -0.55978
-2.92903 0.07573  -2.65619
-0.78468 2.71869  -0.34452
1.52775 1.00990  -0.87550
-0.22745  -1.60230  -0.90636
-1.87648 0.31263  -2.80431
-3.55215 0.83860  -3.12977
-3.14724  -0.90452  -3.08697
0.88355 3.28911  -0.36239
242103  -1.16223  -1.72456
2.42622 0.24905  -1.43875
135516  -2.06615  -1.47559
1.91804 2.36182  -0.58586
3.35990 0.72781  -1.72762
1.20027 4.63230  -0.11462
3.64042  -1.66905  -2.24118
157470  -3.43953  -1.72318
3.25218 2.78534  -0.47304
0.39096 5.33949 0.04285
2.52602 5.04944  -0.04760
444885  -0.96778  -2.43501
3.83337  -3.01630  -2.48103
2.78462  -3.90967  -2.21076
0.75786  -4.13109  -1.53612
3.55571 411881  -0.21282
4.06531 2.07255  -0.54456

o
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2.75665 6.09144 0.15651
478027  -3.37612  -2.87158
291370  -4.97347  -2.39256
4.59401 442460  -0.12267
2.01368  -0.03767 2.65205
3.11865 0.77570 2.42860
4.25831 0.24876 1.81117
4.27957  -1.08584 1.40495
3.16696  -1.89912 1.62151
2.02749  -1.38521 2.25610
0.83362  -2.23527 2.55605
-0.10936  -1.78246 3.19809
3.09523 1.81920 2.72743
5.12655 0.88154 1.64704
5.15836  -1.49612 0.91581
3.19288  -2.93171 1.29100
0.82289  -3.67734 2.09153
1.12577 0.34980 3.13942
1.61131  -4.24672 2.59983
1.00307  -3.74628 1.01483
-0.14669  -4.11766 2.32917

IITIIITOIIIITOOOOOOOOIIIT

3.2¢0-acetophenone—HBpin, 5-membered ring
total energy (SCF+XDM)
Thermal correction to Gibbs Free Energy=0.545465
Cl 3.92115  -3.57841  -1.34259
2.61610 -2.83619  -0.51832
157547  -2.18400  -1.16171
2.38975  -2.71919 0.81617
1.38783  -2.11093  -2.60550
0.70415  -1.67096  -0.24993
3.33322  -3.26475 2.13266
1.21112  -2.00660 0.96431
0.60310  -1.37904  -2.79614
1.08911  -3.08679  -2.99868
2.31338  -1.78617  -3.08483
-0.89789  -0.69424  -0.65409
0.58811  -1.67367 2.24298
0.34230 1.11967  -0.79029
-2.45702 0.36860  -1.16921
-1.92947  -2.60397  -0.29686
-0.33037  -1.13255 2.02914
1.24842  -1.03651 2.83173
0.35709  -2.59196 2.78848
-0.88807 2.19507  -1.44485
-4.33232  -1.19108  -0.63297
-3.71364 0.05230  -1.00644

OOOIIIU)ZU)OQIIIZOOOOZO
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-3.66324
-2.18813
-4.44130
-0.59224
-5.75052
-4.44688
-3.12785
0.40955
-1.55399
-6.25359
-6.49730
-5.83038
-3.93441
-2.81861
-4.10152
-1.30804
-7.58129
-6.39898
-3.56000
5.98570
4.79194
4.66622
4.76402
4.07420
6.11853
3.91920
3.21430
3.60378
5.51799
4.65065
3.74480
6.92722
6.06965
5.84112
6.80390
5.98256
6.58202
4.64971
3.06171
4.00267
2.37640
-0.09278
-0.58689
0.22845
-2.02085
-2.64102

-2.41077
1.69519
0.84105
3.52005

-1.16103

-3.54905
2.49668
3.89858
4.32856

-0.22114

-2.28157

-3.49052

-4.48321
3.80580
2.10171
5.35002

-2.22984

-4.38574
4.40774
2.58998
2.27819
3.34310
0.78400
0.61897
0.07926
0.11348
1.07379
2.35088
3.30297
4.33453
3.22268
2.59849
1.86204
3.57804
0.56723

-0.95794
0.06579
1.09564
1.03170

-0.44908
0.81964
1.19208
2.06776
3.27173
1.97604
2.97988

-0.35023
-1.65028
-1.17859
-1.79623
-0.58278
-0.05709
-2.31675
-1.61173
-2.39654
-0.79867
-0.27772
-0.01724
0.15376
-2.67899
-2.58571
-2.67375
-0.24642
0.22061
-3.19630
0.95480
0.04517
-1.04144
-0.48004
-1.83827
-0.49570
0.50490
1.18068
0.88762
-1.73011
-0.57788
-1.61546
0.39561
1.76743
1.40211
-1.19819
-0.81795
0.49302
-2.63884
-1.82988
-2.06441
1.97725
3.42444
2.72061
2.29843
2.29674
1.53989
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-2.07322 3.83684 1.19518
-3.99487 2.88445 1.21723
-4.46369 3.66903 0.63056
-4.73749 1.78150 1.64097
-4.12318 0.76543 2.38125
-4.69737  -0.10021 2.69809
-5.79352 1.70852 1.39399
-2.77545 0.86474 2.70786
-2.28540 0.09470 3.29383

1.24303 3.17159 2.68495
-0.22122 419571 2.68243

0.27062 3.34429 1.20730

I TIITIOIITOOIOI

3.2¢0-acetophenone—HBpin, 6-membered ring
total energy (SCF+XDM) -4.756394791763E+03
Thermal correction to Gibbs Free Energy=0.545186
Cl 3.57077  -2.97413 2.33914
2.53256  -2.65133 1.02079
1.29520  -2.04255 1.15329
2.71508  -2.88959  -0.30451
0.69127  -1.63224 2.41832
0.70990  -1.88683  -0.06202
4.04880  -3.59670  -1.11410
158615  -2.41839  -0.95792
-0.29481  -1.23124 2.19547
1.29061  -0.85482 2.89260
0.59887  -2.49757 3.07931
-0.97564  -1.06861  -0.47603
1.35566  -2.48487  -2.39594
-1.87923  -3.06021  -0.29908
-2.71794  -0.34070  -0.99525
0.19665 0.78055  -0.64580
0.34147  -2.13178  -2.57987
1.45207  -3.51751  -2.73997
2.07026  -1.84880  -2.92423
-3.55184  -2.57915  -0.57802
-2.11105 198762  -1.67228
-2.94424 0.81838  -1.55264
-0.76473 2.10629  -1.24158
-3.83842  -1.23373  -0.87648
-3.93388 0.97341  -1.97700
-4.60042  -3.50449  -0.47037
-2.75653 3.13051  -2.20877
-0.14020 3.37075  -1.32093
-5.18060  -0.83333  -0.98864
-4.36062  -4.54082  -0.25031
-5.92310  -3.10262  -0.62277

o ~
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-3.78613
-2.12702
-0.80541
0.88589
-6.21390
-5.43870
-6.72556
-2.64928
-0.29550
-7.24385
3.85335
4.55275
5.98851
4.39502
5.55264
4.11847
3.22057
3.01949
3.83526
6.58191
5.98343
6.47778
4.34025
2.79695
3.91511
4.96104
3.97999
3.21612
6.47568
5.74414
5.28804
2.26166
-0.34085
-0.82919
-0.03312
-2.23158
-2.86281
-2.32395
-4.19116
-4.67215
-4.89445
-4.26573
-4.80613
-5.93029
-2.94554
-2.44675

3.03150
4.35859
4.47656
3.45794
-1.75811
0.20949
-3.82903
5.21849
5.43539
-1.42405
0.47547
0.95211
0.43337
2.50352
3.10878
3.34794
2.56563
1.31613
0.35662
0.88015
-0.65183
0.64430
0.87719
0.75697
-0.61586
3.30221
4.39325
3.01814
3.14371
2.54045
4.13082
1.09510
1.10227
1.98917
3.23501
1.86840
2.90780
3.82033
2.77803
3.59299
1.60507
0.55303
-0.36825
1.50431
0.68700
-0.11282

-2.54513
-2.28893
-1.82910
-0.97486
-0.87114
-1.12911
-0.52780
-2.69711
-1.87614
-0.95691
-1.88650
-0.60907
-0.57875
-0.33713
0.46490
-1.57841
0.52683
1.05160
0.51458
-1.38476
-0.72172
0.37449
-2.78145
-1.89510
-1.92947
-2.27787
-1.28399
-2.09799
-0.12326
1.38011
0.75262
1.93398
3.52090
2.82727
2.49881
2.31844
1.62122
1.39044
1.21475
0.68122
1.49061
2.16527
2.36022
1.17818
2.57947
3.11578
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H -0.52382 4.12539 2.91093
H 0.04900 3.37297 1.41613
H 0.96602 3.14291 2.92549

3.2¢0-acetophenone-HBpin TS, 5-membered ring
total energy (SCF+XDM) -4.756355613594E+03
Thermal correction to Gibbs Free Energy=0.556400
Cl -4.74683  -2.85513 1.89909
-3.44976  -2.42831 0.86330
-2.18944  -2.07251 1.31518
-3.40991  -2.35764  -0.49302
-1.78232  -2.07471 2.71582
-1.37293  -1.75564 0.26337
-4.65079  -2.67407  -1.63083
-2.13094  -1.95956  -0.84525
-0.69577  -1.99917 2.74926
-2.09078  -3.01234 3.18381
-2.22553  -1.22958 3.24900
0.43476  -1.08025 0.49587
-1.66961  -1.81944  -2.22488
-0.46271 0.80052 1.40173
2.20642  -0.37385 1.05140
1.08609  -3.17198 0.14475
-0.67126  -1.37857  -2.18905
-2.34840  -1.15284  -2.76195
-1.65764  -2.80254  -2.70386
1.04612 1.59179 1.90862
3.67133  -2.08106  -0.01581
3.34699  -0.83024 0.60933
2.79269  -3.18839  -0.18782
2.24258 0.86832 1.75795
4.21466  -0.18505 0.72471
1.02549 2.85082 2.51209
5.03129  -2.21457  -0.40535
3.34020  -4.39234  -0.69066
3.40667 1.41537 2.32860
0.08349 3.38493 2.58243
2.20361 3.40674 3.00201
5.68878  -1.35776  -0.27545
553221  -3.38817  -0.92939
4.67050 -4.49218  -1.05913
2.67650  -5.24370  -0.81048
3.38822 2.67088 2.92660
4.33616 0.85855 2.32463
2.19202 4.38839 3.46617
6.57428  -3.46120  -1.22482
5.04633  -5.43058  -1.45893

o
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4.30636 3.07004 3.34802
-2.24434 4.20057  -1.83135
-2.62120 3.59350  -0.47518
-3.33173 4.63735 0.38307
-3.37397 2.21175  -0.59629
-4.19191 1.85457 0.65257
-4.23055 2.05058  -1.84895
-2.27929 1.26119  -0.66717
-1.17740 1.86035  -0.04824
-1.38964 3.21842 0.20390
-4.30520 489909  -0.04787
-2.72600 5.54808 0.42868
-3.48514 4.28173 1.40431
-3.12519 458382  -2.35770
-1.74770 347054  -2.47441
-1.55457 5.03428  -1.66648
-5.03922 2.79034  -1.86872
-4.68419 1.05380  -1.85589
-3.63583 2.15852  -2.75866
-5.08291 2.48386 0.75052
-3.59221 1.95499 1.56263
-4.51475 0.81123 0.57353
-0.06790 1.68326  -0.96669

0.71352  -0.21721  -1.45019
0.71386 1.05886  -1.74554
0.09634 1.40347  -3.11067

2.02427 1.80930  -1.50177

2.06813 3.12198  -1.02206

1.14292 3.63008  -0.76322
3.29117 3.76929  -0.84021

3.31177 478243  -0.44722
4.48450 3.11506  -1.15302
4.44616 1.80953  -1.64902

5.37055 1.29574  -1.90317

5.43726 3.61899  -1.01205
3.22287 1.15948  -1.81896

3.18006 0.13790  -2.18362

0.11322 2.48014  -3.30888
-0.93377 1.03862  -3.15773

0.68269 0.90159  -3.88926

I TIITOIITIOOIOIOOOOOIIIIIIIIIIIIIOWOOOOOOOIT

3.2¢0-acetophenone—HBpin TS, 6-membered ring

total energy (SCF+XDM) -4.756353646576E+03
Thermal correction to Gibbs Free Energy=0.558012
Cl -495354  -2.17908  -1.49734

C -3.63619  -1.97405  -0.42139
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-2.32966  -1.78649  -0.83794
-3.63260  -1.95138 0.93686
-1.90895  -1.80267  -2.23675
-1.50900  -1.61772 0.23121
-4.93674  -2.11990 2.03633
-2.31827  -1.75096 1.32658
-0.85791  -1.51141  -2.26376
-2.50577  -1.07963  -2.79813
-2.05733  -2.80516  -2.64763
0.39944  -1.28531 0.32879
-1.85858  -1.76485 2.71145
0.62596  -3.50506 0.17971
2.34506  -1.18591 0.66879
-0.10578 0.73018 1.29221
-0.77655  -1.89095 2.70369
-2.31261  -2.60985 3.23376
-2.11923  -0.83148 3.21674
2.36861  -3.49933  -0.04406
2.62498 1.02799 1.81487
3.01272  -0.28548 1.32112
1.34559 1.62692 1.79115
3.08581  -2.30633 0.17663
4.06157  -0.50171 1.52036
3.06670  -4.64017  -0.47138
3.69737 1.79096 2.32994
1.17590 2.93475 2.26240
445752  -2.25008  -0.12032
2.51314  -5.56142  -0.62845
443380  -458720 -0.72220
4.68715 1.34309 2.34856
3.52842 3.09109 2.78038
2.25738 3.66909 2.74016
0.18747 3.37765 2.22877
5.13030  -3.38392  -0.56482
499309 -1.30932  -0.05285
495302  -5.47617  -1.07033
4.37861 3.65047 3.15883
2.10401 4.68674 3.08801
6.18681  -3.32284  -0.80870
-3.84784 2.04938 0.86514
-3.13110 2.28212  -0.47203
-4.11384 2.12437  -1.62880
-2.27745 3.60714  -0.49763
-1.97998 410982  -1.91493
-2.83227 4.74619 0.35404
-1.02016 3.17560 0.09539
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-0.92022 1.79580  -0.10924
-2.11497 1.25327  -0.59359
-4.86704 2.92066  -1.61419
-4.63446 1.16527  -1.53916
-3.60357 2.14361  -2.59434
-4.67514 2.75200 1.01120
-3.15669 2.14378 1.70861
-4.25559 1.03364 0.87322
-3.81902 5.05786  -0.00769
-2.16194 5.60965 0.29380
-2.92040 4.45806 1.40398
-2.87377 453252  -2.38621
-1.59808 3.30959  -2.55309
-1.21894 489466  -1.85991
0.06726 1.50369  -1.12413
0.67478  -0.46032  -1.61275
0.78562 0.80950  -1.90882
0.18386 1.20749  -3.26585
2.15371 1.44677  -1.66535
2.30257 2.78548  -1.28715
1.42037 3.39558  -1.11156
3.57273 3.33100  -1.09721
3.67390 436650  -0.78304
4.70992 2.54604  -1.30036
4.56727 1.21340  -1.69434
5.44769 0.59843  -1.86571
5.69992 297070  -1.15488
3.29561 0.66581  -1.87127
3.17010  -0.37474  -2.15239
0.27629 2.28131  -3.45796
-0.87051 0.91814  -3.30536
0.72340 0.66865  -4.05348

IITTITITOIITOOIOIOOOOOIIIIIIIIIIIIIO®

3.2c0-product, 5-membered ring

total energy (SCF+XDM) -4.756448784118E+03
Thermal correction to Gibbs Free Energy=0.556940
Cl 4.01256  -2.86356  -2.05472
2.93479  -2.60198  -0.74950
1.74412  -1.90358  -0.86207
3.04605  -2.99165 0.54809
1.21501  -1.35872  -2.10968
1.11286  -1.84309 0.34136
4.29658  -3.87061 1.32116
1.91727  -2.52628 1.20493
0.47387  -0.60613  -1.85665
0.75624  -2.15814  -2.69755
2.02108  -0.88111  -2.66455
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-0.53724
1.60612
0.61838
-2.15352
-1.50479
0.62618
2.35010
1.58856
-0.65888
-3.96074
-3.38975
-3.24592
-1.94669
-4.13986
-0.40829
-5.37787
-3.98531
-2.92973
0.58543
-1.40499
-5.91553
-6.08207
-5.37097
-3.43857
-2.66381
-3.88736
-1.19107
-7.16719
-5.90564
-3.43269
3.29187
3.35018
4.15371
3.79215
452770
4.57921
2.52785
1.54092
1.98217
5.20495
3.74849
4.10521
4.29402
2.68652
2.83269
5.52584

-0.94520

-2.78947
0.48964
0.06914
-2.66606
-2.36199
-2.31948
-3.86818
1.68565
-1.51307
-0.34528
-2.54074
1.38630
0.29902
2.94710
-1.56937
-3.55698
2.38720
3.16529
3.91932
-0.77812
-2.57902
-3.57942
-4.33852
3.64408
2.21539
4.89807
-2.59446
-4.38010
441071
3.17039
3.19284
4.40295
1.80760
1.95694
0.89087
1.15922
2.11572
3.34877
4.31232
5.30836
4.52766
3.09950
2.33593
410171
1.35324

0.74291

2.60690
1.97260
1.16447
-0.22929
2.81198
3.25463
2.78315
2.17788
0.49580
1.11139
-0.17379
1.69582
1.56714
2.73602
0.52183
-0.81706
1.69170
3.11485
2.77076
1.03896
-0.10484
-0.78718
-1.33682
2.23035
1.21436
3.19144
-0.07439
-1.29159
2.20629
1.35233
-0.17803
-0.64962
-0.82214
-2.15890
0.11303
-1.11587
-1.07478
-0.65324
-0.35334
-0.18708
-1.73363
1.78883
1.71427
1.69900
0.41469
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481067  -0.04532  -0.40562
4.00225 0.64880 1.00817

5.51703 240800  -2.02985

3.95546 2.56825  -2.86360
4.65882 0.96479  -2.60260
-0.75783 3.21115  -0.32097
-2.29087 0.94393  -2.06277
-3.57059 0.46194  -2.35079
-4.67185 1.31521  -2.29763
-4.48503 2.66018  -1.96290
-3.20735 3.13851  -1.67764
-2.09782 2.28336  -1.71763
-0.74158 2.84226  -1.35299
0.27303 1.84572  -1.48472
-3.70269  -0.58636  -2.60212
-5.66725 0.93768  -2.51518
-5.33517 3.33669  -1.92574
-3.06976 418377  -1.40809
-0.49752 3.69411  -2.00134
-1.44373 0.27157  -2.08579

ITTIIITITOOOOOOOOIIIIIT

3.2c0-product, 6-membered ring
total energy (SCF+XDM) -4.756449931861E+03
Thermal correction to Gibbs Free Energy=0.556251
Cl -3.63069  -3.25387  -1.88021
-2.48272  -2.92238  -0.65531
-1.33720  -2.17218  -0.86223
-2.48737  -3.28426 0.65587
-0.94329  -157828  -2.13637
-0.63062  -2.05395 0.29254
-3.63910  -4.19943 1.53261
-1.34557  -2.74242 1.22572
0.03678  -1.12832  -1.98985
-1.66498  -0.81142  -2.42160
-0.88041  -2.35794  -2.89950
1.04731  -1.16352 0.54905
-0.94293  -2.90866 2.61811
1.99697  -3.03267  -0.11626
2.82203  -0.37386 0.78656
-0.14554 0.48084 1.39454
-0.00752  -2.36725 2.75291
-0.79378  -3.96860 2.83952
-1.70615  -2.49353 3.28101
3.65732  -2.44241  -0.16326
2.27943 1.74873 1.98659
3.11722 0.69415 1.47651
0.86291 1.80019 1.92401
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3.92694
4.17165
4.70027
2.97917
0.21526
5.22606
4.47709
5.99266
4.06419
2.32706
0.92804
-0.86607
6.25261
5.44247
6.78952
2.88941
0.39692
7.24838
-3.92928
-4.18227
-5.51755
-3.98595
-4.77337
-4.23478
-2.57741
-2.18150
-3.12613
-6.35155
-5.54044
-5.66840
-4.71021
-2.95635
-3.94070
-5.27476
-4.04410
-3.57695
-5.85064
-4.59120
-4.44960
-0.12206
1.55428
2.84926
3.94372
3.73249
2.43595
1.33524

-1.12865
0.86883
-3.24049
2.86077
2.98545
-0.61688
-4.25645
-2.73658
2.80926
4.00630
4.06819
3.03442
-1.41439
0.42075
-3.36345
4.84676
4.96532
-0.99584
0.12626
1.08484
0.75697
2.60705
3.56940
2.93373
2.83037
1.85688
0.86919
0.95611
-0.30580
1.33288
0.21442
0.30828
-0.89967
2.72617
3.99760
2.35792
3.50423
3.36597
4.59373
3.23933
1.26294
0.80717
1.44669
2.53838
2.98394
2.35295

0.26203
1.68072
-0.65468
2.52054
2.33687
0.10930
-0.96783
-0.75948
2.57670
2.93631
2.82906
2.25303
-0.38841
0.33449
-1.15033
3.33149
3.13638
-0.50267
0.89979
-0.26864
-0.93192
0.11898
-0.77830
1.58866
-0.16522
-1.05954
-1.24736
-0.24921
-1.19374
-1.84755
1.66273
1.36337
0.52201
1.86532
1.76332
2.24349
-0.59315
-1.83833
-0.56940
-0.50413
-2.63765
-2.88752
-2.30347
-1.45911
-1.19970
-1.78894
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-0.05389
-1.02170
3.00445
4.95019
457719
2.27776
-0.36650
0.70261
-0.33587
0.37164
-1.36005

2.90566
1.86448
-0.04965
1.08726
3.04165
3.82163
4.08319
0.77583
3.75758
4.88108
4.48773

-1.54467
-1.76032
-3.53755
-2.49491
-0.99486
-0.52448
-2.47344
-3.09860
-3.51872
-2.33887
-2.25418
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Appendix C — Chapter 4

I11. Spectroscopic Data
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Figure C1.'H NMR spectrum of H,L4. * indicates protic impurity in CDCls.
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Figure C2. *C NMR spectrum of H,L4. * indicates protic impurity in CDCls.
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Figure C3. 'H NMR spectrum of 4.1z,. * indicates protic impurity in CDCl; (top). ESI-MS spectrum of
4.1z, (bottom).
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Figure C4. *C NMR spectrum of 4.1z». * indicates protic impurity in THF-ds.
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Figure C5. ESI-MS spectrum of the evaporated filterate of the stoichiometric reaction mixture of 4.1z,
and HBpin.
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Figure C6. 'H NMR spectrum of isobutyronitrile hydroboration product. * indicates protic impurity in

CeDes.
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Figure C7. 'H NMR spectrum of acetonitrile hydroboration product. * indicates protic impurity in CeDe.
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Figure C8. 'H NMR spectrum of 2-chloro-benzonitrile hydroboration product. * indicates protic impurity
in CsDs.
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Figure C9. 'H NMR spectrum of 2-bromo-benzonitrile hydroboration product. * indicates protic impurity
in CgDs.
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Figure C10. *H NMR spectrum of 3-chloro-benzonitrile hydroboration product. * indicates protic
impurity in CeDe.
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Figure C11. *H NMR spectrum of 3-bromo-benzonitrile hydroboration product. * indicates protic
impurity in CeDe.
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Figure C12. 'H and *C NMR spectra of 4-fluoro-benzonitrile hydroboration product. * indicates protic
impurity in CDCls.
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Figure C13. *H NMR spectrum of 4-bromo-benzonitrile hydroboration product. * indicates protic
impurity in CeDe.
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Figure C14.'H NMR spectrum of 2-cyano-thiophene hydroboration product. * indicates protic impurity
in CeDs.
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Figure C15. 'H NMR spectrum of 4-methoxy-benzonitrile hydroboration product. * indicates protic
impurity in CeDe.
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Figure C16. Stacked plot of *H NMR (top) and °F NMR (bottom) spectra of 4.1z, in CsDs (black) and
reaction of 4.1z, dimer with two equiv of 4-fluorobenzonitrile (blue). * Indicates CsDs and / indicates 4-
fluorobenzonitrile.
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C — 4.1zn + HBpin (2 equiv) after 12 h
B — 4.1zn + HBpin (2 equiv)
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Figure C17. Stacked plot of *H{*'B} NMR spectra (in CsDg) of 4.1z, (A), reaction of 4.1z, dimer with two
equiv of HBpin (B), B after 12 h (C), and subsequent addition of one equiv of acetonitrile to B (D).*
indicates diborylamine product of acetonitrile hydroboration.
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Figure C18. 'B{*H} NMR spectra (in CsDg) of O-borylated HL (A), stoichiometric reaction of 4.1z, dimer
with 2 equiv of HBpin (B), B after 12 h (C), C’s filtrate after evaporation (D), and subsequent reaction of
B with acetonitrile (E). * indicates HBpin and e indicates product of acetonitrile hydroboration.
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Figure C19. *H NMR spectrum of O-borylated HL (Bpin-HL4). * indicates protic impurity in CsDe.
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Figure C20. ESI-MS spectrum of O-borylated HL4 (Bpin-HL4) [NaM]".
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@ [(4-F-CzH,)CH,N(Bpin),] vs. > [4-Fluorobenzonitrile]®At
®Reaction A @®@Reaction B
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Figure C21. VTNA of rate order of [4-Fluorobenzonitrile].
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Figure C22. VTNA of rate order of [HBpin].
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Figure C25. VTNA of [4-Fluorobenzonitrile] vs. Time to find out if the catalytic system suffers either
product inhibition or catalyst deactivation. Top: before time adjustment. Bottom: after time adjustment.
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Figure C26. VTNA of [4-Fluorobenzonitrile] vs. Time to find out if the catalytic system suffers product
inhibition. Top: before time adjustment. Bottom: after time adjustment.
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Table C1: X-ray crystallographic data collection and refinement details for g, H.L4 and 4.1z..

g (K0991) H.L4 (S0769) 4.1z, (K0572)
empirical formula C19H30B2FNO4 C19H18N20S Cs4HesN4O6S2Zn;
formula weight 377.06 322.41 1059.95
(g:mol™)
crystal system triclinic monoclininc triclinic
space group P1 P 2i/n P1
a(A) 6.5967(4) 8.4071(19) 9.9532(13)
b (A) 12.0859(6) 17.688(4) 10.9777(14)
c(A) 14.3335(7) 11.345(2) 12.1123(16)
a (deg) 105.426(1) 90 88.174(2)
B (deg) 97.881(1) 103.767(7) 83.185(2)
y (deg) 103.322(1) 90 80.990(2)
V (A%) 1047.7(1) 1638.6(6) 1297.7(3)
z 2 4 1
T (K) 203(2) 203(2) 203(2)
Pealed (9-CMS) 1.195 1.307 1.356
u (mm?) 0.086 0.203 1.057
26,,ax (deg) 50.042 50.484 50.484
total/unique 15994/3664 12506/3740 31432/8030
reflections
Reflections [l, > 2901 2679 5376
20(10)]

R1, WR2 [lo = 2a(l0)]

0.0391, 0.1000

0.0418, 0.0844

0.0487, 0.1327

goodness of fit

1.036

1.015

1.014

CCDC number

2128270

2129544

2129545
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Table C2. Bond lengths for product g.

Atoml Atom2 Length/A

F1 C17 1.365(2)
o1 c2 1.458(2)
o1 B1 1.371(2)
02 B1 1.366(2)
02 ClA  1.444(3)
03 c7 1.466(2)
03 B2 1.371(2)
04 c8 1.457(2)
04 B2 1.375(2)
N1 C13 1.478(2)
N1 B1 1.423(2)
N1 B2 1.429(2)
c2 ClA  1.643(5)
c2 C3A  1.338(6)
c2 C4A  1.655(7)
C6 H6A  0.97

C6 H6B  0.97

C6 H6C 0.7

C6 ClA  1.404(5)
c7 c8 1.550(2)
c7 c11 1.522(2)
c7 C12 1.515(2)
c8 Cc9 1.520(2)
c8 C10 1.516(2)
c9 H9A  0.97

c9 H9B  0.97

c9 HoC  0.97

C10 H10A 0.97
C10 H10B 0.97
C10 H10C 0.97

Cl1 H11A 0.97
Cl1 H11B 0.97
Cl1 H11C 0.97
C12 H12A 0.97
C12 H12B 0.97

C12 H12C  0.97
C13 H13A  0.98
C13 H13B  0.98
C13 Cl4 1.511(2)
Cl4 C15 1.385(2)
Cl4 C19 1.382(3)
Cc15 H15 0.94
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C15 C16 1.387(2)
C16 H16 0.94
C16 c17 1.355(3)
c17 Cc18 1.364(3)
Cc18 H18 0.94
Cc18 C19 1.385(3)
C19 H19 0.94
CIA  C5A  1.501(8)
C3A  H3AL 097
C3A  H3A2 097
C3A  H3A3 0.7
C4A  HIAA 097
C4A  H4AB  0.97
C4A  HAAC  0.97
C5A  HBAA  0.97
C5A  H5AB  0.97
C5A  H5AC  0.97

Table C3. Bond lengths for H,LA4.

Atoml Atom2 Length/A

s1 C6 1.827(2)
s1 c7 1.774(2)
o1 HIA 083
o1 C19 1.358(2)
N1 c1 1.335(3)
N1 Cc5 1.336(2)
N2 H2A 087
N2 C12 1.360(2)
N2 C13 1.446(2)
c1 H1 0.94
c1 c2 1.371(3)
c2 H2 0.94
c2 Cc3 1.362(3)
Cc3 H3 0.94
Cc3 C4 1.381(3)
C4 H4 0.94
C4 Cc5 1.380(2)
Cc5 C6 1.498(3)
C6 H6A  0.98
C6 H6AB  0.98
c7 cs 1.382(3)
c7 C12 1.409(2)
cs H8 0.94
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cs Cc9 1.375(3)
C9 H9 0.94
C9 C10 1.379(3)
C10 H10 0.94
C10 Cc11 1.374(3)
Cc11 H11 0.94
Cc11 C12 1.399(3)
C13 HI13A  0.98
C13 H13B  0.98
C13 C14 1.507(2)
Cl4 C15 1.383(2)
C14 C19 1.401(2)
C15 H15 0.94
Cc15 C16 1.389(3)
C16 H16 0.94
C16 c17 1.381(3)
c17 H17 0.94
c17 Cc18 1.380(2)
C18 H18 0.94
Cc18 C19 1.384(3)

Table C4. Bond lengths for 4.1z,.

Atoml  Atom2 Length/A

Znl s1 2.5784(8)
Znl N1 1.940(2)
Znl o1 2.059(2)
Znl N2 2.056(2)
Znl o1 1.964(2)
c1 o1 1.342(3)
c1 c2 1.404(3)
c1 C6 1.391(3)
s1 C13 1.764(3)
s1 Cl4 1.844(3)
N1 cs 1.359(3)
N1 c7 1.468(3)
o1 Znl 1.964(2)
c2 H2 0.94

c2 Cc3 1.377(5)
N2 C15 1.342(4)
N2 C19 1.338(4)
C6 Cc5 1.397(4)
C6 c7 1.516(3)
Cc5 H5 0.94
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C5
C4
C4
C3
C9
C9
C9
C8
C7
C7
C10
C10
C11
C11
C12
C12
Cl4
Cl4
Cl4
Ci15
Ci16
C16
C17
C17
C18
C18
C19
Znl
Znl
Znl
Znl
C1
C1
C1
S1
S1
N1
N1
C2
C2
N2
N2
C6
C6
C5

C4
H4
C3
H3
H9
C8
C10
C13
H7A
H7AB
H10
Cl1
H11l
C12
H12
C13
H14A
H14B
C15
C16
H16
C17
H17
C18
H18
C19
H19
S1
N1
01
N2
01
C2
C6
C13
Cl14
C8
Cc7
H2
C3
C15
C19
C5
Cc7
H5

1.395(5)
0.94
1.353(5)
0.94
0.94
1.409(4)
1.390(5)
1.432(4)
0.98
0.98
0.94
1.383(6)
0.94
1.368(6)
0.94
1.392(4)
0.98
0.98
1.495(4)
1.387(4)
0.94
1.373(5)
0.939
1.374(5)
0.94
1.380(4)
0.94
2.5784(8)
1.940(2)
2.059(2)
2.056(2)
1.342(3)
1.404(3)
1.391(3)
1.764(3)
1.844(3)
1.359(3)
1.468(3)
0.94
1.377(5)
1.342(4)
1.338(4)
1.397(4)
1.516(3)
0.94
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c5
C4

C4

Cc3

C9

C9

C9

cs

c7

c7

C10
C10
c11
c11
C12
C12
Cl4
Cl4
Cl4
C15
C16
C16
C17
C17
Cc18
Cc18
C19
01 1
01 1
c11
C11
C11
c2.1
c2.1
c2.1
c3.1
c3.1
c3.1
C4 1
C4 1
01_3
01_3
C1.3
C1.3
C1.3

c4

H4

C3

H3

H9

C8
C10
C13
H7A
H7AB
H10
c11
H11
C12
H12
C13
H14A
H14B
C15
C16
H16
C17
H17
C18
H18
C19
H19
C1.1
c4.1
H1A 1
H1AB_1
c2.1
H2A 1
H2B_1
C3.1
H3A_1
H3B_1
c4_1
H4A_1
H4AB_1
C1.3
C4.3
H1A_3
H1AB_3
C2.3

1.395(5)
0.94
1.353(5)
0.94
0.94
1.409(4)
1.390(5)
1.432(4)
0.98
0.98
0.94
1.383(6)
0.94
1.368(6)
0.94
1.392(4)
0.98
0.98
1.495(4)
1.387(4)
0.94
1.373(5)
0.939
1.374(5)
0.94
1.380(4)
0.94
1.48(1)
1.45(1)
0.98
0.98
1.39(1)
0.98
0.98
1.34(1)
0.979
0.98
1.40(1)
0.98
0.98
1.48(1)
1.45(2)
0.98
0.98
1.38(1)
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c2.3
C2.3
c2.3
C3 3
C3 3
C3 3
C4 3
C4 3

H2A_3
H2B 3
C3.3
H3A_3
H3B_3
C4_3
H4A_3
H4AB_3

0.98
0.98
1.34(2)
0.98
0.98
1.40(1)
0.98
0.98
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Figure C27. 'H NMR (top, 300 MHz, CDCI3) and **C{*H} NMR spectra (bottom, 75 MHz, CDCls) of
4.20i. * indicates protic impurity in or **C resonance of CDCls.
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Figure C29. 'H NMR (top, 300 MHz, CDCI;) and *C{*H} NMR spectra (bottom, 75 MHz, CDCls) of
4.3y * indicates protic impurity in or **C resonance of CDCls.
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Figure C31. 'H NMR (top, 300 MHz, CDCls) and C{*H} NMR spectra (bottom, 75 MHz, CDClI;) of
4.4i. * indicates protic impurity in or *3C resonance of CDCls.
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Figure C33. 'H NMR (top, 300 MHz, CDCls) and *C{*H} NMR spectra (bottom, 75 MHz, CDClI;) of
4.5i. * indicates protic impurity in or *3C resonance of CDCls.
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Figure C34. El-mass spectrum of 4.5y; showing [M*].
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Figure C35. 'H NMR (top, 300 MHz, CDCls) and *C{*H} NMR spectra (bottom, 75 MHz, CDClI;) of
4.6ni. * indicates protic impurity in or *3C resonance of CDCls.
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Figure C36. El-mass spectrum of 4.6x; showing [M*].
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Figure C39. 'H NMR (top, 300 MHz, CDCI3) and **C{*H} NMR spectra (bottom, 75 MHz, CDCls) of
4.8i. * indicates protic impurity in or *3C resonance of CDCls.
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Figure C41. El-mass spectrum of stoichiometric reaction of 4.2y; with pinacolborane showing Bpin-L5
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Figure C42. ®F NMR (282 MHz, C¢Ds) spectra of stoichiometric reactions of 4.3, 4.4ni, 4.5ni, 4.6ni,
4.7xi, and 4.8x; with 4-fluoro-benzonitrile.
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Figure C43. 'H NMR (300 MHz, C¢Ds) spectra of stoichiometric reactions of pinacolborane with 4.3y,
4.4y, 4.5ni, 4.6ni and 4.7y at room temperature after 30 min.

4.4y + HBpin
—_—4. 4y + HBpin and then 4-fluoro benzonitrile

J |
-25 -30 -35 [ppm]

Figure C44. 'H NMR (300 MHz, C¢Ds) spectra of stoichiometric reactions of 4.4y; with pinacolborane,
and then 4-fluoro-benzonitrile.
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Figure C45. 'B{*H} NMR (96 MHz, CsDs) spectrum of stoichiometric reaction of 4.4x; with
pinacolborane.
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Figure C46. 'H NMR (300 MHz, C¢Ds) spectrum of S-P3. * indicates protic impurity in C¢Ds.
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Figure C47. El-mass spectrum of stoichiometric reaction of 4.6n; with pinacolborane showing N-
borylated 2,5-dimethylpyrrole (S-P4) [M*]. (Calculated: C12H20NBO, = 221.1587).
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Figure C48. El-mass spectrum of stoichiometric reaction of 4.8n; with pinacolborane at 50 °C, showing
Ph—Bpin (S-P5) [M*]. (Calculated: C12H17BO; = 204.1321).

* = 4.6N; + HBpin (1 equiv)
— 4.4ni + HBpin (1 equiv)
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Figure C49. *H{*!B} NMR spectra (300 MHz, C¢Ds) of stoichiometric reactions of 4.4y; and 4.6xi with
pinacolborane. * indicates protic impurity in CgDs.
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Figure C50. Reaction profile of 4.8ni-catalyzed benzonitrile dihydroboration at 50 °C.
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Figure C51. '"H NMR (300 MHz, C¢Ds) spectrum of benzonitrile hydroboration product. * indicates
protic impurity in C¢De. Chemical shifts matched with literature values.
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Figure C52. *H NMR (300 MHz, CsDs) spectrum of 4-methoxy-benzonitrile hydroboration product.
* indicates protic impurity in CeéDs. Chemical shifts matched with literature values.
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Figure C53. *H NMR (300 MHz, CsDs) spectrum of acetonitrile hydroboration product. * indicates protic
impurity in CsDs. Chemical shifts matched with literature values.
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Figure C54. *H NMR (300 MHz, CsDs) spectrum of 2-chloro-benzonitrile hydroboration product.
* indicates protic impurity in C¢Ds. Chemical shifts matched with literature values.
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Figure C55. 'H NMR (300 MHz, CsDs) spectrum of 2-bromo-benzonitrile hydroboration product.
* indicates protic impurity in CeéDs. Chemical shifts matched with literature values.
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Figure C56. *H NMR (300 MHz, CsDs) spectrum of 3-chloro-benzonitrile hydroboration product.
* indicates protic impurity in CséDs. Chemical shifts matched with literature values.
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Figure C57. 'H NMR (300 MHz, CsDs) spectrum of 3-bromo-benzonitrile hydroboration product.
* indicates protic impurity in CeéDs. Chemical shifts matched with literature values.
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Figure C58. 'H NMR (300 MHz, C¢Ds) spectrum of 4-fluoro-benzonitrile hydroboration product.

* indicates protic impurity in CeéDs. Chemical shifts matched with literature values.
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Figure C59. 'H NMR (300 MHz, CsDs) spectrum of 4-bromo-benzonitrile hydroboration product.
* indicates protic impurity in CséDs. Chemical shifts matched with literature values.
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Figure C60. Molecular structure of S-P3 with 50% probability thermal ellipsoids and hydrogen atoms
omitted for clarity.
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Table C5. Data collection and refinement metrics for complexes 4.2ni-4.5ni.

4.2ni 4.3ni 4. 4ni 4.5ni
empirical formula C13H13BrN2NiS | C1iH1oBrNsNi | C17H1sN3sNiO C17H1sN3NiS
formula weight (g-mol?) | 367.93 322.84 336.03 352.09
crystal system Triclinic Monoclinic Monoclinic Monoclinic
space group P1 P 2i/c P 2i/n P 2./c
a(A) 7.5250(3) 7.3811(5) 9.214(13) 10.3659(10)
b (A) 8.9184(3) 8.1534(5) 11.288(16) 10.4859(11)
c (A) 11.0649(3) 18.4811(12) 14.213(19) 13.7324(14)
a (deg) 112.9840(10) 90 90 90
B (deg) 90.1810(10) 94.171(2) 94.81(2) 94.595(3)
¥ (deg) 95.6140(10) 90 90 90
V(A3 679.65(4) 1109.27(12) 1473(3) 1487.9(3)
Z 2 4 4 4
T (K) 293(2) 203(2) 203(2) 203(2)
Peated (9-CM?) 1.798 1.933 1515 1.572
© (mm) 4.502 5.323 1.321 1.443
20,4 (deg) 50.05 55.058 53.162 50.036
total/unique reflections 7451/2391 9332/2549 16248/3061 10050/2638
Reflections [l = 20(lo)] | 2199 1877 2337 1526

R1, WR2 [lo = 20(l0)]

0.0189, 0.0517

0.0346, 0.0590

0.0293, 0.0652

0.0481, 0.0691

goodness of fit

1.090

1.023

1.015

0.987

CCDC number

2155496

2155498

2155495

2155494
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Table C6. Data collection and refinement metrics for complexes 4.6ni-4.8ni and S-P3.

4.6ni 4.7ni 4.8ni S-P3
empirical formula Ci7H1sN4Ni CasH20N3NiP Ci7H15N3Ni C12H7F12BO3
formula weight (g-mol™?) | 337.06 428.10 320.03 220.06
crystal system Monoclinic Monoclinic Monoclinic Triclinic
space group P 2i/n P 2i/n P 21/n P1
a(A) 8.664(2) 12.6767(6) 11.5760(5) 7.7162(14)
b (A) 10.080(3) 10.8270(6) 6.9204(3) 8.2131(15)
c(A) 18.037(5) 14.8883(7) 17.7451(7) 9.8584(18)
a (deg) 90 90 90 82.347(4)
B (deg) 98.080(8) 103.974(2) 97.717(2) 83.715(3)
y (deg) 90 90 90 76.098(4)
V (AY) 1559.6(7) 1982.95(17) | 1408.70(10) 599.11(19)
VA 4 4 4 2
T (K) 203(2) 203(2) 200(2) 200(2)
Pealed (G-CM®) 1.435 1.434 1.509 1.220
i (mm™) 1.245 1.072 1.373 0.084
26,2, (deg) 50.054 52.84 50.056 56.778
total/unique reflections | 10264/2731 41878/4071 9142/2481 8154/2952
Reflections [l > 25(lo)] | 1275 2849 2293 2411

R1, WR2 [lo = 20(lo)]

0.0632, 0.1080

0.0586, 0.0996

0.0341, 0.0909

0.0758, 0.2003

goodness of fit

0.971

1.096

1.030

1.094

CCDC number

2155493

2155499

2155497

2155492
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Table C7. Bond lengths for 4.2y

Atoml Atom2 Length

Nil s1 2.1610(5)
Nil N1 1.835(2)
Nil N2 1.914(1)
Nil BriA  2.352(2)
s1 cl2  1.772(3)
s1 C13  1.801(3)
N1 Cc6 1.446(2)
N1 c7 1.364(3)
N2 c1 1.356(3)
N2 Cc5 1.343(3)
c1 H1 0.93

c1 C2 1.361(3)
C2 H2 0.93

C2 Cc3 1.368(5)
Cc3 H3 0.93

Cc3 C4 1.372(5)
C4 H4 0.93

C4 Cc5 1.386(3)
Cc5 C6 1.488(3)
C6 H6A  0.97

C6 H6B  0.97

c7 cs 1.410(4)
c7 Cl2  1.405(3)
cs Hs 0.93

cs Cc9 1.379(3)
C9 H9 0.93

C9 Cl10  1.373(5)

Cl0  H10  0.93
Cl0 Cl1  1.387(5)
Cll  H1l 093
Cll  Cl2  1.384(3)
Cl13  HI13A 0.96
Cl13  H13B  0.96
Cl13  H13C 0.96
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Table C8. Bond lengths for 4.3i.

Atoml Atom2 Length
Brl Nil 2.3229(4)

Nil N1 1.920(3)
Nil N2 1.850(2)
Nil N3 1.875(3)
N1 c1 1.354(4)
N1 Cc5 1.357(4)
N2 Cc6 1.445(4)
N2 c7 1.296(4)
N3 cs 1.387(3)
N3 Cll  1.351(4)
c1 H1 0.94

c1 C2 1.369(5)
C2 H2 0.94

C2 Cc3 1.376(5)
Cc3 H3 0.941
Cc3 C4 1.385(5)
C4 H4 0.94

C4 Cc5 1.380(5)
Cc5 C6 1.498(4)
C6 H6A  0.98

C6 H6AB  0.98

c7 H7 0.94

c7 cs 1.399(5)
cs Cc9 1.392(5)
C9 H9 0.94

C9 C10  1.390(5)

Cl0  H10 00941
Cl0 Cl1  1.392(5)
Cll  H1l 094
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Table C9. Bond lengths for 4.4y

Atoml Atom?2

Nil
Nil
Nil
Nil
01
N1
N1
N2
N2
N3
N3
C1
C1
C2
C2
C3
C3
C4
C5
C6
C6
C6
C7
C8
C8
C9
C9
C10
C10
Cl1
Ci12
C12
C13
C13
C14
C14
C15
C15
Cl16
Cl16
C17

01
N1
N2
N3
C12
C1
C4
C5
C6
C7
Cl1
H1
C2
H2
C3
H3
C4
C5
H5
HGA
H6AB
C7
C8
H8
C9
H9
C10
H10
Cl1
H1l
C13
C17
H13
C14
H14
C15
H15
Cl6
H16
C17
H17

Length
1.837(2)
1.850(3)
1.832(3)
1.881(3)
1.297(3)
1.331(4)
1.369(3)
1.283(3)
1.437(4)
1.343(3)
1.334(3)
0.93
1.382(4)
0.93
1.374(5)
0.93
1.381(4)
1.403(3)
0.93
0.97
0.97
1.479(3)
1.368(4)
0.93
1.363(4)
0.93
1.369(4)
0.93
1.356(4)
0.93
1.386(3)
1.395(3)
0.93
1.358(4)
0.93
1.368(4)
0.93
1.371(4)
0.93
1.375(4)
0.93
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Table C10. Bond lengths for 4.5;.

Atoml Atom?2

Nil
Nil
Nil
Nil
S1
N1
N1
N2
N2
N3
N3
C1
C1
C2
C2
C3
C3
C4
C4
C5
C6
C6
C7
C7
C8
C9
C9
C10
C10
Cl1
Ci12
C12
C13
C13
C14
C14
C15
C15
Cl16
Cl16
C17

s1
N1
N2
N3
c12
c1
C5
C6
C7
c8
c11
H1
C2
H2
C3
H3
c4
H4
C5
C6
H6A
H6AB
H7
cs
C9
H9
C10
H10
c11
H11
c13
c17
H13
C14
H14
C15
H15
C16
H16
c17
H17

Length
2.199(1)
1.915(4)
1.872(4)
1.865(4)
1.761(4)
1.345(7)
1.357(6)
1.446(5)
1.300(7)
1.384(7)
1.347(6)
0.94
1.387(7)
0.94
1.368(7)
0.94
1.370(7)
0.94
1.383(7)
1.492(7)
0.98
0.981
0.94
1.416(7)
1.392(7)
0.94
1.398(7)
0.94
1.389(7)
0.939
1.392(7)
1.396(6)
0.94
1.376(7)
0.941
1.379(7)
0.94
1.369(8)
0.939
1.389(7)
0.94
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Table C11. Bond lengths for 4.6x;.

Atoml Atom?2

Nil
Nil
Nil
Nil
N1
N1
N2
N2
N3
N3
N4
N4
C1
C1
C2
C2
C3
C3
C4
C4
C5
C6
C6
C7
C7
C8
C9
C9
C10
C10
Cl1
C12
C12
C12
C12
C13
C14
C14
C15
C15
C16
C17

N1
N2
N3
N4
c1
C5
C6
C7
c8
c11
c13
C16
H1
C2
H2
C3
H3
c4
H4
C5
C6
H6A
H6AB
H7
cs
C9
H9
C10
H10
c11
H11
H12A
H12B
H12C
c13
C14
H14
C15
H15
C16
c17
H17A

Length
1.905(5)
1.859(5)
1.866(5)
1.877(5)
1.355(9)
1.351(9)
1.466(7)
1.295(8)
1.385(9)
1.363(8)
1.365(9)
1.382(8)
0.94
1.386(9)
0.94
1.37(2)
0.94
1.36(1)
0.94
1.400(9)
1.485(9)
0.98
0.98
0.94
1.418(8)
1.391(9)
0.94
1.40(2)
0.94
1.39(2)
0.94
0.97
0.969
0.97
1.49(1)
1.39(2)
0.94
1.40(2)
0.94
1.36(2)
1.48(1)
0.969
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C17
C17

Table C12.

Atoml
Nil
Nil
Nil
Nil
P1
P1
P1
N1
N1
N2
N2
N3
N3
C1
C1
C2
C2
C3
C3
C4
C5
C6
C6
C6
Cc7
C8
C8
C9
C9
C10
C10
Cl1
C12
C12
C13
C13
Cl4
Cl4

H17B
H17C

Bond lengths for 4.7y;.

Atom?2
P1
N1
N2
P1
C12
C18
Nil
C1
C4
C5
C6
C7
Cl11
H1
Cc2
H2
C3
H3
C4
C5
H5
H6A
H6B
Cc7
C8
H8
C9
H9
C10
H10
Cl11
H11
C13
C17
H13
Cl4
H14
C15

0.97
0.97

Length
2.173(1)
1.927(4)
1.985(4)
2.184(1)
1.825(4)
1.828(5)
2.184(1)
1.361(5)
1.379(6)
1.287(6)
1.465(6)
1.345(7)
1.333(8)
0.94
1.388(7)
0.94
1.381(7)
0.94
1.392(6)
1.419(6)
0.939
0.98
0.98
1.532(8)
1.388(7)
0.939
1.39(2)
0.94
1.37(2)
0.94
1.385(8)
0.94
1.388(7)
1.388(6)
0.94
1.386(7)
0.94
1.392(8)
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C15
C15
C16
C16
C17
C18
C18
C19
C19
C20
C20
C21
C21
C22
C22
C23
Nil
Nil
Nil
P1
P1
N1
N1
N2
N2
N3
N3
C1l
C1l
C2
C2
C3
C3
C4
C5
C6
C6
C6
Cc7
C8
C8
C9
C9
C10
C10

H15
C16
H16
C17
H17
C19
C23
H19
C20
H20
C21
H21
C22
H22
C23
H23
P1
N1
N2
C12
C18
C1l
C4
C5
C6
Cc7
Cl1
H1
C2
H2
C3
H3
C4
C5
H5
H6A
H6B
Cc7
C8
H8
C9
H9
C10
H10
Cl1

0.94
1.366(8)
0.939
1.374(7)
0.94
1.386(6)
1.392(7)
0.94
1.384(8)
0.94
1.394(9)
0.941
1.376(8)
0.94
1.387(7)
0.94
2.173(1)
1.927(4)
1.985(4)
1.825(4)
1.828(5)
1.361(5)
1.379(6)
1.287(6)
1.465(6)
1.345(7)
1.333(8)
0.94
1.388(7)
0.94
1.381(7)
0.94
1.392(6)
1.419(6)
0.939
0.98
0.98
1.532(8)
1.388(7)
0.939
1.39(1)
0.94
1.37(1)
0.94
1.385(8)
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Cl1
C12
C12
C13
C13
C14
C14
C15
C15
C16
C16
C17
C18
C18
C19
C19
C20
C20
C21
C21
C22
C22
C23

Table C13.

Atoml
Nil
Nil
Nil
Nil
N1
N1
N2
N2
N3
N3
C1
C1
Cc2
Cc2
C3
C3
C4

H11l
C13
C17
H13
C14
H14
C15
H15
C16
H16
C17
H17
C19
C23
H19
C20
H20
C21
H21
C22
H22
C23
H23

Bond lengths for 4.8;.

Atom?2
N1
N2
N3
C1
Cc7
C10
Cl11
C12
C13
C17
Cc2
C6
H2
C3
H3
C4
H4

0.94
1.388(7)
1.388(6)
0.94
1.386(7)
0.94
1.392(8)
0.94
1.366(8)
0.939
1.374(7)
0.94
1.386(6)
1.392(7)
0.94
1.384(8)
0.94
1.394(9)
0.941
1.376(8)
0.94
1.387(7)
0.94

Length
1.879(2)
1.891(2)
1.916(2)
1.893(3)
1.350(3)
1.381(3)
1.288(3)
1.449(3)
1.349(4)
1.353(4)
1.380(4)
1.416(4)
0.95
1.401(4)
0.95
1.365(5)
0.95
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C4
C5
C5
Cé
Cc7
C7
C8
C8
C9
C9
C10
Cl1
C12
C12
C12
C13
C14
C14
C15
C15
C16
C16
C17

Table C14.

Atoml
01
01
02
02
03
03
C1
C1
Cc2
C2
C3
C3
C4
C4
C5
C5
C6

C5
H5
C6
H6
H7
C8
H8
C9
H9
C10
Cc11
H11
H12A
H12B
C13
Cl14
H14
C15
H15
C16
H16
C17
H17

Bond lengths for S-P3.

Atom?2
C1
B1
Cc7
B1
C8
B1
Cc2
C6
H2
C3
H3
C4
H4
C5
H5
C6
H6

1.384(6)
0.95
1.376(4)
0.95
0.95
1.389(4)
0.95
1.387(4)
0.95
1.383(3)
1.421(4)
0.95
0.99
0.99
1.495(4)
1.385(3)
0.95
1.365(5)
0.95
1.368(5)
0.951
1.383(5)
0.95

Length
1.386(4)
1.365(4)
1.468(4)
1.363(4)
1.469(4)
1.369(4)
1.388(5)
1.382(5)
0.95
1.383(5)
0.95
1.390(6)
0.95
1.386(5)
0.95
1.390(5)
0.95
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C7
Cc7
C7
C8
C8
C9
C9
C9
C10
C10
C10
Cl1
Cl1
Cl1
C12
C12
C12

C8
C9
C10
Cl1
C12
H9A
H9B
HOC
H10A
H10B
H10C
H11A
H11B
H11C
H12A
H12B
H12C

1.562(5)
1.523(4)
1.520(4)
1.523(4)
1.515(4)
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
0.98
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