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Abbreviations

The following abbreviations are used in this thesis.

Ac acetate

acac acetylacetonate

AIM atoms in molecules

atm atmospheric pressure

aq. aqueous

Ar aryl

BAn; triarylborane

br broad

Bu butyl

calcd calculated

cat. catalyst

cf. confer

CH4 methane

CLA classical Lewis adduct

CcoO carbon monoxide

CO» carbon dioxide

conv. conversion

COSY correlation spectroscopy

°C degrees Celsius

d doublet

o chemical shift of NMR signal in ppm
DCE 1,2-dichloroethane

DFT density functional theory

Dipp 2,6-diisopropylphenyl

DMF N,N-dimethylformamide

Dtbp 3,5-di-tert-butylphenyl

EI electron ionization

equiv equivalent

ESI electrospray ionization

Et ethyl

Eqn. Equation

FLP frustrated Lewis pair

GC gas chromatography

GPC Gel permeation chromatography
h hour(s)

H» molecular hydrogen

HMBC hetero-nuclear multiple-bond connectivity
HMQC hetero-nuclear multiple quantum coherence
HPLC high performance liquid chromatography
HRMS high-resolution mass spectra

Hz hertz

i iso

IRC intrinsic reaction coodrdinate

J coupling constant in NMR

k kilo

v



MTHP

NCI
NHC
NMR

ref.

Ph
pin

sec
sept
SI

Tf
tert
THF
TMS
TOF
Tol
TON
TS
uv
Vs
VT
XRD

Lewis acid

Lewis base

lithium diisopropylamine
lowest unoccupied molecular orbital
mega

multiplet

meta

methyl

mesityl

minute(s)

milliliter

microliter

mass spectrometry
molecular sieves
4-methyltetrahydropyrane
normal

non covalent interaction
N-heterocyclic carbene
nuclear magnetic resonance
ortho

reference

para

phenyl

pinacolato

propyl

quartet

room temperature
singlet

second

single crystal

second

septet

supporting information
triplet

tertiary
trifluoromethylsulfonyl
tertiary

tetrahydrofuran
trimethylsilyl
time-of-flight

tolyl

turn over number
transition state
ultraviolet

Versus

variable temperature
X-ray diffraction



General Introduction

Frustrated Lewis pairs (FLPs) have attracted much attention over the past two decades due to their
high reactivity toward small molecules, e.g. molecular hydrogen (H>), carbon monoxide (CO), and carbon
dioxide (CO,)."* In particular, FLPs have been widely applied to catalytic molecular transformations such as
the catalytic hydrogenation of unsaturated molecules.!? Currently, chemists are continuously devoting their
efforts to develope practical and sustainable (catalytic) molecular transformations using less-toxic main-group
elements.

FLPs are recognized as transient encounter complexes stabilized by noncovalent interactions (NClIs)
between Lewis acids (LAs) and Lewis bases (LBs), while the formation of classical Lewis adducts (CLAs) was
effectively prevented by steric repulsion between them.! Moreover, FLPs often tend to decompose quickly under
ambient conditions,' which should restrict their facile use in organic synthesis. It should be thus worthwhile
to establish a strategy to generate FLPs from isolable and shelf-stable CLAs effectively, as such a ‘frustration

revival strategy’ can further expand the utility and hence applications of FLPs in organic chemistry (Figure 1).’
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Classical Lewis adducts (CLAs) Frustrated Lewis Pairs (FLPs)
© isolable & shelf-stable X unstable vs airfmoisture
X quenched reactivity © high reactivity

Figure 1. Generation of classical Lewis adducts (CLAs) and frustrated Lewis pairs (FLPs) through the reaction
between Lewis acids (LAs) and Lewis bases (LBs).

In the context of the frustration revival strategy, an external-stimuli-responsive reaction system is a
practical method.>® For example, it has been reported that B(C¢Fs); and 2,6-dimethylpiperidine form CLA at
room temperature, and heterolytic cleavage of H» is proceeded through generation of FLP when CLA is heating
(Figure 2a).%® It has also been reported that the silylium complex [‘Pr;Si—P‘Bus]*[B(CsFs)s]” generates FLP at
90 °C and cleaves H, heterolytically (Figure 2b).%
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Figure 2. Thermally induced FLPs from CLAs comprising (a) B(CesFs); and 2,6-dimethylpiperidine, (b) The

system between silylium and P‘Bus.

On the other hand, an external-stimuli-responsive conformational isomerization has been also used
for generating FLPs from CLAs. As a pioneering example, our group has developed the thermal revival system
of FLPs from N-phosphine-oxide-substituted imidazolylidenes (PoxIms)-borane adduct by rotation of the N-
phosphinoyl moiety. (Figure 3).>’ PoxIms have syn (C-N-P-O: ca. 20°) and anti (C-N-P-O: ca. 180°)
conformers based on the relative orientation of the carbene carbon and phosphinoyl oxygen atoms with respect
to the N—P bonds, and their interconversion occurs through the rotation of the phosphinoyl group (AE*~12 kcal
mol"). However, details on reaction mechanisms for the generation of FLP species from the PoxIm—borane
adduct remained unclear. Based on these backgrounds, I have studied the detailed reaction mechanism on revival

of FLPs from PoxIm—borane adducts shown in Figure 1.5 in Chapter 1.
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Figure 3. Interconversion between syn- and anti-conformers in PoxIms (top), and between PoxIm—borane

adducts and FLP species comprising PoxIms and B(CeFs)s.

It should be noted that the group of Stephan also reported an FLP-generation system driven by a light-
induced E/Z isomerization of (CeFs).B((p-Tol)S)C=CCH(‘Bu) (Figure 4).% In this system FLP is generated from

E isomer, in which the distance of B---S is closer than Z isomer due to the steric repulsion of ‘Bu group.
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Figure 4. An FLP revival system based on the light-induced E/Z-isomerization.

So far, I discussed the frustration revival strategy based on the thermal-responsive conformational
isomerization of Lewis bases (i.e. PoxIms) included in CLAs. In the following Chapters, I have studied a
strategy to effectively generate FLP species from the CLAs derived from triarylboranes based on the geometrical
variation of triarylboranes. Triarylboranes are representative L As and thus widely used as catalysts, activators,
and core structures in n-conjugated materials.’ Especially in the field of main-group catalysis, recent progress
on FLPs has gathered the attention of the structural diversifications of halogenated triarylboranes beyond the
archetypal B(C¢Fs);.'* Consequently, several strategies have been demonstrated to control the reactivity,
especially Lewis acidity, of triarylboranes.!™!" These strategies generally focus on modulating energy (a
thermodynamic aspect) and the accessibility (a kinetic aspect) of the empty p orbitals at the boron center. In the
former case, more- or less-electrophilic triarylborane derivatives have been prepared using the strategy that
involves modifying meta-F and/or para-F atoms in B(CsFs); to more- or less- electron-withdrawing substituents
(i.e. their intrinsic Lewis acidity).!®*%>1%12 In the latter case, the intermolecular steric repulsion between the
boron center and LBs is regulated by the size of ortho-substituents on the Ar groups in triarlyborane (front
strain) (Figure 5; right).'*!'* On the other hand, the Lewis acidity of triarlyboranes has rarely been modified by

regulating the intramolecular steric repulsion between the Ar groups of tetrahedral LB-borane adducts (back

strain) (Figure 5; left).

B Ar
—D ., - ~
Ar l Ar Ar——B’\
X Ar \\\ Ar
Back strain Front strain
intramolecular repulsion intermolecular repulsion
within tetrahedral BAr, between trigonal planar
BAr; and LBs

Figure 5. A schematic representation of the front strain and back strain generated between triarylborane and
LBs.

I considered that the size of meta-substituents in triarylborane can finely tune Lewis acidity and
reactivity of triarylboranes through control of steric bulkiness at the remote positions, i.e. remote back strain. I
have designed the new triaryl boranes based on the concept of the remote back strain and applied them in FLP-
catalyzed hydrogenation of carbonyl compounds under a 1:1:1 molar ratio of gaseous mixture of H,, CO, and
CO; (Chapter 2). Consequently, I have studied the details of remote back strain (Chapter 3). Furthermore,
hydrogenation of quinoline has been developed by using triarylborane based on the concept of the remote back
strain, in the presence of a 1:1:1 molar ratio of gaseous mixture of H,, CO, and COs.

This thesis consists of this General Introduction and the following three Chapters. In Chapter 1, the



detailed mechanism on the revival of FLPs from PoxIm—borane adducts has been clarified by experimental and

theoretical studies. In Chapter 2, the hydrogenation of carbonyl compounds under a 1:1:1 molar ratio of a

gaseous mixture of Ha, CO, and CO» has been achieved efficiently by using an FLP catalyst comprising ethereal

LB and triarylborane that was newly designed based on the concept of the remote back strain. In Chapter 3, the

remote back strain has been clarified by experimental and theoretical studies. Finally, this thesis is summarized

in Conclusion.
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Chapter 1

Mechanistic Studies on Thermal-Responsive Generation of

FLPs from PoxIm—BAr; Adducts by Phosphinoyl Rotation

Abstract: Chemists have designed strategies that trigger the conformational isomerization of molecules in
response to external stimuli, which can be further applied to regulate the complexation between Lewis acids
and bases. Our group have recently developed a system in which frustrated carbene—borane pairs are revived
from shelf-stable but external-stimuli-responsive carbene—borane adducts comprised of N-phosphine-oxide-
substituted imidazolylidenes (PoxIms) and triarylboranes. Herein, I report the detailed mechanism on this
revival process. A thermally induced borane-transfer process from the carbene carbon atom to the N-
phosphinoyl oxygen atom initiates the transformation of the carbene—borane adduct. Subsequent
conformational isomerization via the rotation of the N-phosphinoyl group in PoxIm moieties eventually leads
to the revival of frustrated carbene—borane pairs that can cleave H,. I believe that this work illustrates an
essential role of dynamic conformational isomerization in the regulation of the reactivity of external-stimuli-

responsive Lewis acid-base adducts that contain multifunctional substituents.

1.1. Introduction

There have been many recent developments in the chemistry of frustrated Lewis pairs (FLPS) that
have been of note, for example, the activation of H, mediated by main-group elements.* In general, FLPs are
transient and not shelf-stable species making their isolation challenging. Meanwhile, chemists have developed
strategies that trigger the conformational isomerization of molecules in response to external-stimuli.? These
strategies can also be used to generate transient FLP species from classical Lewis adducts (CLAS) that act like
their shelf-stable precursors.®# In 2015, our group has demonstrated a strategy to generate FLPs from shelf-
stable CLAs (PoxIm-B! in Figure 1.1) that are comprised of N-phosphine-oxide-substituted imidazolylidenes
(PoxIms; 1) and B(CgFs)s (B). Here, the revival of the FLP from the CLA is closely controlled by a thermally
induced conformational isomerization of the N-phosphinoyl moiety.**® In 2018, Stephan et al. reported a
system to control the generation of FLPs from CLAs via a light-induced E/Z isomerization of (CsFs).B((p-
Tol)S)C=CCH('Bu).® Nevertheless, such FLP revival systems, including external-stimuli-responsive
conformational isomerizations, are still underdeveloped. Thus, clarifying the relationship between external-
stimuli-responsive conformational isomerizations and the interconversion that occurs between frustrated and
guenched Lewis pairs is of great importance. This would allow a significant expansion of different strategies
to design and apply FLP species.*
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Figure 1.1. Revival of FLPs from PoxIm-B?* adducts, induced by thermally responsive molecular motions. (a)
A previously proposed mechanism. (b) The updated mechanism proposed based on the results of this work.

In our system that uses PoxIms, the revival mechanism has not been fully explained. A tentative
mechanism in which a B(CsFs)s moiety is repelled by the N-phosphinoyl group via a thermally induced
isomerization from the syn to anti conformation had been proposed. In this case the syn/anti conformation refers
to the relative orientation of the carbene carbon atom and the N-phosphinoyl oxygen atom with respect to the
N-P bond (Figure 1.1a).° Herein, I report the results of a combined experimental and theoretical mechanistic
study that demonstrates the key role of a transfer step where the triarylborane (BArs) unit on the carbene carbon
atom moves to the N-phosphinoyl oxygen atom (Figure 1.1b). In this study, PoxIms with 2,6-'Pr,-CeHs, 2,4,6-
Mes-CsHz, and 3,5-'Bu2-CsH3 groups were studied and are herein referred to as 1a, 1b, and 1c, respectively.

1.2 Results and discussion
1.2.1. Effects of Lewis acidity.

To explore the impact of the Lewis acidity of BAr; on the formation and reactivity of the
carbene—borane adducts, the reaction between 1a and B(p-HCeF4)s (B?)” was undertaken (Figure 1.2a). Full
consumption of 1a was confirmed after 20 minutes, resulting in the formation of two CLAs, i.e., 2aB?, which
contains a N-phosphinoyl oxygen—boron bond, and 3aB?, which contains a carbene—boron bond, in 61% and
29% vyield, respectively. Previously, our group has reported that, even at —30 °C, 2aB* could be converted to
3aB! and that full identification of 2aB* could therefore be achieved using NMR analysis conducted at —90 °C.%
In the present case, 2aB? exhibited a longer life-time at room temperature than 2aB?, which enabled us to prepare
single crystals of 2aB? by recrystallization from the reaction mixture at —30 °C. The molecular structure of 2aB?
was unambiguously confirmed using single-crystal X-ray diffraction (SC-XRD) analysis. A set of (Ra) and (S,)
atropisomers of 2aB? was identified in the asymmetric unit of the single crystal. The molecular structure of (R,)-
2aB? is shown in Figure 1.2b and demonstrates a rare example of complexation-induced N-P axial chirality.>
As the reaction progressed, 2aB? was converted to 3aB? and 4a; 2aB? was fully consumed within 6 h to afford
these compounds in 75% and 25% vyield, respectively. It should be noted that 4a is likely furnished via the
migration of the N-phosphinoyl group from the nitrogen atom to the carbene carbon atom. However, in the
absence of B?, this migration only proceeded to 9% at 100 °C, even after 25 h.> The formation of 4a was



therefore promoted by the enhancement of the electrophilicity of the P center via the coordination of the N-
phosphinoyl moiety to B2. Regeneration of B? was observed along with the production of 4a. The molecular
structure of 3aB? was also confirmed by SC-XRD analysis (Figure 1.2c). Comparison of the structural
parameters between the solid-state structures of 3aB2 and 3aB* shows their similarity. For example, the C1-B
distances in 3aB? and in 3aB* are 1.710(3) A and 1.696(3) A, respectively. The interatomic distance of 3.257(3)
A between the O and B atoms in 3aB? suggests the absence of a specific interaction between these atoms, similar
to that in 3aB* (3.234(3) A).

a — /5)
Dipp/N}{N\P," B(p-HCgF4)3
"4' CD,Cl,, 22°C
Bu Bu 0
1a conv. (1a) >99%
B(p-HCFs)s —,  'Bu —/\
\ : §_IBU ping— V2N
A\ P Dipp—NaN~p—"=! Dipp
Dipp” ¥ F, d o= "B
By Bu ~ B(p-HCoF )3 Bu
time 2aB? 3aB? 4a
20 min 61% 29% 9%
2h 16% 61% 23%
6h n.d. 75% 25%
C
) g
| /W
——@, o) S P .
NZ\Y/M
« T 4
B s c1-B[A]
s 3aB? 1.710(3)
% - [ | \ 3aB' 1.696(3)
I 3aB?  3.257(3)
@ 3aB'  3.234(3)

Figure 1.2. Reaction between 1a and B(p-HCsF4)s (B?). (a) The reaction was monitored by NMR spectroscopy
and the product yields were estimated based on 3P NMR analyses. (b) Molecular structure of (R,)-2aB? with
thermal ellipsoids at 30% probability; H atoms and solvated C;Hs molecules are omitted for clarity. Selected
bond lengths [A] and angles [°]: O-B 1.556(2), N1-P 1.707(2), P-O 1.513(1); P-O-B 165.2(1), C1-N1-P-O
128.0(1). (c) Molecular structure of 3aB? with thermal ellipsoids at 30% probability; H atoms are omitted for
clarity. For comparison with 3aB* (cf. ref 4c), the carbene-boron bond lengths and interatomic distances
between oxygen and boron atoms are shown; C1-N1-P-O: 15.3(2)°.

Thermolysis of 3aB? at 60 °C for 3 h resulted in the generation of 4a and B? in 77% and 73% vyield,
respectively, with concomitant formation of [1a-H][HO(B?)] in 4% yield (conversion of 3aB? = 81%; Figure
1.3a). Although 2aB? was not observed via NMR analysis of this reaction at 60 °C, the formation of 4a and B2
indicates the in-situ regeneration of 2aB? (vide supra). The formation of [1a-H][HO(B?).] can be rationalized
in terms of a reaction between contaminated H,O and the FLP species regenerated from 3aB? via 2aB?. The
regeneration of the FLP species from 3aB? was then clearly confirmed by treating 3aB? with H, (5 atm) at 22 °C,
resulting in the formation of [la-H][H-B?] (5aB?) in 19% yield with concomitant formation of [la—
H][HO(B?),] (8%) and 1a (6%) (Figure 1.3b). Under identical conditions, no reaction occurred when 3aB! was
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used.* At 60 °C, 5aB? was generated in 90% yield after 3 h, which is almost comparable with the production
of 5aB?! (89%) from 3aB*. Thus, the lower Lewis acidity of B? relative to B! allowed a more facile revival of
the FLP species from 3aB? than from 3aB*.® However, the lower Lewis acidity did not affect the progress of
the heterolytic cleavage of H, by FLPs at 60 °C.

a
3aB2 ———» 4a + B2 +[1a-H][HO(B?),]
CD,Cl,

60°C,3h i77% 73% 4%
conv. 81% ’
[2aB?]
b H,
5 atm
3aB" ﬁ» [1a-H][H-B"]
2= (5aB")
n=2 22°C,3d" 19%
60°C, 3 h[ 90%
n=1 22°C,3d no reaction!®!
60°C, 3 h 89%

Figure 1.3. Reactivity of carbene—borane adducts 3aB" (n = 1, 2). (a) Thermolysis of 3aB2 monitored via NMR
spectroscopy. Product yields were calculated based on 3P and *F NMR analyses. (b) Reaction between 3aB"
and H.. Product yields were calculated based on *°F and 3P analysis. [a] [1a-H][HO(B?).] and 1a were also
observed in 8% and 6% yield, respectively. [b] [1a-H][HO(B?),] was also observed in 7% vyield. °Results
obtained using 3aB? are reproduced from ref. 4c.

1.2.2. Kinetic studies
To gain further insight into the reaction mechanism, the initial rate constants for the generation of
5aB!, kint [107° s71], from the reaction between 3aB* and H; in 1,2-dichloroethane-d, (DCE-d4) at 60 °C were
estimated by varying the H; pressure from 0.5 to 5.0 atm (Figure 1.4a). It should be noted here that when H;
was pressurized at 5.0 atm, an excess of H, (ca. 0.3 mmol) with respect to 3aB?* (0.010 mmol) was added to the
pressure-tight NMR tube. The concentration of H; clearly influenced the progress of the reaction, suggesting
that the heterolytic cleavage of H, by the FLP species is involved in the rate-determining events. Next, the
reaction between 3aB! and H. at 5.0 atm of pressure was monitored in DCE-ds whilst the temperature was
varied from 50 to 80 °C (Figure 1.S27). Pseudo-first order rate constants, keps [10° s71], of 2.95(2), 11.2(8),
46.4(4) and 183(2) were estimated for the reactions at 50, 60, 70, and 80 °C, respectively. Thus, the activation
energy and pre-exponential factor obtained from the plot based on the Arrhenius equation, Inkoss = —(Eo/R)(1/T)
+ InA, are E, = 31.2 [kcal mol™] and A = 3.3(36)x10% [s] (Figure 1.4b). Given the close relation between E,
and AH?, the values obtained for E, suggest that the formation of 5aB! via the reaction between 3aB* and H.
only occurs at temperatures higher than 25 °C.°
Based on the results presented here and those previously reported,* the reaction between the carbene—
borane adducts and H: to give [PoxIm—H][H-BArs] likely proceeds via the heterolytic cleavage of H by the
FLP species that are formed following the regeneration of the N-phosphinoyl oxygen—borane adducts. These
steps are expected to be the rate-determining events because the concentration of H, (Figure 1.4a), the steric
bulk of the N-aryl group* and the Lewis acidity of the BArs moiety (Figure 1.3b) influence the reaction rates

and/or the temperature required to initiate the reaction between the carbene—borane adducts and Ho.
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Figure 1.4. Kinetic studies for the reaction between 3aB! and H,. (a) Plot of the H; pressure, P [atm], as a
function of the initial reaction rate constants, kint [107° s7]. (b) Plot of 1/T [10-% K] as a function of Inkqps [$72].
The kops Values are the pseudo-first order rate constants for the formation of 5aB* obtained from the reaction of
1a (2.0x102 M in DCE-d4) and H; (5 atm).

1.2.3. Theoretical studies

Density-functional theory (DFT) calculations were carried out for 3aB! at the @B97X-D/6-311G(d,p),
PCM (DCE)// ¥B97X-D/6-31G(d,p) for H, and 6-31G(d) for all other atoms level of theory (Figure 1.5a). The
relative Gibbs free energies with respect to [1a + B*] (0.0 kcal-mol=) are shown. During the transformation of
3aB! (-17.2 kcal-mol™) to 2aB* (9.8 kcal-mol™), both of which were experimentally confirmed, the formation
of an intermediate 2a’B* (-7.7 kcal-mol ) was predicted via a C-to-O transfer of B* in 3aB. This distinctive
boron-transfer process takes place via saddle point TS1a (+7.3 kcal-mol™), while the potential energy surface
around TS1a is very flat (Figure 1.S34 for details). The subsequent rotation of the N-phosphinoyl moiety via
TS2a (+7.5 kcal-mol™) affords 2aB*. Next, the dissociation of the B-O bond occurs to regenerate [1a + BY].
The optimized molecular structures of TS1a and 2a’B! are shown in Figure 1.5c. In TS1a, the interatomic
distances C1---B and O---B are 4.24 and 3.34 A, respectively, while B* adopts a planar geometry. Thus, B! is
dissociated from both the carbene carbon and phosphinoyl oxygen atoms in TS1a, while the formation of the
O-B bond (1.59 A) is confirmed in 2a’B!. Based on the quantum theory of atoms in molecule (AIM) method,
neither bond paths nor bond critical points were confirmed between the B and C1/O atoms in TS1a (Figure
1.537).%° This AIM analysis demonstrates that several non-covalent interactions, including n-n and H---F
interactions, exist between the 1a and B! moieties to stabilize TS1a.

Two plausible mechanisms were evaluated for the FLP-mediated cleavage of H; on the basis that the
Lewis-basic center reacts with H, via cooperation with B! (Figure 1.5b). One possibility is that the carbene
carbon atom works as a Lewis base (path I; the right path in Figure 1.5b),*! while the other is that the N-
phosphinoyl oxygen functions as a Lewis base (path Il; the left path in Figure 1.5b).12 In path I, the heterolytic
cleavage of H, takes places via TS4a (+11.4 kcal-mol™), which arises from the insertion of H- into the reaction
field around the carbene carbon and boron atoms in FLP-1aB?, affording 5aB* (-34.8 kcal-mol™), a species
more thermodynamically stable than 3aB®. In the optimized structure of TS4a (Figure 5d), the dissociation of
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Figure 1.5. Theoretical studies. The relative Gibbs energies [kcal mol] are shown with respect to each [1 +
B, calculated at the ®B97X-D/6-311G(d,p), PCM (DCE)// ¥B97X-D/6-31G(d,p) (for H,) and 6-31G(d) (for
all other atoms) level of theory (298.15 K, 1 atm). (a) Proposed mechanism for the regeneration of [1 + B*] from
the carbene—borane complexes 3aB'-3¢B?. (b) Proposed mechanism for the heterolytic cleavage of Hy, enabled
by the phosphinoyl oxygen and B(CsFs)s moieties (left) or by the carbene and B(CsFs)s moieties (right). (c)
DFT-optimized molecular structures for TS1a and 2a’B*. (d) DFT-optimized molecular structures for TS4a and
TS6a.

the H1-H2 bond (H1---H2 = 0.84 A) occurs with the partial formation of the H2-C1/H1-B bonds (H2:--C1 =
1.83 A /H1---B = 1.49 A). Based on these results, the overall path from 3aB! to 5aB* via FLP-1aB! is
substantially exothermic (AG® = —17.6 kcal-mol™?) and includes an overall activation energy barrier of +28.6
kcal-mol required to overcome TS4a. In path II, which takes place via TS5a (a transition state for the insertion
of H; into the O-P bond) and TS6a (a transition state for the cleavage of H, between the O and P atoms), a
higher activation energy barrier of +32.7 kcal-mol is predicted to yield intermediate 8aB!, which contains a
P=0O-H" and B-H" species. It should be noted that the potential energy of the optimized TS6a (—3633.288355
hartree) is almost identical to that of the optimized 7aB! (—3633.288363 hartree), which causes the reversed
Gibbs energy levels as shown in Figure 1.5b after the Gibbs energy correction and implementation of solvent
effect. Therefore, the discussion on the activation energy barrier to overcome TS6a from 7aB! should be not
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essential. The subsequent transfer of H* from the N-phosphinoyl oxygen atom to the carbene carbon atom
furnishes 5aB?, although the details of this process remain unclear at this point. The molecular structure of TS6a
shows that the cleavage of the H1-H2 bond (H1---H2 = 0.85 A) by the N-phosphinoyl oxygen and boron atoms
occurs in a cooperative fashion (Figure 1.5d). Given the experimental and theoretical results reported here, |
conclude that path I is the more likely one.

The impact of the N-aryl substituents on the activation energy barriers for the regeneration of [1 + B'] was
evaluated using calculations on 3bB?, which contains an N-2,4,6-Mes-CsH: group, as well as 3cB?, which
contains an N-3,5-'Bu,-CsHs group. This afforded AG* values of +28.3 and +32.8 kcal-mol* for 3bB* and
3cBY, respectively (Figure 1.5a). These results are consistent with the experimental observations, i.e. that
3aB!-3cB! did not react in the presence or absence of H, under ambient conditions under the applied
conditions. Furthermore, these results might rationalize the fact that temperature to induce the reaction
between these CLAs and H; increases in the order 3aB* (60 °C) < 3bB! (80 °C) < 3cB* (120 °C).*

1.3. Conclusion

In summary, the reaction mechanism for the revival of frustrated carbene—borane pairs from external-
stimuli-responsive classical Lewis adducts (CLAs), comprised of N-phosphine-oxide-substituted
imidazolylidene (PoxIm) and triarylboranes (BArs), is reported based on a combination of experimental and
theoretical studies. Remarkably, a transfer of the borane moiety from the carbene carbon atom to the N-
phosphinoyl oxygen atom was identified as a key step in the heterolytic cleavage of H, by the regenerated FLP
species. The optimized transition-state structure for this borane-transfer process was confirmed to include no
bonding interactions between the carbene carbon/phosphinoyl oxygen and boron atoms, albeit that it is
stabilized by intermolecular non-covalent interactions between the PoxIm and BAr; moieties. The heterolytic
cleavage of H, takes place via the cooperation of the carbene carbon and the boron atoms and exhibits a lower
overall activation energy barrier than that of the path in which a combination of the N-phosphinoyl oxygen and
boron atom mediates the H» cleavage. These results demonstrate the essential role of dynamic conformational
isomerization in the regulation of the reactivity of shelf-stable but external-stimuli-responsive Lewis acid-base

adducts by multifunctional Lewis bases.
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1.5. Supporting information

1.5.1. General considerations

Unless otherwise noted, all manipulations were conducted under a nitrogen atmosphere using standard

Schlenk or dry box techniques. 'H, !'B, '*C, '°F, and *'P NMR spectra were recorded on a Bruker AVANCE 111
400 or JEOL JNM-400 spectrometers at 25 °C. The chemical shifts in the '"H NMR spectra were recorded
relative to MesSi or residual protonated solvent (CDHCI, (6 5.32) or DCE-ds4 (6 3.75)). The chemical shifts in
the "B NMR spectra were recorded relative to BFs. The chemical shifts in the 1*C spectra were recorded relative
to MesSi or deuterated solvent (CD,Cl, (& 53.84)). The chemical sifts in the '"F NMR spectra were recorded

relative to o,0,0-trifluorotoluene (6 —65.64). The chemical shifts in the 'P NMR spectra were recorded relative

to 85% H3POs as an external standard. Assignment of the resonances in 'H and '*C NMR spectra was based on
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"H-'"H COSY, HMQC and HMBC experiments. Elementary analyses were performed at Instrumental Analysis
Center, Faculty of Engineering, Osaka University. ESI-MS analyses were performed with a Bruker Daltonics
micrOTOF mass spectrometer. X-ray crystal data were collected with Rigaku XtalL AB Synergy equipping with
the HyPix-6000HE detector.

1.5.2. Materials

All commercially available reagents were used as received. Unless otherwise noted, toluene, hexane,
and mesitylene were distilled from sodium benzophenone ketyl prior to use. CH2Cl, and 1,2-dichloroethane
were distilled over CaH, prior to use. CD,Cl, and DCE-d, were distilled over CaH. and stored over molecular
sieves (4 A). PoxIm (1a)%* and B(p-HCsF4)3 (B?)%2%2 were furnished by the known procedure.

Metrical data for the solid state structures are available from Cambridge Crystallographic Data Centre:
CCDC2072358 (3aB?), 2072359 (5aB?), 2072360 (2aB?), 2072638 ([La—H][HO(B?).]).

1.5.4. Reaction between 1a and B(p-HCF4); giving 2aB?
B(p-HCgF )3

[\ o] /\ (0]
/, B(p-HC&F 10e /i
NvN\PI,, (p-HCgF )3 ( q) N\.{N\P
Ty CD,Cl,, —90 °C “tg
By Bu 22 ‘Bu u
1a 2aB?
quant

A solution of 1a (7.4 mg, 0.02 mmol) and B? (9.3 mg, 0.02 mmol) in CD,Cl, (0.5 mL) was prepared

at —30 °C, and then transferred into a J. Young NMR tube. The quantitative formation of 2aB* was then
confirmed at —90 °C by 'H, ¥C, '°F, and *'P NMR analyses (Figure 1.S5-8). A single crystal suitable for XRD
analysis was prepared by recrystallization from toluene/hexane at —30 °C.
'"H NMR (400 MHz, CD,Cl,, 90 °C): §7.58-7.33 (m, 3H, Im-H, Cpipp-H), 7.00-6.97 (m, 4H, Im-H, Cpipp-H,
Cg2-H), 6.81-6.72 (m, 1H, Cgo-H), 2.27-2.26 (m, 2H, CH(CH3)»), 1.26-0.97 (m, 30H, tBu-H, CH(CHs)>). *C
NMR (100 MHz, CD,Cl,, —90 °C): §219.5 (d, %Jcp = 32.0 Hz, NCN), 147.2 (d, 'Jer = 215 Hz), 145.1, 144.8
(dm, 'Jep=217Hz), 135.5,129.2,125.1,123.5,123.3,121.8,103.1, 38.9 (d, 'Jcp = 63.0 Hz), 27.7, 25.8, 23.7,
22.7. Resonances of some carbons at the ipso, ortho, meta, and para positions in B(p-HCgF4); could not be
identified. F NMR (376 MHz, CD,Cl,, —90 °C): §-129.8 (4F), —133.7 (2F), —141.7 (6F). 3'P{H}NMR (162
MHz, CD,Cly, —90 °C): 679.3 (s). X-ray data for CssHs7sBF13N2PQOq.25 (M =1030.85 g/mol): monoclinic, space
group P2i/c (#14), a = 16.2735(2) A, b =15.2296(2) A, ¢ = 20.5604(2) A, p = 93.9330(10)°, V= 5083.67(10)
A3 Z=4,T=143.15K, u(Cu Ka) = 1.222 mm’', Dcalc = 1.3467 g/cm?, 65960 reflections measured (6.7° <20
< 136.48°), 9330 unique (Rin = 0.0346, Rsigma = 0.0199) which were used in all calculations. The final R, was
0.0481 (I > 20(I)) and wR, was 0.1321 (all data).
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Figure 1.S4. Molecular structure of 2aB? with ellipsoids set at 30% probability, in which hydrogen atoms and
solvated CsHs molecules are omitted for clarity. In this crystalline lattice, (R.)- and (Sa)-atropisomers are

included.
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Figure 1.S5. Formation of 2aB? confirmed at —90 °C by 'H NMR.
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Figure 1.S6. Formation of 2aB? confirmed at —90 °C by *C NMR.
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Figure 1.S7. Formation of 2aB? confirmed at —90 °C by ’F NMR.
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Figure 1.S8. Formation of 2aB? confirmed at —90 °C by *'P NMR.

1.5.5. NMR experiments
* Reaction between la and B(p-HCgF4)3 at 22 °C

B\(P'HC6F4)3

Bu
/ \ (o] /—\ (o] /—\ I (—\
I/ B(p-| HCGF4)3 (1.0 eq) N\/N\g N, N\F-;/Bu N__N
O - . °
fBu CDZCIZ 22 °C 'Blu Bu fo} ogp\'"tBu

"B(p-HCgFy);

B(p-HCgF )3

Bu
2aB? 3aB? 4a B2
20 min 61% 29% 9% n.d.
2h 16% 61% 23% n.d.
6h n.d. 75% 25% 12%

PoxIm 1a (5.0 mg, 0.01 mmol) and B* (5.8 mg, 0.01 mmol) were mixed in CD,Cl, (0.5 mL), and the
resultant solution was transferred into a J. Young NMR tube. The reaction was monitored by 'H, '°F, and *'P
NMR analyses conducted at 22 °C (Figure 1.89-11). Note that the identification of 2aB? in CD,Cl, at room
temperature were independently conducted by 'H, '°F, and *'P NMR analyses shown in Figure 1.524-26. Yield
of products were estimated by the ’F and *'P NMR analyses.

B(p-HCgF )3
— o — ) — Bu —_
" N_li  B(p-HCeF); (1.0 eq) N + N ~BU
N N N N— Nt NS~ N__N
byt F", b ":, + ﬁ + +  B(p-HCgF4)s
“tgu  CD.Cly, 22 °C “ P
By Bu 2Cl2 By Bu - O—’P\" Bu
(p- HCsF4)a By
1a 2a82 W 3aB? 4a B2+
20 min 61% 29% 9% n.d.
2h 16% 61% 23% n.d.
6h n.d. 75% 25% 12%
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Figure 1.S9. Reaction between 1a and B? at 22 °C monitored by 'H NMR.
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Figure 1.510. Reaction between 1a and B? at 22 °C monitored by '°F NMR .
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Figure 1.S11. Reaction between 1a and B* at 22 °C monitored by *'P NMR.
» Thermolysis of 3aB?
‘Bu o
= =Y, — —_
s B =\
NN~ g~ NN NN
i eals S L R G
4 CD,Cl,, 60 °C, 3 h —pun'Buy nod s
“B(p-HC4F,) conv. 81% o= Bu
P-FCeF4)3 By H
L+
PLoN
(CeF4p-H)3;B”  "B(p-HCeF,)3
3aB? 4a B2 [1a-H][HO(B?),]
77% 73%

4%

Compound 3aB? (8.4 mg, 0.01 mmol) and 1,2-dichloroethane (12.5 mg, 0.13 mmol; an internal
standard) was dissolved in CD-Cl, (0.5 mL). The resultant mixture was heated at 60 °C for 3 h and NMR
analysis was carried out (Figure 1.S12—14), which showed the formation of 4a, B, and [1a—H][HO(B?).].

Bu
=\ 5 =\ AR
N N.._F-;/Bu N__N N N_Y
P . Y+ BloHCF; + Y 5
5 CD,Cl,, 60°C, 3 h _PunfBy b o “Bu
-B(p-HC¢;F4)3 conv. 81% 0O }B H Bu
u 6+
(CgF4p-H);B” "B(p-HCF,);
3aB? aa B? [1a-H][HO(B?),] Y
7% 73% 4%
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Figure 1.S12. Thermolysis of 3aB? at 60 °C monitored by 'H NMR.
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Figure 1.S13. Thermolysis of 3aB? at 60 °C monitored by °F NMR.
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Figure 1.S14. Thermolysis of 3aB? at 60 °C monitored by *'P NMR.

* Reaction between 3aB2? and H; at 22 °C

'Bu

M~/ 0 /~\ ©°
N N___/ Hz (5 atm) N-..” N\?N\g N N1
+ :_’

T ” cnzmz, 22°C,77h o "'Bu 1 gy Ay
B(p- HCsF4)3 conv. 33% Bu

H—| B(P'HCGF4)3
(CeFap-H)3B” ~B(p-HCeF4)s
[1a-H][HO(B?);]

8%

O-T T
+

3aB? 5aB2

19% 6%
A solution of 3aB? (8.4 mg, 0.01 mmol) in CD,Cl, (0.5 mL) was transferred into a pressure-tight NMR
tube. Then, H» (5 atm) was pressurized, and the reaction was monitored at room temperature for 77 h by 'H, '°F,

and *'P NMR analyses (Figure 1.S15-17). Yield of products were estimated by the '°F and *'P NMR analyses

5aB2V
19%

[1a—H][H0(BZ)2]*
8%

6%

Bu
[ M/ ©o M~/ o —\ o©o
N N.._ls‘/Bu H; (5 atm) N\bN\g . Nﬁ’/N\I”" N N"“"P’
_ i CD,Cly, 22°C, 77 h \Hr Mgy i ’B‘ “ ey T g,
B(p-HC4F )3 conv. 33% _Bu y u Bu
H—B(p-HCgF,)3 o
(CeF4p-H)3B” "B(p-HCgF )
3aB?
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Figure 1.S 15. Reaction between 3aB? and H; at 22 °C monitored by 'H NMR.
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Figure 1.S16. Reaction between 3aB? and H; at 22 °C monitored by 'F NMR.
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Figure 1.S17. Reaction between 3aB? and H, at 22 °C monitored by *'P NMR.

* Reaction between 3aB? and H; at 60 °C

Bu
=) e 1= o
N, N\F;/Bu H; (5 atm) N-.._” N N\l':-{
T I cnzmz, 60°C,3h «Bu l “tgy
B(p-HC6F4)3 conv. 97%

H_B(P'HCGF4)3
(CgF4p-H);B” B(P-HCGF4)3

5aB? [1a-H][HO(B?),]
90% 7%

O-I :I:—<(+

3aB?

A solution of 3aB? (8.6 mg, 0.01 mmol) in CD,Cl, (0.5 mL) was transferred into a pressure-tight NMR
tube. The reaction mixture was heated at 60 °C for 3 h after pressurization of H, (5 atm), which was monitored

by 'H, °F, and *'P NMR analyses (Figure 1.S18-20). Yield of products were estimated by the '°F and *'P NMR

analyses.
— — o
N, N.._lg'/tB“ H, (5 atm) N’ﬁ,/\n.._-’i . N?N\{{‘
_T 4 CDCl, 60 °C, 3 h VI W A ™
B(p-HCgF,); conv. 97% Bu H ‘Bu
H—B{(p-HCgF ;)5 oF
(CeF4p-H)3B” "B(p-HCgF,)3
3aB2 5aB2 ¥ [1a—H][HO(BZ)2]*
90% 7%
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Figure 1.S18. Reaction between 3aB? and H, at 60 °C monitored by 'H NMR.
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Figure 1.S19. Reaction between 3aB? and H, at 60 °C monitored by ’F NMR.
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Figure 1.S20. Reaction between 3aB? and H, at 60 °C monitored by *'P NMR.

* Reaction between 3aB! and H, at 60 °C

Bu
=\ R —\ 0
N, N :/Bu H; (5 atm) N. N
.,'7 —_— Y =P, + unidentified
o CD,Cl,, 60 °C,3 h no A "my
"B(CgFs)s conv. 97% 'Bu
H—B(CgFs)3
3aB’ 5aB1
89%

Compound 3aB! (9.0 mg, 0.01 mmol) and mesitylene (1.0 mg, 0.01 mmol; an internal standard) was

dissolved in CD,Cl, (0.5 mL). After transferring this solution into a pressure-tight NMR tube, H, was

pressurized at 5 atm. The reaction mixture was then heated at 60 °C for 3 h, monitored by the 'H, '°F, and 3'P

NMR analyses (Figure 1.S21-23).
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Figure 1.S21. Reaction between 3aB' and H, at 60 °C monitored by 'H NMR.
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Figure 1.S22. Reaction between 3aB' and H, at 60 °C monitored by ’F NMR.
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Figure 1.S23. Reaction between 3aB' and H, at 60 °C monitored by *'P NMR.

1.5.6. Variable temperature NMR experiments

B(p-HCgF4)3
~\ /\ 0 Bu
NN § BlpHCF; (1.0 eq) N__N! N : ’B"
>R — ~ i’»,,, \P + B(p-HCeF4);
,Bl Bu CD,Cl,, 20 to -50 °C o, B cnza2 ‘Bu
30°C,1.5h B(P HC6F4)3 'B
u
2aB? 3aB?

1a

A J. Young NMR tube was charged with 1a (7.6 mg, 0.02 mmol), B> (9.4 mg, 0.02 mmol), 1,2-
dichloroethane (2.5 mg, 0.03 mmol; an internal standard), and CD,Cl, (0.5 mL). The 'H, '°F, and *'P NMR
analyses were once conducted at 20 °C, and then the temperature was changed to —50 °C. The NMR

measurements were then conducted at every 20 °C. Then, the reaction was monitored for 1.5 h after the mixture

was allowed to warm to 30 °C (Figure 1.S24-26).
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Figure 1.S25. ’F NMR spectra obtained by the VI-NMR.
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Figure 1.S26. *'P NMR spectra obtained by the VI-NMR.

1.5.7. Kinetics studies
* The Arrhenius plot

‘Bu
| NS ABU  Hy(5atm) =\ S
NG N~p~ > Nﬁf,/N\P
T (I)I 1,2-dichloroethane-d, Ho | g,
"B(CgFs)s 50-80 °C _Bu
[333110 =0.02 M H—B(C¢Fs);
3aB! 5aB"

A solution of 3aB! (9.0 mg, 0.01 mmol) and mesitylene (2.4 mg, 0.02 mmol; an internal standard) in

1,2-dichloroethane-ds (0.5 mL) was heated at 60 °C in the presence of H, that was pressurized at 5 atm into a

pressure-tight NMR tube. The reaction was monitored by 'H NMR analysis. The rate constant of the production

of 5aB! was evaluated by least-squares fitting of the time—conversion profiles to a first-order rate equation.

d[5aB')/dt = ko»s[3aB']
Fas = 11.2(8) (10° 57

The aforementioned procedure was applied for the reaction between H, and 3aB' conducted at 50, 70,

and 80 °C, respectively (Figure 1.S27). All experiments were repeated two times to give kobs (10° s') as an

average of values obtained in each experiment (Figure 1.S28). These results were used for the analysis of

reaction parameters estimated by the Arrhenius Equation (Eqn. 1).

Inkops = —(22)(3) + 4 (1)
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H,
(5 atm)

3aB! ———— » 5aB'
DCE-d,
80 °C 50-80 °C
[3aB'1=0.02M
2=
4 R 0.99) —
7 (R?=0.99) 60°C

o (R2=0.99)

—In([3aB")/[3aB"],])

time [104 s]

Figure 1.S27. The profiles of time (10* s) vs —In([3aB!]/[3aB']o) at 50, 60, 70, and 80 °C.

Reaction rate constant, kobs (107 s7)
T (°C) 1t run 2" run average
50 2.95(2) 2.73(3) 2.84(2)
60 11.2(8) 10.1(14) 10.6(8)
70 46.4(4) 44.0(6) 45.2(4)
80 183(2) 161(2) 172(2)

Figure 1.S28. The list of reaction rate constants, kops (107 s7).

* Order in H;
= BY o
s _Bu H, (0-5 atm) /\ In
NN~~~ > Nﬁ'-’/N\P
T (I)' 1,2-dichloroethane-d, Ho | 7y
"B(CgFs); 60 °C _'Bu
[3aB'] = 0.02 M H—B(C¢Fs)s
3aB1 5aB1

A solution of 3aB! (9.0 mg, 0.01 mmol) and mesitylene (internal standard) in 1,2-dichloroethane-ds
(0.5 mL) was heated at 60 °C in the presence of H. that was pressurized at 0.5, 1, 2, and 5 atm, respectively,
into a pressure-tight NMR tube (Figure 1.S29). The initial reaction rate constants (ki (10° s1)) for the
production of 5aB* were determined based on the results of the tH NMR measurements. All experiments were
repeated two times to give kint (10° s1) as an average of values obtained in each experiment (Figure 1.S30).
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H,

0-5atm
3aB! __O%m | 5Bt
DCE-d,
60 °C
[3aB']1=0.02 M
4
5 atm
(R2=0.99) 2 atm

3 (R?=0.97) 1 atm

A (R2=0.98)

[5aB1][mol m-3]
N

0 1 2 3 4 5
time[103 s]

Figure 1.529. The profiles of time (10°s) vs [5aB*] (mol m?) at 0.5, 1, 2, and 5 atm.

Initial reaction rate constant, Kint (10° s?)
P (atm) 1 run 2" run average
0 0 0 0
0.5 1.73(7) 1.72(8) 1.73(5)
1 2.87(13) 2.57(12) 2.72(9)
2 3.92(26) 3.98(13) 3.95(15)
5 5.12(25) 5.13(36) 5.12(22)

Figure 1.S30. The list of initial reaction rate constants, kint (10 s2).

1.5.8 Theoretical studies
* Computational details
Geometry optimizations and energy calculations were performed by using the density functional

theory (DFT) at the wB97X-D/6-31G(d)5*5¢ level. For the H atoms in H, molecule, a p-type polarization
function was augmented.®® For the thermal correction, temperature and pressure were set to 298.15 K and 1.0
atm, respectively. At the optimized structures, | performed single-point calculations with the 6-311G(d,p) basis
sets with solvation effect. A polarizable continuum models” was adopted, and the parameters for 1,2-
dichloroethane (DCE) were used. The Gaussian 09 package was used for the DFT calculations.

The analyses on the quantum theory of the atoms in molecules were carried out using AIMAII program (Version
19.10.12),%° in which the wave functional wiles were prepared based on the optimized electron density at the
wB97X-D/6-31G(d) level of theory.

* Details on proposed mechanism

The relative Gibbs energies shown in Figure 1.S31-33 are shown in kcal mol™! with respect to that of [1a + B].
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Theoretical Calculations for Paths from 3aB' to 2aB’ The relative Gibbs free enersies vs [1a + BY are given in keal moll

Selected bond lengths/(interatomic distances) (A) and angles (%)

3aB! TS1a 2a'B! TS2a 2aB!

C-B 1.71 (4.24) - - -
0-B (3.28) (3.34) 159 162 158
P-0-B 92.8 1418 152.7 159.8 150.2
C-N-P-0 392 433 35.5 60.0 156.0

Figure 1.S31. Theoretical calculations for paths from 3aB! to 2aB'.

Theoretical Calculations for Path-l from FLP to 5aB! The relative Gibbs free energies vs [La + BY] are given in keal mol™L.

J ~
o . '_,'.I-g 1
TS3a(+10.6) ._4;% :(.L B
H1H2 6aB' 5aB!
FLP-1aB'+H, (+7.8) (-34.8)
(-2.4)
Selected bond lengths/(interatomic distances) (A) and angles (%)
FLP-1aB! TS3a 6aB' TS4a 5aB!
H1-H2 0.74 0.74 0.75 0.84 (1.69)
C-H2 - (3.40) (2.58) (1.83) 1.08
B-H1 - (2.80) (2.36) (1.49) 122
C-N-P-0 170.5 158.2 169.8 170.0 172.0

Figure 1.S32. Theoretical calculations for path I, affording 5aB! from FLP-1aB!.
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Theoretical Calculations for Path-Il from 2aB! to 5aB! The relative Gibbs free energies vs[1a + BY] are givenin keal mol™.

2aB'+ H,

5aB!
(-9.8)

‘(;51’;' ' (-34.8)

2
8aB!

P . A | 8

Selected bond lengths/(interatomic distances) (A) and angles ()
TS5a TaB! TS6a 8aB!
H1-H2 0.76 0.84 0.85 1.44
0-H1 1.93 1.50 1.45 0.99
B-H2 176 1.34 133 123
C-N-P-0 159.8 163.7 163.6 171.6

Figure 1.S33. Theoretical calculations for path II, affording 5aB! from 2aB!.

Discussions for TS1. The potential energy surface around TS1a was found to be relatively flat (Figure 1.S34).
As ordinary IRC calculations were difficult to apply, I thus performed a relaxed potential energy scan calculation

that approximately shows the connection from 2a’B! to 3aB! via TS1a.

_ -3,832100 3632100 _
5 ™77 >
T, -3,632.120 3632120 5
< ;_,’ TS1a < g
85 -3632140 2a'B 3aB' 3632140 B
c - € <
2 i
S 3832160 3632160 O
15 20 25 30 35 45 40 35 30 25 20 15
B-O distance / A B-C distance / A

Figure 1.834. Minimum energy potential pathway from 2a’B! to 3aB! via TSl1a, obtained from a relaxed
potential energy scan calculation. For the reaction coordinate from 2a’B! to TS1a, the B-O(P=0) distance was
used. For that from 3aB! to TS1a, the B-C(carbene) distance was used.

Discussions for TS3a. Relative potential energies are shown in Figure 1.S35a for the structures along a
minimum energy pathway. To the left of TS3a, the result of an IRC calculation is shown. To the right of TS3a,
the relative potential energy is plotted for structures along the steepest decent pathway that was obtained from
a structural optimization with very small increments. This optimization terminated at a metastable minimum
which is energetically 0.4 kcal/mol higher than the 6aB! state. This metastable point is structurally close to that
of the 6aB! state (Figure 1.S35b and 35c). Therefore, under thermal fluctuations in the experimental conditions,

the system can be expected to reach the 6aB! state.
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(a)

TS3a(0.0)
0.0 ...

LAK J
0.5 e

a metastable
minimum (-1.8)

Relative potential energy / kcal-mol
AN
o)

1.5
FLP-1aB*
2.0 AN
®
-2.5 6aB*(-2.2)
-60 -40 -20 0 20 40 60 80 100

Reaction coordinate

9
RB-C)=512A R(C-H1)=317 A RB-C)=506A R(C-H1)=3.21A
RB-H1)=253A R(C—H2)=249 A R(B-H1)=236A R(C-H2)=258A
R(B-H2)=284 A R(H1—-H2)=075A R(B-H2)=261A R(H1-H2)=075 A4

Figure 1.S35. (a) Relative potential energies of structures along a minimum energy pathway via TS3a. For the
reaction coordinates from 0 (TS3a) in negative direction, an IRC is given. Those from 0 in positive direction
represent potential energies of structures along the steepest descent direction obtained from a structural
optimization with very small increments. For the 6aB’ state, a reaction coordinate of 90 is given only for
representation purposes. The numbers in parentheses are potential energy values relative to that of TS3a.

Structures of (b) the metastable minimum state and (c) the 6aB! state with selected structural parameters.

Discussions for TSS5a. Relative potential energies are shown in Figure 1.S36 for the structures along a minimum
energy pathway. To the right of TS5a, the result of the IRC calculation is given. To the left of TSSa, the relative
potential energy is plotted for structures along the steepest decent pathway obtained from a structural
optimization with very small increments. This optimization terminated at the 7aB! state, which shows the

connectivity between the two stationary points.

=
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E TS5a(0.0)
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Figure 1.S36. Relative potential energies of structures along a minimum energy pathway via TS5a. For reaction
coordinates from O (TS5a) in positive direction, the result of the IRC calculation is given. Those from 0 in
negative direction are potential energies of structures along the steepest descent direction given by structural
optimization with very small increments. The numbers in parentheses represent potential energy values relative
to that of TS5a.

Discussions for TS6a. Given the results on the structural optimization, the potential energy of TS6a
(—3633.288355 hartree) is found to be very close to that of 7aB! (—3633.288363 hartree). In general, Gibbs
energy correction (AGibbs) is positive, and AGibbs to a transition state is smaller than that of an equilibrium
state. This causes the reversed energy level between TS6a and 7aB! found in Figure 1.5b. The energy difference
after the Gibbs correction and implementation of solvent effect was 1.5 kcal mol™!, of which 1.4 kcal mol™!

arises from AGibbs.

* The AIM analysis of TS1a

AIM calculations were carried out by
AIMAIl program based on the SCF
densities obtained at the @B97X-D/6-
31G(d) level.

The AIM bond paths and hond critical
points (¢ X rggy,~) are shown in gray lines
and green dots, respectively.

The selected AIM bond paths and bond
critical points (&% rgay,~) with overlaid
contour plots of ¥2p through the plane
defined by the C, B, and O atoms, which
clearly shows that none of the NCI are
included between C/O and B atoms.

Figure 1.S37. Results of the AIM analysis of TS1a.
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Chapter 2

Remote Back Strain for Catalytic Hydrogenation of

Carbonyl Compounds Using Crude H;

Abstract: Toward a more efficient use of crude H, without its energy-consuming purification, this study
employs gaseous mixtures of H,, CO, CO,, and CHy4 for the catalytic hydrogenation of aldehydes and ketones
in the presence of strategically designed triarylboranes and 4-methyltetrahydropyrane as a greener ethereal
solvent. The present results emphasize the unexplored utility of less-toxic main-group catalysis for the catalytic
hydrogenation using crude H, beyond the well-established transition-metal catalysis, which generally requires

purified Ho.

2.1. Introduction

Molecular hydrogen (H,) is commonly used as a reductant in contemporary industries producing
indispensable commodities such as fertilizers, fuels, cosmetics, and pharmaceuticals via hydrogenation of
unsaturated molecules.! In the mid- to long-term future, a large amount of crude Ho, i.e., a gaseous mixture of
H, and contaminants such as CO, CO,, and CHs,, is expected to be produced from a variety of hydrocarbon
resources (Figure 2.1).2 In this context, biomass and hitherto less-explored wastes such as food and livestock
wastes include hydrocarbons and can thus be used for the production of H» based on the waste-to-hydrogen
strategy.® Industrial off-gases generated in processes such as steel manufacturing, refineries, and contemporary
H, purification also contain a considerable amount of H,; however, off-gases have been predominantly used as
a fuel for flame stack because efficient Ho-separation strategies remain challenging tasks.'* In fact, purification
processes to remove such contaminants from crude H» affect the total energy consumption of the H,-production
process. Accordingly, intense research efforts have been devoted to the optimization/modification of
technologies for the efficient and sustainable purification of H,. Unfortunately, an approach that can

fundamentally solve all these challenges remains to be established.

Purification
Composition regulation

Biomass
Wastes

Natural gas |—— |H,, CO, CO,

Industries
Refineries

Q @ Previous work

Transition metals (Ru, Rh, etc.)
Main-group elements

Hydrogenation of carbonyl compounds

Figure 2.1. Hydrogenation of carbonyl compounds with crude H, (this work) or syngas/purified H, (previous
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work). A simplified scheme of representative contemporary route of syngas/H, production from hydrocarbon

resources is shown.

Our group has recently demonstrated a strategy to directly use gaseous mixtures of H,/CO/CO,/CHy
(1/1/1/1 molar ratio) or Ho/CO/CO, (1/5/1 or 1/1/5 molar ratio) for the catalytic hydrogenation of N-
heteroaromatics.’ In these reactions, frustrated Lewis pairs (FLPs)*® comprising triarylboranes (BArs; note:
heteroleptic species including different aryl groups are also represented in this form) and Lewis bases (LBs)
such as N-heteroaromatics and their reduced derivatives mediate the heterolytic cleavage of H, in the copresence
of CO and CO; even though several undesired quenching paths could potentially occur (Figure 2.2). These
results clearly distinguish the BArs-based hydrogenation catalysts from transition-metal-based systems that are
easily deactivated by CO and/or CO», even in the presence of a large excess of H».” Subsequently, inspired by
pioneering reports demonstrating the catalytic hydrogenation of carbonyl compounds using purified H, and FLP
species comprising BAr; and ethereal solvents,'” I envisioned the direct use of crude H, for the synthesis of
alcohols from aldehydes and ketones using BAr; catalysts (cf. Figure 2.2, wherein X and Y represent C and O).
I expected that such FLPs would exhibit a low reactivity toward CO and CO,,*!! thus preventing the reaction
to proceed along undesired paths caused by CO, (Figure 2.2; paths II and III), while reversible coordination of
CO to BAr; could kinetically inhibit the reaction progress (Figure 2.2; path I).>!? Replacing purified H, with
crude H> in the catalytic reduction of carbonyl compounds would contribute to the development of a sustainable
synthetic route to alcohols by partially or completely circumventing problematic H»-purification processes that
are generally essential for the transition-metal catalysis (Figure 2.1; previous work). Herein, I report a strategy
for the direct catalytic hydrogenation of aldehydes and ketones using newly designed B(2,6-F»-3,5-R,-C¢H)s (R
= Cl, Br) in the copresence of CO, CO,, CH4, and a certain amount of H>O.

It should be noted here that transition-metal carbonyl complexes including Rh and/or Ru have previously
been demonstrated to catalyze the hydroformylation/hydrogenation of alkenes with H»/CO (1/~1 molar ratio),
which includes the hydrogenation of in-situ-generated aldehydes in the copresence of CO.!* Nevertheless, the
compatibility of these transition-metal complexes when using crude H», which contains CO; and/or CH4, was

not explored, as some of the aforementioned Ru and Rh complexes also catalyze the hydrogenation of CO,.'

OC-BAr, ()
\\+CO
Key intermediates
-CO ™. m,
\ \ for hydrogenation ( )
Ha LB —3
co + [LB—HHH—BArJ] - LB-H || H
c02 BAr3 _C()2 O_BAr3
-COo, A, . . e
Hydrogenation under mixed gas condition
o ¢ +CO,
)] Y.
|_|51)I\o"3"°‘r3 )I(’ “H &
H

Figure 2.2. Hydrogenation of unsaturated molecules (X=Y) and potential reactions among H,, CO, CO,, LB
(Lewis base/basic part), and/or BArs. Dashed arrows represent backward reactions that do not always occur
under the same conditions as the corresponding forward reaction.

2.2. Results and discussion
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2.2.1. Catalysts screening

I initially explored the hydrogenation of 1-naphtaldehyde (9a) with Shvo’s Ru complex (TM?'), which is a
well-known hydrogenation catalyst, under the model reaction conditions shown in Figure 2.3.'3!® Not
surprisingly, 1-naphthalenmethanol (10a) was obtained in 99% in the presence of purified H, (20 atm;
conditions B); however, the yield of 10decreased to 17% when H»/CO/CO- (20 atm each; conditions A) was

Conditions B
10 mol% cat.

Conditions A

C o O HO H
H,/COICO, 5
+ or
O H (20 atm each) (20 atm) 1,4-dioxane O H
80°C,8h
9a (0.25 M) 10a
Transition-metal catalysts
H Br s
H\N/_ _\P/Ph PPh3 H\N/_J_\P/Pr
:'(Q /: "'Ru»: ph Rh(CO),(acac) Ph3P—’Rh —cl [ n\ Nipp
P” | Yco Ph3P ~SP7 | “co
oc’ l \ ¢ PH | iPr” |
co Ph cI 'Pr co
run 1 (TM') run 2 (TM?) run 3 (TM?) run 4 (TM4) run 5 (TM®)

O 1%
O 9%

0 nda2
O v

O nd»
O %

0 n.d.
O 5%

Homoleptic triarylborane catalysts

O 7
O 0%

F

F F F F cl cl Br Br ™S ™S

F F F?F F?EF FIE[F F);:[F

F F F F F F F F F F
F F F F ¢l Br Br  TMS & ™S
F FF E FF FF FF FF

cl cl Br Br ™S ™S
run 6 (B) run7 (B run 8 (B%) run 9 (B4 run 10 (BS)

O 60% (89%)

O 2%

«Br

& & oY oY% g m /L

F F cl ¢l Br Br Ar Ar | B
FF FF FF FF S ¢ Br
' -
F cl cl Br Br Ar r y A " o
(Ar = 3,5-(CF;),-CgH3) | Br
run 11 (B?) run 12 (B) run 13 (B8) run 14 (B%) Br

O 17%

O %

O 81% (84%)e

Heteroleptic triarylborane catalysts

O 4%

O s56%

O 54% (91%)

0O

o n.d.

— XRD Structure of B4 —

Figure 2.3. Optimization of the catalysts. General conditions: all reactions were conducted in an autoclave (10

mL), wherein 9a (0.40 mmol, 0.25 M) and the specified catalyst were mixed in 1,4-dioxane, followed by
pressurization with H,/CO/CO; (20 atm each, condition A) or H, (20 atm, condition B), before heating (80 °C)
was applied for 8 h. The product yield was determined by NMR analysis. [a] 0.5 mol% of Ru complex in
THF/H,O (v/v' = 1/2). [b] 0.5 mol% of catalyst with 1.5 mol% of Xantphos in EtOH. [¢] Addition of NaO'Bu
(30 mol%). [d] 16 h. [e] 12 h with H,/CO/CO; (10 atm each) and 4-methyltetrahydropyrane (MTHP) as the
solvent. TMS = trimethylsilyl.
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used as the feed gas (run 1; Figure 2.3). Similarly, Ru—PNP complex TM?, Rh—carbonyl complex TM?,
Wilkinson’s Rh complex TM*, and Mn—PNP complex TM?® did not mediate the hydrogenation of 9a when using
mixed-gas conditions, albeit that these complexes exhibit high catalytic activity when using pure H, (runs 2-5;
Figure 2.3). TM! and TM? have been reported to catalyze the hydrogenation of aldehydes in the presence of

1617 highlighting the challenging preparation of an active catalyst that can work under mixed-gas

syngas,
conditions, which are akin to crude Ha.

I then turned my attention to the use of BAr; (B'-B®). As elegantly demonstrated by Ashley et al. and
Stephan et al.,'®!1% archetypical B(CeFs); (B!) catalyzes the hydrogenation of 9a in 1,4-dioxane to give 9a in
82% yield using H (run 6B; Figure 2.3)."® Moreover, B! successfully afforded 10a in 60% yield within 8 h
under mixed-gas conditions (run 6A; Figure 2.3), demonstrating the robustness of the FLP toward the applied
H,/CO/CO; system. Extending the reaction time to 16 h resulted in the formation of 10a in 89% yield,
suggesting that contaminants induce kinetic inhibition. Decreasing the electrophilicity of the boron atom by
substituting the Cg¢Fs groups in B! with 2,3,5,6-F4-C¢H groups (B?)" decreased the yield of 10a to 45% when
using H»/CO/CO; (run 7A; Figure 2.3). The yield of 10a was increasing when the meta-substitution was changed
from F to Cl, finally to Br in eteroleptic species B®~B?, although 10a was obtained in only moderate yields (runs
11A-14A; Figure 2.3), albeit that these boranes exhibited considerably higher catalytic activity than B! in the
hydrogenation of N-heteroaromatics using an identical crude H, mixture.

I continued my investigation by optimizing homoleptic BAr; derivatives. I then designed meta-chlorinated
B? and brominated B, and theoretically confirmed that these two boranes should show electrophilicity that is
nearly identical to that of B2. In fact, the energy level of the LUMO, which contains the p orbitals on the boron
center, was calculated to be —1.16, —1.20, —1.20, and —0.20 eV for B%, B*, B*, and B®,*° respectively, using DFT
at the DSD-PBEP86-D3BJ/ma-Def2-QZVPP//PBEh-3c/Def2-SVP//gas phase level (Figure 3.1). To be delight,
I found that B3 and B* exhibited excellent catalytic activity (runs 9A and 10A; Figure 2.3). However, B®, which
contains trimethylsilyl groups (TMS), was employed, in that case, 10a was not obtained due to a drastic decrease
in the electrophilicity of the boron atom (run 8A; Figure 2.3). In particular, 10a was obtained in 91% yield using
B* after 12 h even when the pressure of the mixed gas was reduced to 10 atm for each fraction of Ho/CO/CO..
It should also be noted here that the solvent was changed to 4-methyltetrahydropyrane (MTHP) due to the poor
solubility of B* in 1,4-dioxane. When using a combination of B* and MTHP under H»/CO/CO, (10 atm each),
10a was obtained in 84% yield after 12 h, demonstrating the beneficial effect of using MTHP as a Lewis-basic
solvent. After a further exploration of the reaction conditions, I selected MTHP as the optimal solvent (Figure
S2.3). Importantly, the catalytic hydrogenation of 9a did not occur in toluene or CH,Cl,, suggesting that the
FLPs consisting of BAr; and Lewis-basic ethereal compounds mediate the crucial H,-cleavage process even
under the H»/CO/CO> conditions. It is noteworthy that MTHP can be easily separated from water (its solubility
in H>O is ca. 1.5 wt%) and removed in vacuo due to its strong hydrophobicity and low heat of vaporization,

which renders MTHP a greener ethereal solvent than THF.?!

2.2.2. Substrate scope

With the optimal conditions (BYMTHP) in hands, I subsequently investigated the substrate scope and
limitations under the H»/CO/CO> (1/1/1 molar ratio) conditions (Figure 2.4). The hydrogenation of aromatic
aldehydes (9b—9n) and ketones (90—9q) was conducted at 80 °C for 12 h using H,/CO/CO, (10 atm each), while
higher temperature (120 °C), land Ho/CO/CO; pressure (20 atm each) were applied for aliphatic aldehydes (9r—

40



9u). In general, benzaldehyde (9b) and its derivatives that contain para-electron-withdrawing groups such as
halogens (9¢-9f), CF; (9g), or an ester (9i) afforded the corresponding alcohols in high to excellent yields
together with negligible amounts of ether byproducts.'® Remarkably, no functionalization such as protonation
and carbonylation proceeded and the Cl, Br, and I atoms in 9d—9f thus remained unreacted under the present
mixed gas conditions. In contrast, 4-anisaldehyde (9h) could not be used efficiently in combination with this
mixed gas system (conversion of 9h: 32%; yield of 10h: 13%), probably due to the electron-donating nature
and Lewis basic reactivity of the methoxy group. The hydrogenation proceeded moderately when 10j, which
contains a para-COOH group, and 9m, which contains a bulky mesityl moiety, were employed. Participation
of a Lewis acidic p-(pinacolate)boryl group did not affect the progress of the hydrogenation, and 10k was
obtained in 81% yield under the mixed-gas conditions. Again, it is noteworthy that olefinic substituents such as
vinyl (91) and hexenyl (9n) groups are fully compatible with the present conditions including CO and CO», i.e.,
hydroformylation, hydrogenation, and isomerization did not occur.!*!” The gaseous mixture of Hy/CO/CO, was
also successfully applied to the preparation of secondary alcohols 100 and 10p via the hydrogenation of the
corresponding ketones (90 and 9p, respectively). Although B! has been reported to catalyze the reductive
deoxygenation of 90 in the presence of molecular sieves and H», such a reaction was not observed in this

CaSC.lOd’loe

A substantial decrease in the hydrogenation efficiency was observed for benzophenone (9q), which
afforded 10q in only 7% yield (conversion of 9q: 15%). Although the compatibility of aliphatic aldehydes has
been less-explored in the reported BArs-catalyzed systems, I found that 9r—9t were selectively transformed into
the corresponding alcohols (10r—10t) in the copresence of CO and CO,. The terminal and internal olefinic
moieties remained intact. Alcohol 10s was obtained in 89% yield under CO-rich H»/CO (10/20 atm; a model of
syngas) conditions. Using 2,6-dimethyl-5-heptenal (9u), which contains a trisubstituted olefinic moiety, resulted

in the formation of 10u in 38% yield with concomitant formation of several unidentified byproducts.
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Figure 2.4. Direct use of Ho/CO/CO; in the hydrogenation of carbonyl compounds catalyzed by B*. General
conditions: all reactions were conducted in an autoclave (10 mL), wherein 9 (0.40 mmol, 0.25 M) and B* (0.04
mmol) were mixed in MTHP followed by pressurization with H»/CO/CO; and heating at 80 °C or 120 °C. The
product yield was determined by NMR analysis. Isolated yield is given in the square bracket. [a] Reaction with
H,/CO (10/20 atm).

2.2.3. Deterioration effects of CO and CO;

To gain insight into the deterioration effects of CO and CO,, I conducted the hydrogenation of 9a using
B! (in 1,4-dioxane) or B* (in MTHP) in the presence of Ha/N, (20/40 atm), Ho/CO/N; (20 atm each), Hy/CO2/N,
(20 atm each), or H/CO/CO; (20 atm each) (Figure 2.5). To maintain the total pressure constant during these
reactions, the mixtures were pressurized N> gas where necessary. As expected, the yields of 10a were nearly
identical in every experiment when using B*. In contrast, in the case of B!, a slight decrease in the yield of 10a
was confirmed in the presence of CO, probably because the coordination of CO to the boron center kinetically
inhibits the generation of the FLP (path I; Figure 2.2). Contamination with CO> resulted in a nearly negligible
inhibition under the present conditions.

10 mol% cat.
9a + H;source —— > 10a

(0.25 M) 80°C,8h

' [ B" with 1,4-dioxane M B*with MTHP |

_________________________________________________________________________
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.
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Figure 2.5. Influence of the gas composition on the B'- or B*-catalyzed hydrogenation of 9a in the presence of
H2/N> (20/40 atm), H/CO/N; (20 atm each), H»/CO,/N; (20 atm each), or Ho/CO/CO; (20 atm each).

2.2.4. Application for hydrogenation of carbonyl compounds directly using industrial crude H,

Finally, I applied crude H» (H./CO/CO,/CH4/H,0 76/0.2/20/3.2/0.6 molar ratio), which was industrially
produced from CHy via desulfurization, steam reforming, and CO-shift conversion processes, to the B*-
catalyzed synthesis of 10a and 10s (Figure 2.6). For that purpose, the crude H, was treated with 4 A MS and
then pressurized. Thus, 10a and 10s were obtained in 76% and > 99% yield, respectively, via the selective

reduction of the formyl groups.
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Figure 2.6. Direct use of industrial crude H» in the B*-catalyzed synthesis of 10a and 10s. The reaction using 9
(0.40 mmol, 0.25 M) and B* (0.04 mmol) in MTHP was conducted at 80 °C for 12 h using crude H» (~13 atm)
for 9a or at 120 °C for 24 h using crude H; (~18 atm) for 9s. The product yield was determined by NMR analysis.

2.3. Conclusion

In summary, the present work demonstrates the efficiency of main-group catalysis in the catalytic
hydrogenation of unsaturated molecules under crude-H, conditions, thus circumventing the need for using
purified H», which is generally required in well-established transition-metal catalysis. I directly used gaseous
mixtures that contain H,, CO, CO», and CH4 in the catalytic hydrogenation of aldehydes and ketones. Key to
the construction of effective reaction systems here is using triarylborane catalysts designed to exhibit high
compatibility toward the aforementioned contaminants, including a certain amount of H,O, based on the remote-
back-strain strategy. In fact, the combination of B(2,6-F»-3,5-R»-C¢H); (R = CI, Br) with 4-
methyltetrahydropyrane (MTHP) generates FLPs that selectively mediate the heterolysis of H» under the applied
mixed gas conditions. Importantly, the formyl groups in aromatic and aliphatic aldehydes that also contain
halogen or olefinic substituents can be selectively hydrogenated under an H»/CO/CO; atmosphere without any
functionalization of these substituents (e.g., carbonylation, hydroformylation, and isomerization). Future work
will involve the investigation of the applicability of diverse crude H, mixtures produced from biomass and

wastes toward further improving this waste-to-hydrogen strategy.
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2.5. Supporting information
2.5.1. General considerations

Unless otherwise noted, all manipulations were conducted under a nitrogen atmosphere using standard
Schlenk or dry box techniques. 'H, 'B, C, and '°F NMR spectra were recorded on a Bruker AVANCE 111 400
at 25 °C and Bruker AVANCE III 600 spectrometers at 22 °C. The chemical shifts in the "H NMR spectra were
recorded relative to Me4Si or residual protonated solvent (C¢DsH (6 7.16), CHCI; (7.26), CDHCIl, (6 5.32), or
(CD2H)2S0 (52.50)). The chemical shifts in the "B NMR spectra were recorded relative to BF3. The chemical
shifts in the *C spectra were recorded relative to MesSi or deuterated solvent (CsDs (6 128.06), CDCl; (77.16),
or CD,Cl, (&53.84)). The chemical shifts in the ''"B NMR spectra were recorded relative to BFs;. The chemical
shifts in the "F NMR spectra were recorded relative to o,0,0-trifluorotoluene (5 —65.64). Assignment of the
resonances in '"H and '*C NMR spectra was based on 'H-'H COSY, HMQC, and HMBC experiments if required.
Medium-pressure column chromatography was carried out on a Biotage Flash Purification System Isolera,
equipped with a 254 nm UV detector. Gel permeation chromatography (GPC) was performed on Japan
Analytical Industry LC9225NEXT HPLC system equipped with JAIGEL-1H and JAIGEL-2H. Gas
chromatography-mass spectrometry (GC-MS) was carried out on a Shimadzu GCMS-QP2010 SE, equipped
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with a flame ionization detector. High resolution mass spectrometry (HRMS) was performed at the Instrumental
Analysis Center, Faculty of Engineering, Osaka University. A single-crystal X-ray diffraction analysis was

carried out using the Rigaku XtaLAB Synergy equipping with the HyPix-6000HE detector.

2.5.2. Materials

All commercially available reagents including super-dehydrated solvents (toluene, THF, Et,O, CH,Cl,,
1,4-dioxane, EtOH, and DMF) were purchased from Sigma Aldrich, Tokyo Chemical Industry (TCI), and
FUJIFILM Wako Pure Chemical Corporation, and used as received. C¢Ds was distilled from sodium
benzophenone ketyl prior to use. CD>Cl, was distilled over CaH, and stored over molecular sieves (4 A). CDCl;
was stored over molecular sieves (4 A). 1-Naphtaldehyde (9a) was used after distilled over CaH,. 4-
Methyltetrahydropyrane (MTHP) was provided from Kuraray Co., Ltd., and used after distillation using sodium
benzophenone ketyl. Triaryl boranes (B? B° B¢ B’ B! and B°),5'* 1,5-dichloro-2,4-difluoro-3-
iodobenzene, 1,5-dibromo-2,4-difluoro-3-iodobenzene,> and aldehyde 61° were prepared by following the
reported procedures. Gaseous chemicals including H,, H»/CO/CO; (a 1:1:1 molar ratio), H»/CO (a 1:1 molar
ratio), Ho/CO; (a 1:1 molar ratio), CO, and N, were purchased from Sumitomo Seika Chemicals Company and
used as received. Note that these gases include some impurities as shown in Table 2.S1. Gaseous chemicals
including H,/CO/CO»/CH4/H,0 (76/0.2/20/3.2/0.6 molar ratio) (produced by the VHR system from natural gas)
were provided from AIR WATER INC. and used after being stored over molecular sieves (4 A).

Table 2.S1. Impurities contaminated in Ha, CO, CHa, and N, (shown in ppm).

Impurity
N, 0, co Cco, H,
H, <200 <50 <1 <1 -
co <500 <100 - <100 <100
CH, <5000 <500 - <5000 -
N, - 0.01 0.02 0.02 0.02

Metrical data for the solid-state structures are available from Cambridge Crystallographic Data Centre: CCDC
2297793 (B%), 2297792 (B*), and 2313650 (8).

2.5.3. Synthesis of B* and B*
« Synthesis of B?

cl cl
I ' F F
' ]
E F PrMgCI(3.1eq) BFyOEt, (1.0 eq.) e
Et,0, rt, 2 h rt, 2 h Cl o
cl cl cF
Cl Cl
(3.1 eq.) B3
75%

To a Et;O (15 mL) solution of 1,5-dichloro-2,4-difluoro-3-iodobenzene (1.4 g, 4.5 mmol, 3.1 eq.),
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PrMgCl (4.5 mL of a 1.0 M solution in Et,O, 4.5 mmol, 3.1 eq.) was slowly added at rt. After stirring the
resultant solution for 2 h at rt, BF3-OEt; (204.5 mg, 1.4 mmol, 1.0 eq.) was added quickly to give a yellow
solution, and a white precipitate was generated after the period of 1 h. After stirring for 2 h at rt, all volatiles
were removed in vacuo to give an off-white solid. The resultant solid was extracted with hot hexane (3%x30 mL),
and filtered through a Celite pad to give B? as a white solid (600.0 mg, 1.1 mmol, 75% yield) after the removal
of all volatiles in vacuo. A single crystal suitable for the XRD analysis was obtained via crystallization at =30 °C
from toluene/hexane solution. 'H NMR (400 MHz, C¢Ds): J 6.77 (t, 3H, “Jur = 7.4 Hz, Ar-H). "B NMR (128
MHz, CD,Cl,): Not observed. BC{!H} NMR (100 MHz, CsDs): 6 159.9 (dd, 'Jcr = 10 Hz, *Jcr = 253 Hz),
138.0,120.7 (t,J=25.3 Hz), 119.7 (m). F NMR (376 MHz, C¢Ds): 5 —105.2 (s). Crystal data for C;sH;BClsFs
(M = 556.75): monoclinic, space group C2/c (#15), a=14.1339 (2) A, b =15.9637 (2) A, ¢ =20.7520 (3) A, «
=90°, B =99.097 (1)°, y = 90°, ¥ = 4623.37 (11) A®, Z =8, Dcalcd = 1.600 g/cm?, T = —130 °C, The final
Ri(wR2) =0.0340 (0.0970).
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Figure 2.S1. The molecular structure of B? with ellipsoids set at 30% probability; hydrogen atoms are omitted

for clarity.

+ Synthesis of B*

Br Br
I .
E F iPrMgCl (3.1 eq.) BCl; (1.0 eq.) FF FF
- : B
Et,0,-10°C,2h -10°C to 40 °C, 2 days  Br Br
Br Br
F F
4
(3.1 eq.) B
53%

To a Et,O (40 mL) solution of 1,5-dibromo-2,4-difluoro-3-iodobenzene (4.1 g, 10.1 mmol, 3.1 eq.) in
a test tube with a screw cap, PrMgCl (10.0 mL of a 1.0 M solution in Et;O, 10.0 mmol, 3.1 eq.) was slowly
added at —10 °C. After stirring the resultant solution for 2 h at —10 °C, a white precipitate was generated after
30 min, and BCl; (3.3 mL, of a 1.0 M solution in hexane, 3.3 mmol, 1.0 eq.) was added quickly at —10 °C. After
stirring for 2 days at 40 °C in the closed system, all volatiles were removed in vacuo to give an off-white solid.
The resultant solid was washed with CH>Cl, (cooled to —30 °C prior to use), extracted with toluene (2x30 mL),
and filtered through a Celite pad to give B* as a white solid (1.4 g, 1.8 mmol, 53% yield) after the removal of
all volatiles in vacuo. A single crystal suitable for the XRD analysis was obtained via crystallization at —30 °C
from toluene/hexane solution. 'H NMR (400 MHz, CD,Cl): 6 7.98 (t, 3H, “Jur = 7.0 Hz, Ar-H); (400 MHz,
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Ce¢D¢): 67.24 (t, 3H, , “Jur = 7.2 Hz, Ar-H). "B NMR (128 MHz, CD,Cl,): Not observed. BC{'H}NMR (100
MHz, CD,Cly): 6159.9 (dd, 'Jcr = 11 Hz, *Jcr = 253 Hz), 140.9, 105.6 (d, J = 26 Hz). ’F NMR (376 MHz,
CD:Cly): 6-96.7 (s); (376 MHz, CsDg¢): 6-96.2 (s). Crystal data for CisH3BBreFs (M = 823.47 g/mol): triclinic,
space group P1 (#2), a =7.2104(1) A, b =13.2348(2) A, c = 13.3494(2) A, a = 75.258(2)°, B = 86.732(2)°, y
=84.584(2)°, V'=1225.75(3) A%, Z=2, Dcalcd = 2.231 g/cm®, T=—150 °C, R;(WR>) = 0.0331 (0.0906).

Figure 2.S2. The molecular structure of B* with ellipsoids set at 30% probability; hydrogen atoms are omitted

for clarity.

2.5.4. Screening of catalysts in hydrogenation of 9a

* Screening of catalysts

o Gas OH
10 mol% cat.
H > H
O 1,4-dioxane O H
80°C,8h

9a 10a

General Procedure: A solution of 9a (0.4 mmol) and catalyst in 1,4-dioxane (1.6 mL) was transferred to a 10
mL autoclave. Once sealed, the autoclave was pressurized with H,/CO/CO, (20 atm each; Condition A) or H»
(20 atm; Condition B) at rt and stirred at 80 °C for 8 h. After degassing at rt, the reaction mixture was quenched
by MeOH. The resultant mixture was then transferred to a round bottom flask and dried in vacuo. Yield of 10a
was determined by "H NMR analysis using trimethylphenylsilane as an internal standard in CDCls. Noted that
1,1’-(oxybis(methylene))dinaphthalene was obtained in ~4% yield as byproduct in Run 6A—-14A.

General Procedure for Run 2: A solution of 9a (0.4 mmol) and TM? (0.002 mmol) in THF/H,O (1/2 mL) was
transferred to a 10 mL autoclave. Once sealed, the autoclave was pressurized with H,/CO/CO; (20 atm each;
Condition A) or H, (20 atm; Condition B) at rt and stirred at 80 °C for 8 h. After degassing at rt, the reaction
mixture was quenched by MeOH. The resultant mixture was then transferred to a round bottom flask and dried

in vacuo. Yield of 10a was determined by "H NMR analysis using trimethylphenylsilane as an internal standard
in CDCls.
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General Procedure for Run 3: A solution of 9a (0.4 mmol), TM? (0.002 mmol), and Xantphos (0.006 mmol) in
EtOH (1.2 mL) was transferred to a 10 mL autoclave. Once sealed, the autoclave was pressurized with
H»/CO/CO; (20 atm each; Condition A) or H, (20 atm; Condition B) at rt and stirred at 80 °C for 8 h. After
degassing at rt, the reaction mixture was quenched by MeOH. The resultant mixture was then transferred to a
round bottom flask and dried in vacuo. Yield of 10a was determined by 'H NMR analysis using

trimethylphenylsilane as an internal standard in CDCls.

General Procedure for Run 5: A solution of 9a (0.4 mmol), TM?, and NaO'Bu (0.1 mmol) in 1,4-dioxane (1.6
mL) was transferred to a 10 mL autoclave. Once sealed, the autoclave was pressurized with H,/CO/CO, (20 atm
each; Condition A) or H, (20 atm; Condition B) at rt and stirred at 80 °C for 8 h. After degassing at rt, the
reaction mixture was quenched by MeOH. The resultant mixture was then transferred to a round bottom flask

and dried in vacuo. Yield of 10a was determined by '"H NMR analysis using trimethylphenylsilane as an internal
standard in CDCls.

* Characterization of 10a and 1,1'-[oxybis(methylene)]bis(naphthalene)
OH 1-Naphthalenemetanol (10a): "TH NMR (400 MHz, CDCls): §8.14 (d, J= 8.2 Hz, 1H, Ar-
O H H),7.89(d,J=38.1Hz 1H, Ar-H), 7.82 (d, J= 8.2 Hz, 1H, Ar-H), 7.58-7.44 (m, 4H, Ar-H),
O H 5.17 (d, J= 5.8 Hz, 2H, CH,OH). A resonance of OH was not observed.

confirmed from these data; "TH NMR (400 MHz, CDCl;): § 5.07 (s, 4H,

O o O CH,OCH). GC-MS (m/z): 298.

2.5.5 Screening of reaction conditions in hydrogenation of 9a using B* or B*

o H,/COI/CO, OH
10 mol% cat.
H > i
O solvent O H
temp., time

! 1,1’-(Oxybis(methylene))dinaphthalene: The formation of the product was

9a 10a
run cat. solvent pressure (atm each) temp. (°C) time (h) yield of 10a (%)

1 B? THF 20 80 8 63
2 B3 Et,0 20 80 8 88
3 B3 MTHP 20 80 8 88

4 B3 toluene 20 80 8

5 B3 CH,CI, 20 80 8
6 B* MTHP 20 80 8 91
7 B* MTHP 10 80 8 75
8 B* MTHP 10 80 12 91
9 B3 MTHP 10 80 12 84
10 B* MTHP 10 60 12 28
1 B* MTHP 10 100 8 79
122 B* MTHP 10 80 12 43

49



Figure 2.S3. Screening of solvent in hydrogenation of 9a using B* or B*. [a] 5 mol% of catalyst.

General Procedure: A solution of 9a (0.4 mmol) and catalyst (0.04 mmol) in solvent (1.6 mL) was transferred
to a 10 mL autoclave. Once sealed, the autoclave was pressurized with H/CO/COs at rt and stirred under heating.
After degassing, the reaction mixture was quenched by MeOH. The resultant mixture was transferred to a round
bottom flask and dried in vacuo. Yield of 10a was determined by 'H NMR analysis using trimethylphenylsilane

as an internal standard in CDCls.

2.5.6. Synthesis of 9n
* Synthesis of 1-bromo-2-(hex-5-en-1-yl)benzene

10 mol% Cul MgBr
©/\B/r 10 mol% 2,2"-Bipyridyl A3, (12eq) Br
t o t o
Br toluene, -78 °C, 10 min -78°Ctort,18 h N
4

>99%

A THF (50 mL) solution of 5-bromopent-1-ene (14.9 g, 100.0 mmol) was slowly added to Mg (3.6 g,
150.0 mmol) stirred in THF (30 mL) at 0 °C. After stirring for 2 h at 80 °C, the resultant Grignard solution was
cooled to rt. To a toluene (60 mL) solution of 2-bromobenzyl bromide (20.9 g, 83.6 mmol), Cul (1.5 g, 8.0
mmol, 0.1 eq.), and 2,2’-bipyridyl (1.3 g, 8.0 mmol, 0.1 eq.), pent-4-en-1-ylmagnesium bromide (100.0 mL of
a 1.0 M solution in THF, 100.0 mmol, 1.2 eq.) was slowly added at —78 °C. After stirring for 2 h at —78 °C, the
resultant solution was allowed to warm to rt and then stirred for additional 16 h. The reaction was quenched
with sat. NH4CI aq. (80 mL), and the organic layer was extracted with Et;O (3x100 mL), washed with sat.
NaHCOs aq. (2x40 mL) and brine (3x40 mL) and dried over Na,SO4. All volatiles were removed in vacuo to

give a brown oil (20.3 g, 84.9 mmol, >99%), which was used in the next step after sublimation at 90 °C in vacuo
(ca. 0.2 mmHg). "H NMR (400 MHz, CDCls): 6 7.52 (d, J= 8.0 Hz, 1H, Ar-H), 7.24-7.20 (m, 2H, Ar-H), 7.06—
7.02 (m, 1H, Ar-H), 5.87-5.77 (m, 1H, CH=CH>), 5.04—4.94 (m, 2H, CH=CH>), 2.73 (t,J = 7.8 Hz, 2H, CH)),
2.11 (q,J=7.2 Hz, 2H, CH,), 1.67-1.61 (m, 2H, CH>), 1.48 (quin, J = 7.5 Hz, 2H, CH,)). BC{'H} NMR (100
MHz, CDCls): ¢ 142.1, 138.9, 132.9, 130.4, 127.5, 127.5, 124.6, 114.6, 36.2, 33.7, 29.5, 28.8. HRMS (EI"):
m/z Caled for Ci;H,5Br 238.0357, found 238.0355.

* Synthesis of 2-(hex-5-en-1-yl)benzaldehyde (9n)

0
Br "Buli(15eq) DMF (25eq) H
Cg\,):\ THF, -78°C,30 min  -78°Ctort,16h N
9n
81%

To a THF (40 mL) solution of 1-bromo-2-(hex-5-en-1-yl)benzene (8.5 g, 35.5 mmol), "BuLi (33.0 mL
of a 1.6 M solution in hexane, 53.0 mmol, 1.5 eq.) was slowly added at —78 °C. After stirring for 30 min at —
78 °C, a THF (10 mL) solution of DMF (6.8 mL, 88.8 mmol, 2.5 eq.) was slowly added at —78 °C. The resultant
solution was allowed to warm to rt and then stirred for an additional 16 h. The reaction was quenched with sat.
NH4ClI aq. (50 mL), and the organic layer was extracted with Et;O (3x50 mL), washed with sat. NaHCO;
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aq.(2x20 mL) and brine(3%20 mL), and dried over Na,SO4. All volatiles were removed in vacuo and the residue
was purified by flash column chromatography on silica gel (EtOAc/hexane = 15/85) to give a pale yellow oil
(5.4 g, 28.7 mmol, 81%). '"H NMR (400 MHz, CDCl3): 6 10.28 (s, 1H, CHO), 7.83 (d, /= 7.6 Hz, 1H, Ar-H),
7.50 (t, J= 7.2 Hz, 1H, Ar-H), 7.36 (t, J= 7.6 Hz, 1H, Ar-H), 7.27 (d, /= 7.2 Hz, 1H, Ar-H), 5.85-5.75 (m, 1H,
CH=CH2), 5.03—4.93 (m, 2H, CH=CH2), 3.03 (t, J= 7.6 Hz, 2H, CH2), 2.12-2.07 (m, 2H, CH2), 1.67-1.60 (m,
2H, CH2), 1.53-1.45 (m, 2H, CH2). BC{'H} NMR (150 MHz, CDCl;): J 192.4, 145.7, 138.8, 133.9, 133.8,
131.7, 131.1, 126.6, 114.7, 33.7, 32.5, 31.9, 28.9. HRMS (EI'): m/z Calcd for Ci3H;sO 188.1201, found
188.1200.

2.5.7 Substrate scope
H,/CO/CO, (10 atm each)
10 mol% B* HO
1 2 > o1 2
RT 'R MTHP RT R
9 10

H

General Procedure (Method A): A solution of 9 (0.4 mmol) and B* in MTHP (1.6 mL) was transferred to a 10
mL autoclave. Once sealed, the autoclave was pressurized with Ho,/CO/CO; (10 atm each) at rt and stirred at 80
°C for 12 h. After degassing at rt, the reaction mixture was transferred to a round bottom flask and dried in
vacuo. Yields of 10 and ether byproducts were determined by "H NMR analysis using trimethylphenylsilane as
an internal standard in CDCl;. The formation of the ether byproducts was confirmed/estimated through the

comparison with "H NMR spectra of the reported/similar compounds.

General Procedure (Method B): A solution of 9 (0.4 mmol) and B* in MTHP (1.6 mL) was transferred to a 10
mL autoclave. Once sealed, the autoclave was pressurized with Ho/CO/CO; (20 atm each) at rt and stirred at
120 °C for 24 h. After degassing at rt, the reaction mixture was transferred to a round bottom flask and dried in
vacuo. Then, the product was purified by flash column chromatography on silica gel using gradient EtOAc in

hexane. Yields of isolated products are given.

OH  Benzyl alcohol (10b): Followed by the general procedures (Method A) using 9b (41.5 mg) and
H B* (32.6 mg, 0.04 mmol), giving 10b in 91% yield confirmed by the NMR analysis using
H trimethylphenylsilane (9.3 mg, 0.1 mmol). '"H NMR (400 MHz, CDCl;): & 7.37-7.29 (m, 5H,
Ar-H), 4.70 (s, 2H, CH,OH). A resonance of OH was not observed. The formation of dibenzyl
ether was conformed in 3%, which was calculated using 54.56 (s) in '"H NMR.

oH  4-Fluorobenzyl alcohol (10c): Followed by the general procedures (Method A) using 9¢

(50.5 mg) and B* (32.8 mg, 0.04 mmol), giving 10¢ in 97% yield confirmed by the NMR

H analysis using trimethylphenylsilane (15.5 mg, 0.1 mmol). "H NMR (400 MHz, CDCls): &

F 7.35-7.30 (m, 2H, Ar-H), 7.04 (t, J= 8.6 Hz, 2H, Ar-H), 4.64 (s, 2H, CH>OH), 2.87 (brs, 1H,

OH). The formation of 1,1” -(oxybis(methylene))bis(4-fluorobenzene) was conformed in 1%, which was
calculated using 5§4.50 (s) in 'H NMR.
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oH 4-Clorobenzyl alcohol (10d): Followed by the general procedures (Method A) using 9d
/©/k\H (57.0 mg) and B* (33.0 mg, 0.04 mmol), giving 10d in 91% yield confirmed by the NMR

H analysis using trimethylphenylsilane (16.7 mg, 0.1 mmol). '"H NMR (400 MHz, CDCls): &

Cl 7.32-7.28 (m, 4H, Ar-H), 4.67 (s, 2H, CH>OH). A resonance of OH was not observed. The

formation of 1,1” -(oxybis(methylene))bis(4-chlorobenzene) was conformed in 4%, which was calculated
using 54.52 (s) in '"H NMR.

oH 4-Bromobenzyl alcohol (10e): Followed by the general procedures (Method A) using 9e
(74.7 mg) and B* (33.1 mg, 0.04 mmol), giving 10e in 96% yield confirmed by the NMR
analysis using trimethylphenylsilane (11.9 mg, 0.1 mmol). "TH NMR (400 MHz, CDCls): &
Br 7.48 (d, J = 8.4 Hz, 2H, Ar-H), 7.22 (d, J = 7.6 Hz, 2H, Ar-H), 4.63 (s, 2H, CH,OH). A
resonance of OH was not observed. The formation of 1,1” -(oxybis(methylene))bis(4-bromobenzene) was
conformed in 2%, which was calculated using 54.50 (s) in '"H NMR.

H
H

oH 4-lodobenzyl alcohol (10f): Followed by the general procedures (Method A) using 9f (92.8
/©/k\H mg) and B* (33.1 mg, 0.04 mmol), giving 10f in 94% yield confirmed by the NMR analysis

H using trimethylphenylsilane (16.0 mg, 0.1 mmol). "TH NMR (400 MHz, CDCl;): §7.68 (d,J
I = 8.0 Hz, 2H, Ar-H), 7.09 (d, J = 7.6 Hz, 2H, Ar-H), 4.63 (s, 2H, CH>OH). A resonance of

OH was not observed. The formation of 1,1” -(oxybis(methylene))bis(4-iodobenzene) was estimated in 1%,
which was calculated using 54.48 (s) in 'H NMR.

OH  4-(Trifluoromethyl)benzyl alcohol (10g): Followed by the general procedures (Method
/©/k\H A) using 9¢g (71.2 mg) and B* (32.4 mg, 0.04 mmol), giving 10g in > 99% yield confirmed
H by the NMR analysis using trimethylphenylsilane (10.7 mg, 0.1 mmol). '"H NMR (400
FsC MHz, CDCls): 67.62 (d, J = 8.0 Hz, 2H, Ar-H), 7.47 (d, J = 8.0 Hz, 2H, Ar-H), 4.77 (s,
2H, CH,OH), 2.21 (brs, 1H, OH).
OH  4-Methoxybenzyl alcohol (10h): Followed by the general procedures (Method A) using
H 9h (54.9 mg) and B* (33.2 mg, 0.04 mmol), giving 10h and in 13% yield confirmed by
MeO H the NMR analysis using trimethylphenylsilane (12.2 mg, 0.1 mmol). 'H NMR (400 MHz,
CDCls): 67.28 (d, J = 8.6 Hz, 2H, Ar-H), 6.88 (d, J = 8.6 Hz, 2H, Ar-H), 4.46 (s, 2H,
CH,OH), 3.81 (s, 3H, OCH;), 1.89 (brs, 1H, OH). The formation of 1,1 -(oxybis(methylene))bis(4-
methoxybenzene) was confirmed in 4%, which was calculated using 54.62 (s) in '"H NMR.
oH  Methyl 4-(hydroxymethyl)benzoate (10i): Followed by the general procedures
/©/k\H (Method A) using 9i (66.2 mg) and B* (32.4 mg, 0.04 mmol), giving 10i in > 99%
H yield, confirmed by the NMR analysis using trimethylphenylsilane (12.4 mg, 0.1
MeOOC mmol). '"H NMR (400 MHz, CDCls): 58.02 (d, J = 8.0 Hz, 2H, Ar-H), 7.42 (d, J =
8.0 Hz, 2H, Ar-H), 4.76 (s, 2H, CH,OH), 2.48 (brs, 1H, OH).
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oH 4-(Hydroxymethyl)benzoic acid (10j): Followed by the general procedures (Method
/O/k\H A) using 9j (60.1 mg) and B* (33.0 mg, 0.04 mmol), giving 10j in 40% yield confirmed

H by the NMR analysis using trimethylphenylsilane (10.2 mg, 0.1 mmol). '"H NMR (400

HOOC MHz, DMSO-ds): §12.99 (brs, 1H, COOH), 7.90 (d, J = 8.0 Hz, 2H, Ar-H), 7.43 (d, J

= 8.0 Hz, 2H, Ar-H), 538 (brs, 1H, OH), 4.57 (s, 2H, CH>OH). The formation of 4,4'-
(Oxybis(methylene))bisbenzoic acid was estimated in 4%, which was calculated using 54.69 (s) in '"H NMR.

OH 4-(4,4,5,5,-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl alcohol (10k): Followed by

H the general procedures (Method A) using 9k (92.5 mg) and B* (34.8 mg, 0.04 mmol),

(pin)B H giving 10k in 81% yield confirmed by the NMR analysis using trimethylphenylsilane
(10.5 mg, 0.1 mmol). '"H NMR (400 MHz, CDCl3): 67.81 (d, J = 7.6 Hz, 2H, Ar-H),

7.36 (d, J= 7.4 Hz, 2H, Ar-H), 4.70 (s, 2H, CH,OH), 1.35 (s, 12H, (CH3)CC(CHs3)>). A resonance of OH was

not observed.

OH  4-Vinylbenzyl alcohol (101): Followed by the general procedures (Method A) using 91

H (52.5 mg) and B* (32.9 mg, 0.04 mmol), giving 101 in 86% yield confirmed by the NMR

A H analysis using trimethylphenylsilane (18.0 mg, 0.12 mmol). '"H NMR (400 MHz, CDCl5):
0741 (d, J=8.4 Hz, 2H, Ar-H), 7.32 (d, J = 8.4 Hz, 2H, Ar-H), 6.72 (dd, J = 17.6 Hz,

10.8 Hz, 1H, CH=CH»), 5.76 (dd, J = 17.6 Hz, 0.4 Hz, 1H, CH=CH>), 5.25 (dd, J = 10.9 Hz, 0.4 Hz, 1H,
CH=CH>), 4.69 (s, 2H, CH>OH). A resonance of OH was not observed.

OH  2,4,6-Trimethylbenzyl alcohol (10m): Followed by the general procedures (Method A)
H using 9m (59.1 mg) and B* (33.2 mg, 0.04 mmol), giving 10m in 35% yield confirmed by

H the NMR analysis using trimethylphenylsilane (12.8 mg, 0.1 mmol). "H NMR (400 MHz,
CDCl): 66.87 (s, 2H, Ar-H), 4.72 (s, 2H, CH,OH), 2.40 (s, 6H, CH), 2.27 (s, 3H, CH3). A

resonance of OH was not observed. The formation of 2,2'-(oxybis(methylene))bis(1,3,5-trimethylbenzene) was
estimated in 7%, which was calculated using §4.55 (s) in 'H NMR.

2-(Hex-5-en-1-yl)benzenemethanol (10n): Followed by the general procedures (Method A)
using 9Kk (75.3 mg) and B* (31.8 mg, 0.04 mmol), giving 10n in 89% yield confirmed by the
NMR analysis using trimethylphenylsilane (12.4 mg, 0.1 mmol). Analytically pure 10n was

obtained by flash column chromatography on silica gel using gradient EtOAc in hexane, given
as a colorless liquid (66.5 mg, 0.35 mmol, 88%). '"H NMR (400 MHz, CDCls): §7.37 (d, J = 7.6 Hz, 1H, Ar-
H),7.27-7.19 (m, 3H, Ar-H), 5.87-5.77 (m, 1H, CH=CH>), 5.04—4.94 (m, 2H, CH=CH>), 4.72 (s, 2H, CH,OH),
2.69 (t, J=7.8 Hz, 2H, CH>), 2.11 (q, J = 7.1 Hz, 2H, CH>), 1.66—-1.58 (m, 3H, CH> and OH), 1.53-1.46 (m,
2H, CH,). BC{'H} NMR (101 MHz, CDCl;): 140.9, 138.9, 138.3, 129.5, 128.3, 126.2, 114.6, 63.2, 33.8, 32.3,
29.0. HRMS (EI): m/z Caled for CisH;sO [M]" 190.1358, found 190.1354. The formation of 2,2'-
(oxybis(methylene))bis(hex-5-en-1-ylbenzene) was estimated in 1%, which was calculated using ¢ 4.58 (s) in
"H NMR.
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HO H 1-Phenylethanol (100): Followed by the general procedures (Method A) using 90 (50.8 mg) and
B’ (32.2 mg, 0.04 mmol), giving 100 in 56% yield confirmed by the NMR analysis using
trimethylphenylsilane (12.9 mg, 0.1 mmol). '"TH NMR (400 MHz, CDCls): §7.37-7.33 (m, 5H,
Ar-H), 490 (q, J = 6.4 Hz, 1H, CHOH), 1.50 (d, J = 6.4 Hz, 3H, CH3), 2.27 (s, 3H, CH;3). A

resonance of OH was not observed.

F 4-Fluoro-a-methylbenzeneethanol (10p): Followed by the general procedures (Method

\©\HO)£ A) using 9p (72.0 mg) and B* (32.5 mg, 0.04 mmol), giving 10p in >99% yield confirmed

by the NMR analysis using trimethylphenylsilane (9.0 mg, 0.1 mmol). 'H NMR (400 MHz,

CDCl3): 67.19-7.15 (m, 2H, Ar-H), 7.02-6.98 (m, 2H, Ar-H), 4.03-3.96 (m, 1H, CHOH), 2.78-2.64 (m, 2H,
CH3), 1.24 (d, J= 6.4 Hz, 3H, CH;). A resonance of OH was not observed.

HO H 1-Phenylethanol (10q): Followed by the general procedures (Method A) using 9q (72.8
O O mg) and B* (32.7 mg, 0.04 mmol), giving 10q in 7% yield, confirmed by the NMR analysis
using trimethylphenylsilane (11.2 mg, 0.1 mmol).

Ho H Dodecan-1-ol (10r): Followed by the general procedures (Method B) using 9r (68.4 mg) and
B* (32.7 mg, 0.04 mmol), giving 10r as a colorless liquid, which was isolated in 92% yield
(63.0 mg, 0.3 mmol). '"H NMR (400 MHz, CDCls): §3.64 (t, J = 6.6 Hz, 2H, CH,OH), 1.60—
1.53 (m, 2H, CH>), 1.26 (s, 18H, (CH»)oCH,OH), 0.88 (t, J = 6.8 Hz, 3H, CH3). A resonance of OH was not

observed.

"CyHy3~ 'H

HOo H Undec-10-en-1-ol (10s): Followed by the general procedures (Method B) using 9s (66.7 mg)
and B* (33.0 mg, 0.04 mmol), giving 10s as a colorless liquid, which was isolated in 98% (66.2
mg, 0.4 mmol). "H NMR (400 MHz, CDCl5): §5.86-5.76 (m, 1H, CH=CH2>), 5.02-4.91 (m, 2H,
CH=CH,), 3.64 (t,J= 6.6 Hz, 2H, CH,OH), 2.04 (dt, J= 6.8 Hz, 7.6 Hz, 2H, CH,=CHCH,), 1.60—1.53 (m, 2H,
CH>CH:OH), 1.29 (s, 13H, (CH.)s and OH).

A H

HO H (4)-Hexadec-11-en-1-0l (10t): Followed by the general procedures (Method B) using 9t (94.0

( H mg, >95% purity as received from TCI) and B* (32.4 mg, 0.04 mmol), giving 10t as a colorless
_ o liquid, which was isolated in > 99% (93.5 mg, 0.4 mmol). Unidentified resonances derived
3 from impurities involved in 9t are found in 'H and '*C NMR spectra. '"H NMR (600 MHz,

CDCls): 65.36-5.33 (m, 2H, CH=CH), 3.64 (t, J = 6.6 Hz, 2H, CH,0H), 2.04-2.00 (m, 4H, (CH>),), 1.56 (dt,
J= 6.9 Hz, 14.4 Hz, 2H, CH,CH=CH), 1.33-1.28 (m, 19H, (CHa)s and OH), 0.90 (t, J = 7.2 Hz, 3H, CHs).
BC{H} NMR (100 MHz, CDCls): 130.0, 63.3, 33.0, 32.1, 29.9, 29.8, 29.7, 29.7, 29.6, 29.4, 27.3, 27.1, 25.9,
22.5,14.2.

HO H 2,6-Dimethylhept-5-en-1-0l (10u): Followed by the general procedures (Method B) using

H 9u (55.3 mg) and B* (32.2 mg, 0.04 mmol), giving 10u as a colorless liquid, which was

™ )2 isolated in 38% (21.3 mg, 0.2 mmol). '"H NMR (400 MHz, CDCls): § 5.12-5.09 (m, 2H,
C=CH), 3.54-3.40 (m, 2H, CH,OH), 2.09-1.92 (m, 2H, CH>), 1.68 (s, 3H, CH3), 1.66—1.62
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(m, 1H, CH), 1.61 (s, 3H, CHs), 1.48-1.39 (m, 1H, C(H)H), 1.20-1.10 (m, 1H, C(Z)H), 0.93 (d, J= 6.4 Hz, 3H,

CHs3). A resonance of OH was not observed.

2.5.8. Synthesis of (£)-pentadec-10-en-1-yl 3,5-dinitrobenzoate (11) to determine the molecular structure
of 10t

o HO H (o}
O:N cl (. H NEt; (1.0 eq.) O-N o )
+ 9 - 9
L THF, 0°Ctort,19 h X 3
N02 Noz
10t 1
38%

To a THF (1 mL) solution of 10t (413.2 mg, 1.2 mmol) and NEt; (166.0 uL, 1.2 mmol, 1.0 eq.), 3,5-
dinitrobenzoyl chloride (2.5 mL of a 0.5 M solution in THF, 1.2 mmol, 1.0 eq.) was slowly added at 0 °C. After
stirring for 1 h at 0 °C, the resultant solution was allowed to warm to rt and then stirred for additional 18 h. All
volatiles were removed in vacuo to give yellow liquid. The resultant liquid was purified by GPC to give 11 as
colorless liquid (196.2 mg, 0.5 mmol, 38% yield) after the removal of all volatiles in vacuo. A single crystal
suitable for the XRD analysis was obtained via crystallization at 5 °C from EtOH/H»O solution. 'H NMR (400
MHz, CD:ClLy): 69.23 (t, 1H, J=2.2, Ar-H), 9.16 (d, 2H, J = 2.0 Hz, Ar-H), 5.36-5.33 (m, 2H, CH=CH), 4.45
(t,J=6.8 Hz, 2H, COOCH>), 2.02-1.99 (m, 4H, (CH>)>), 1.83 (dt, J= 6.8 Hz, 14.8 Hz, 2H, CH,CH=CH), 1.48—
1.29 (m, 18H, (CH:)v), 0.89 (t,J=7.0 Hz, 3H, CHs). *C{'H}NMR (100 MHz, CD>Cl,): §162.7, 148.8, 134.3,
130.0, 130.0, 129.6, 122.4, 67.3, 32.7, 32.4, 32.1, 29.9, 29.7, 29.4, 29.4, 28.7, 27.3, 27.1, 26.0, 22.5, 14.1.
HRMS (ET"): m/z Calcd for C23H34N206 434.2417, found 434.2421. Crystal data for C23H3uN2Os (M = 434.24
g/mol): monoclinic, space group P2i/c (#14), a =10.1763(12) A, b =5.4945(7) A, c =43.514(7) A, o= 90°, B
=94.966(13)°, y=90°, V=2423.9(6) A3, Z= 4, Dcalcd = 1.191 g/cm?, T=-30 °C, R;(wR>) = 0.0708 (0.2104).
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5% v % o
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Figure 2.54. The molecular structure of 11 with ellipsoids set at 30% probability.

2.5.9. Hydrogenation of 9s using H,/CO (10/20 atm)
o H,/CO (10/20 atm)
/\MJL 10 mol% B* /\Mx
Z T H MTHP T2, H
120°C, 24 h
9s 10s

89%
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A solution of 9s (67.5 mg, 0.4 mmol) and B* (32.7 mg, 0.04 mmol) in MTHP (1.6 mL) was transferred to a 10
mL autoclave. Once sealed, the autoclave was pressurized with CO (20 atm) and H; (10 atm) at rt and stirred at
120 °C for 24 h. After degassing at rt, the reaction mixture was transferred to a round bottom flask and dried in
vacuo, giving 10s in 89% yield confirmed by the NMR analysis using trimethylphenylsilane (13.0 mg, 0.1

mmol).

2.5.10. Influence of contaminants

General Procedure using B': A solution of 9a (62.5 mg, 0.4 mmol) and B! (20.5 mg, 0.04 mmol) in 1,4-dioxane
(1.6 mL) was transferred to a 10 mL autoclave. Once sealed, the autoclave was pressurized with H, (20 atm)
and N, (40 atm), Ho/CO (20 atm each) and N> (20 atm), H»/CO; (20 atm each) and N, (20 atm), or H,/CO/CO,
(20 atm each) at rt and stirred at 80 °C for 8 h. After degassing at rt, the reaction mixture was transferred to a
round bottom flask and dried in vacuo. Yield of 10a was determined by 'H NMR analysis using

trimethylphenylsilane as an internal standard in CDCls.

General Procedure using B*: A solution of 9a (62.5 mg, 0.4 mmol) and B* (32.9 mg, 0.04 mmol) in MTHP (1.6
mL) was transferred to a 10 mL autoclave. Once sealed, the autoclave was pressurized with H, (20 atm) and N»
(40 atm), Ho/CO (20 atm each) and N» (20 atm), H,/CO, (20 atm each) and N» (20 atm), or H,/CO/CO, (20 atm
each) at rt and stirred at 80 °C for 8 h. After degassing at rt, the reaction mixture was transferred to a round
bottom flask and dried in vacuo. Yield of 10a was determined by 'H NMR analysis using trimethylphenylsilane

as an internal standard in CDCls.

2.5.11. Hydrogenation of 9a or 9s using an industrial crude H,

9a 10a (76%)
10 mol% B*
or + Crude H, = or
MTHP
9s 80-120 °C 10s (>99%)
12-24 h

Procedure using 9a: A solution of 9a (62.8 mg, 0.4 mmol) and B* (33.0 mg, 0.04 mmol) in MTHP (1.6 mL) was
transferred to a 10 mL autoclave. Once sealed, the autoclave was pressurized with H,/CO/CO,/CH4/H>O (total
ca. 13 atm; partial pressure of H» is ca. 10 atm) at rt and stirred at 80 °C for 12 h. After degassing at rt, the
reaction mixture was transferred to a round bottom flask and dried in vacuo, giving 10a and 1,1'-
(oxybis(methylene))dinaphthalene in 76% and 3% yield, respectively, confirmed by the NMR analysis using
trimethylphenylsilane (9.2 mg, 0.1 mmol).

Procedure using 9s: A solution of 9s (67.5 mg, 0.4 mmol) and B* (32.7 mg, 0.04 mmol) in MTHP (1.6 mL) was
transferred to a 10 mL autoclave. Once sealed, the autoclave was pressurized with H,/CO/CO,/CH4/H>O (total
ca. 18 atm; partial pressure of H; is ca. 14 atm) at rt and stirred at 120 °C for 24 h. After degassing at rt, the
reaction mixture was transferred to a round bottom flask and evaporated in vacuo, giving 10s in >99% yield

confirmed by the NMR analysis using trimethylphenylsilane (9.8 mg, 0.1 mmol).
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2.5.12. Titration of H,O contaminated in an industrial crude H;

A pressure-tight NMR tube (Wilmad-LabGrass 542-PV-7; V' = 1.8 mL) was charged with 1,3-

dimethoxybenzene (13.8 mg, 0.1 mmol; an internal standard) and CsDs (500 pL). Once sealed, the NMR tube
was pressurized with a gaseous mixture of Ho/CO/CO,/CH4+/H,O (received by AIR WATER INC.) stored over
4 A MS overnight. The contaminated H,O was quantified by '"H NMR analysis (Table 2.S2).

Table 2.S2. Titration of H,O (ppm).

After dehydrated b
Run 4 AyMs !
1 300
2 450
average 375
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Chapter 3

Studies on Details of Remote Back Strain

Abstract: A strategy for modulating the Lewis acidity of triarylboranes is proposed based on the concept of
‘remote’ back strain. I studied the details on remote back strain using B(2,6-F»-3,5-R»-C¢H); (R =F, CI, and Br)
and B(2,6-F»-3,5-R,-CsH); (R = TMS, allyl, and H). Steric repulsion and non-covalent interactions, both
generated between the aryl meta substituents of triarylboranes, are found to be critical for determining the
strength of the remote back strain. It should be noted that I synthesized B(2,6-F»-3,5-TMS,-CsH)s and the liquid
B(2,6-F»-3,5-allyl,-CsH)3 designed based on the concept of remote back strain and demonstrated their superior
catalytic activity for the hydrogenation of quinoline relative to B(CeFs); and B(2,6-F»-C¢H3);. Moreover, 1
established the first example of the catalytic hydrogenation of quinoline using B(2,6-F»-3,5-allyl,-CsH); in the
presence of a gaseous mixture of Ho/CO/CO, (1/1/1 molar ratio).

3.1. Introduction

Our group has recently investigated the hydrogenation of 2-methylquinoline using a gaseous mixture
of H2/CO/CO; and demonstrated that the catalyst turnover number (TON) increases significantly when the meta
substituent R in B(2,6-Cl,C¢H3)(2,6-F»2-3,5-R»-CsH)» was changed from F (1000) to Cl (1400) and finally to Br
(1520)." T have also reported the hydrogenation of carbonyl compounds using a gaseous mixture of H,/CO/CO»
and demonstrated reaction efficiency was increased from F to Cl and to Br in Chapter 2. Given their nearly
identical LUMO(+1) levels, I speculated that the size and shape of the meta substituents (R in Figure 3.1) could
have a substantial impact on the Lewis acidity and reactivity of BAr; (or BAr,Ar’) via control of the ‘remote’
back strain.

Herein, I report evaluation of the remote back strain through the comparison with B(2,6-F>-3,5-Rz-
CeH); (B: X = F, B*:X = Cl, and B*X = Br) (Figure 3.1, Group A). I also report the synthesis of novel
homoleptic boranes B(2,6-F»-3,5-R»-CsH); (B®: R = trimethylsilyl, TMS; B!’ R = allyl) to evaluate the impact
of the remote back strain on global and effective Lewis acidity through the comparison with B (R = H) (Figure
3.1, Group B). I discuss the degree of the remote back strain based on the changes in the relative Gibbs energies
(AG®) for the adduct formation with selected LBs such as Et;P=0, H,O, CO, THF, and NMes. In addition, 1
calculated deformation energies (Epgr)**®* for the evaluation of an energetic penalty paying for the geometrical
rearrangement around the boron from trigonal planar to tetrahedral through the adduct formation. Application

of BS, B!, and B! to the catalytic hydrogenation of quinoline using H, or Ho/CO/CO; are also reported.
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‘R 2 k i
Group A Group B emote’ back strain

R LUMO R LUMO LB
B2:F -1.16eV B%:TMS -0.20 eV Et;P=0 (Gutman-Beckett method /DFT)
B3:Cl -2.00eV B':Allyl -0.22eV H,0, CO, THF, NMe; (DFT)
B4:Br -2.00eVB"™H -0.30eV Quinoline (hydrogenation with crude H,)

Figure 3.1 Triarylboranes B>BS, B!, and B!! used in this work. The energy levels of the LUMOs (eV),
calculated at the RI-DSD-PBEP86-D3BJ/ma-Def2-QZVPP//PBEh-3¢c/Def2-SVP level (gas phase), are also
shown. [a] LUMO-+1.

3.2. Results and discussion
3.2.1. Comparison between B>-B*

First, to evaluate the remote back strain, I calculated t5(B) for the evaluation of the degree of geometrical
deviation from the ideal tetrahedral geometry around the boron center,* where 15(B) = {360 — (a + £)/141 x
p/a} (aand fare the largest and second largest C—B—C angles). When the boron center adopts ideal tetrahedral
geometry, the value of 15(B) provide 1.0 as their maximum, and smaller values thus suggest the more distorted
tetrahedral geometry. The values of t5(B) are summarized in Figure 3.2. I compared t5(B), then it was clarified
that the geometries around each boron center in THF—B" adducts are nearly identical, regardless of differences
in the meta substituents. Next, to evaluate the relative degree of the remote-back-strain for B2-B*, 1 compared
the deformation energies (Eper in kcal mol™')? when forming the LB-B" adducts (n = 2-4; LB = THF). As
summarized in Figure 3.2., the introduction of larger atoms (meta-F < Cl < Br) results in an increase in the Epgr
values, i.e., B? (+25.3 kcal mol™!) < B? (+25.6 kcal mol ') < B* (+25.7 kcal mol '), and a destabilization of the
adducts, i.e., THF-B? (9.5 kcal mol ') < B* (9.3 kcal mol ') < B* (—8.9 kcal mol™!), where relative energies
are given with respect to [THF + B"] (+0.0 kcal mol ™). Although these energy differences are not sufficient to
exclude calculation errors, it suggested that FLP was generated efficiently from MTHP-B" adduct (n =3 and 4)
by remote back strain generated in meta-Cl/Br, thus, the hydrogenation of carbonyl compounds in Chapter 2

was proceeded efficiently when using B* and B*.

3 ()

[0}

F B2 BJ B‘

e F {}R R S | R R
Be"‘\ F THF Q/B""me t5(B) 090 091 091

F
R ’E F AG®* 95 -93 -89
R - F R [AF] [-218] [-219] [-21.9]
R Eper +25.3 +25.6 +25.7
R R

Planar-to-tetrahedral deformation

Figure 3.2. Comparison of the LUMO (eV), Eper (kcal mol ™), and relative Gibbs energy levels of THF-B"
adducts (n = 2-4) with respect to [THF + B"] (+0.0 kcal mol ™).

3.2.2. Strategy to design B® and B!’
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To explore a relationship between the remote back strain and Lewis acidity, model molecules should
be appropriately designed. In this context, I synthesized B and B!® through the introduction of meta-TMS and
allyl group, respectively, for comparison with meta-protonated B'"'. A preliminary computation revealed that
their intrinsic Lewis acidity would be nearly comparable (Figure 3.1). In fact, the difference in the energy level
of LUMO (eV) is negligible between B (—0.20) and B' (-0.22), albeit the differences compared to B! (—0.30)
might be carefully considered. BAr; compounds bearing electron withdrawing substituents at the meta positions
should be inappropriate due to the significant difference in their LUMO levels, as exemplified by B(2,3,4,5-Fs-
CsH)3 (—1.16 eV, calculated at the identical conditions shown in Figure 3.1). In addition, the comparison of the
percent buried volume (% Vgur)° revealed that meta-TMS groups occupy larger area (A% Veur +2.6~4.7%) around
the B-aryl groups than meta-allyl groups, simulated using H,B(2,6-F»-R»>-C¢H) (R = TMS or allyl) as model
molecules (Figure 3.S7). I also confirmed that an influence of the Buttressing effect’ caused by meta-TMS and

allyl groups should be negligible under the presented conditions (Figure 3.S8).

3.2.2. Synthesis of B’ and B'’

The preparation of B® followed the procedures shown in Scheme 3.1. A stepwise introduction of two
TMS groups was achieved with 1,5-Br,-2,4-F»-C¢Hz (12) and TMSOTT by a silver-catalyzed transmetalation.®
Then, subsequent iodination of the product afforded 13™S which was converted into B’ by treatment with
‘PrMgCl in THF followed by the addition of BF3-OEt,. Eventually, BS was isolated as a colorless crystal in 35%
yield from a hot hexane solution, and analytically pure B° was isolated in 4% yield after repeated
recrystallization. The molecular structure of B was unambiguously confirmed by multinuclear NMR and
single-crystal X-ray diffraction (SC-XRD) analyses (Scheme 3.S1). I also synthesized B' in 23% yield from
134 which was prepared by a catalyst-free one-pot reaction between allyl bromide and a Grignard reagent
generated from 12. Interestingly, B' is a liquid under ambient conditions and was thus identified by
multinuclear NMR analysis. The introduction of the allyl groups onto the ortho-fluorinated triarylborane motif
was further confirmed by SC-XRD analysis of the CH;CN-B!® adduct (Scheme 3.S2). The CH;CN-B!® adduct
can be stored under ambient conditions (22 °C, ~30% humidity) for at least seven days without apparent

decomposition. The coordinated CH3CN moiety can be removed in vacuo after dissolving the adduct in toluene.

I PrMgCl
F F THF, -78°C;  BS5 (4%)
Iir F,B:OEt, B (23%)
R R —-78°Ctort.

R = TMS: 13™8$
R = Allyl: 13AWY!

Scheme 3.1 Synthesis of B3 and B'’. Yield of isolated products is shown.

3.2.3. Evaluation of the effective Lewis acidity

I then evaluated the effective Lewis acidity of B%, B!’, and B by using the Gutmann-Beckett method,’
i.e. by comparing the deviation in chemical shifts (Adp) upon the formation of Et;P=0-B" (n =5, 10, and 11)
relative to free EtsP=0 (dp = 51.4 in CD,Cl,). A larger value of Adp is expected for triarylboranes that exhibit
higher Lewis acidity toward EtsP=0. As shown in Scheme 3.2, the value of Adp follows the order of B (Adp =
+20.3) < B® (Adp = +21.2) = B! (Adp = +21.5), showing that the LUMO(+1) levels alone cannot be used to

60



rationalize the relative Lewis acidities of B3, B!®, and B'. The formation of Et;P=O—B" was also confirmed by
"B NMR spectroscopy, and resonances that indicate the generation of four-coordinate boron species were
observed at 6 = —0.4 (B%), —0.3 (B!?), and —1.4 (B"), respectively. Cooling of a 1:1 mixture of B and Et;P=0
to —30 °C afforded colorless crystals, which were suitable for the SC-XRD analysis. The molecular structure of
Et;P=0-B? are shown in Scheme 3.S3. A 1:1 mixture of Et;P=0 and B!® remained a liquid.

Et;P=0
(3.0 equiv.)

B" —— » Et;P=0-B"
Cchlz, I

& 5

BS 726 -0.4

BV 71.7 -03

B" 729 -14

Scheme 3.2. (A) Reaction between B" (n =5, 10, and 11) and Et;P=0 (3 equiv.) in CD,Cl,.

3.2.4. Evaluation of 15, AG° (AE®), and Epgr

I then reproduced the geometrical parameters obtained for Et;P=O-B% from SC-XRD analysis by
using DFT calculations at the PBEh-3¢/Def2-mSVP level (gas phase).? The final single-point energy was
calculated at the RI-DSD-PBEP86-D3BJ/ma-Def2-QZVPP, CPCMC(CH,Cl,) level and combined with the
thermal corrections from the PBEh-3c¢ calculations. Similarly, structural optimizations and single point energy
calculations were conducted for the corresponding adducts containing B!® and B! based on the optimized
geometry of EtsP=O-B?. In addition, the theoretical calculations were carried out for the reaction between B"
(n=5,10, and 11) and a variety of LBs, including H,O, CO, THF, and NMes. From these geometrical parameters,
I calculated t5(B) for the evaluation of the degree of geometrical deviation from the ideal tetrahedral geometry
around the boron center.** The values of 15(B) and energies (kcal mol™!) such as AG° (AE®) with respect to [B”

+ LB] (+0.0 kcal mol™") and Epgr are summarized in Figure 3.3.

(A) LB: Et;P=0
BS B10 B11
w(B) 090 090 094

AG® -80 -6.0 68
[AE] [-23.2] [-21.2] [-21.2]

Eper 4273 4279 +22.8

(D) LB: THF
B1 B10 B11
w(B) 090 090 090

AG° 42 -38 49
[AE] [-17.5] [-165] [-17.0]

(B) LB: H,0 (C) LB: CO
BS B10 B11 BS B10 B11
w(B) 090 091 091 <t B) 088 092 090

AG®  #12 #1702 AG® +3.0 +38 +26
[AE] [-10.2] [-8.6] [-11.7] [AE?] [-8.1] [-5.9] [-8.4]

Eper +17.3 +194 #1741 Eper +17.7 +183 +15.9

(E) LB: NMe,
BS B10 B11
B) 095 095 095

AG® 429 +47 7
[AE] [-134] [-9.7] [~135]

Eper +244 +261 +24.0 Eper +304 4318 +29.3

Figure 3.3. The relative Gibbs energies (kcal mol™'), AG°/AE® with respect to [B” + LB], and the deformation
energies, Epgr, calculated for the formation of LB—B" at the RI-DSDPBEP86-D3BJ/ma-Def2-QZVPP//PBEh-
3¢c/Def2-mSVP level of theory (gas-phase). Final single point energy was carried out with CPCMC(CH:Cl,)

implementation for the corresponding results in (A).

The 15(B) values show that the geometries around each boron center in LB—B” adducts, when the same
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LB is used, are nearly identical, regardless of differences in the meta substituents. Moreover, the formation of
Ets:P=0-B® (AG° = —8.0 kcal mol ™) is energetically more favorable compared to both cases of Et;P=0—B!
(AG® = —6.8 kcal mol™) and EzP=0-B' (AG° = —6.0 kcal mol ") (Figure 3.3A). Considering the relative
energies of their LUMO(+1) levels (Figure 3.1) and that TMS is sterically more demanding than the H and allyl
substituents (Figure 3.S7), I attribute the stabilization of Et;P=O-B? to non-covalent interactions (NCIs) arising
from the TMS groups.!? In fact, I found that several NCIs exist between P-Et groups and meta-R groups in
Et;P=0-B" (n=35,R =TMS; n = 10, R = allyl), although the corresponding NCI is not confirmed in Et;P=O-B!
(Figure 3.S15-17). Furthermore, in the case of Et;P=0O-B®, NCIs also exist between the individual meta-TMS
groups. These multiple NCIs that exist in Et;P=0-B® would render its formation more exothermic than that of
B!. The NCIs between the individual meta-TMS groups probably play a critical role for the enhancement of
global and effective Lewis acidity of B3 with respect to B!. When LB in the LB-B" adducts is are H>O, CO,
THF, and NMe; (Figure 3.3B—E), the values of AG°increase in the order of LB—B!" (m-H) < LB—B% (m-TMS)
< LB-B" (m-allyl). These results show good consistency with the results obtained by the Gutmann-Beckett
method (Scheme 3.2A). NCIs that exist between such small LBs and the meta-substituents are not expected to
play a significant role in stabilizing LB—B". Instead, NCIs that exist between the individual meta-TMS groups
should play a key role in making the formation of LB—B® a more-exothermic process than the case of LB-B!’.
These results are also consistent with the calculated Epgr values. For the LB—B" adducts explored in this work,
Epgr increases in the order B! (m-H) < B® (m-TMS) < B!® (m-allyl). Thus, Epgr can be used as an indicator to

compare the relative strength of remote back strain when the front strain is comparable.

3.2.5. Hydrogenation of quinoline

Subsequently, I examined the catalytic activity of B, B!, and B! in the hydrogenation of quinoline
(Qin) to give 1,2,3,4-tetrahydroquinoline (H4-Qin) (Scheme 3.3 The catalytic hydrogenation of 2-substituted
and/or 8-substituted derivatives of Qin has been developed by using H» and triarylboranes, such as B(C¢Fs)s.
The reaction proceeds through the generation of an FLP species in situ from boranes and the quinoline derivative
(or a produced cyclic amine).!! However, the hydrogenation of Qin itself remains challenging as it tends to form
stable classical Lewis adducts with triaryboranes'? and, consequently, the generation of an FLP species becomes
unfavorable after the removal of the 2-and/or 8-substituents. In fact, it has been reported that B(CeFs); is an
ineffective catalyst for the hydrogenation of Qin (TON = 0).!* In this context, modulation of the front strain
based on the size-exclusion design has been demonstrated as an effective solution, and the heteroleptic catalyst
B(2,3,5,6-F4CsH)>(Mes) exhibits a TON of ~20 for the formation of Hs-Qin. '* The B!!-catalyzed hydrogenation
of Qin initially furnished H4-Qin in 20% yield after eight hours at 100 °C (Scheme 3.3A). This result shows
that lowering the intrinsic Lewis acidity of the catalyst is a key to promoting the reaction, as B! has the virtually
same front strain as B(CesFs)3. The hydrogenation of Qin was significantly accelerated by using catalysts with
meta-TMS or meta-allyl groups, which furnished Hs-Qin in yields of 42% and >99%, respectively. The TON
reached 87 after 24 hours when 2 mol% of B'® was employed, clearly demonstrating the benefits of modulating
the remote back strain. Finally, I applied B! to the catalytic hydrogenation of Qin by using a 1:1:1 molar
gaseous mixture of H, , CO, and CO» , a model of the crude H, that is produced from a variety of carbon-based
resources such as natural gas or biomass (Scheme 3.3B)."!* Hs-Qin was obtained in >99% yield, demonstrating
that Qin can be potentially used as an organic material that simultaneously separates and stores H» directly from

crude Ha.
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H, (10 atm) H

—_—
N/ toluene N”H
100 °C, 8 h |
Qin .
(1.5 M) H-Coin
BS: 42%
B'%: >09% [87]"
B'": 20%
(B) H,/COICO, (20 atm each)
5 mol% B1°
Qin » H;-Qin
(1.5 M) toluene
100 °C, 8 h >99%

Scheme 3.3. (A) Catalytic hydrogenation of quinoline (Qin) in the presence of 5 mol% B". Yield of 1,2,3,4-
tetrahydroquinoline (H4-Qin) was determined by GC analysis. fCatalyst turnover number after 24 h using 2
mol% B'. (B) B!’-catalyzed hydrogenation of Qin using H,/CO/CO> (20 atm each) as a model of crude H,.

3.3. Conclusion

This study proposes a strategy of modulating the remote back strain of triarylboranes to finely tune their
Lewis acidity by varying the size and shape of their aryl meta-substituents. A comparison of the effective and
global Lewis acidities of B(2,6-F»-3,5-R>-C¢H); (B%, R=F; B®, R = Cl; BY, R = Br; B>, R=TMS; B!’ R = allyl;
B!, R = H) revealed that consideration of both the steric repulsion and noncovalent interactions generated
between R groups is essential for successfully modulating the remote back strain. In this context, the
deformation energy serves as an informative indicator for comparing the strength of the remote back strain
between such triarylboranes. The triarylboranes studied here were also used as catalysts for the hydrogenation
of quinoline, and a large improvement in the catalytic activity was observed when the catalyst was changed
from B" (meta-H) to B’ (meta-TMS) or B!’ (meta-allyl). Subsequently, the B'’-catalyzed hydrogenation of
quinoline using a 1:1:1 molar gaseous mixture Hz, CO, and CO; was achieved for the first time. These results
can be expected to pave the way for further progress in advanced main-group catalytic processes and molecular-

based H; purification technologies.
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3.5. Supporting information
3.5.1. General considerations

All manipulations were conducted under a nitrogen atmosphere by using standard Schlenk or grove
box techniques unless otherwise noted. Molecular sieves (4 A) were activated by heating with a heat gun in
vacuo (ca. 0.2 mmHg). 'H, "B *C, "F, and *'P NMR spectra were recorded on a Bruker AVANCE III 400 at
25 °C unless otherwise noted. The chemical shifts in the '"H NMR spectra were recorded relative to MesSi or
residual protonated solvent (CsDsH (67.16), CHCI3 (8 7.26), or CD,HCN (6 1.94)). The chemical shifts in the
13C spectra were recorded relative to MesSi or deuterated solvent (C¢Ds (0 128.06), CDCl; (677.16), or CD;CN
(5118.26, 1.32)). The chemical shifts in the !'B NMR spectra were recorded relative to BF;. The chemical shifts
in the 'F NMR spectra were recorded relative to a,a,a-trifluorotoluene (J565.64). The chemical shifts in the 3'P
NMR spectra were recorded relative to 85% HsPO4 as an internal standard. Assignment of the resonances in *H
and *C NMR spectra was based on H-*H COSY, HMQC and/or HMBC experiments if required. High
resolution mass spectrometry (HRMS) was performed at the Instrumental Analytical Center, Faculty of
Engineering, Osaka University. A single-crystal X-ray diffraction analysis was carried out using the Rigaku
XtalLAB Synergy equipping with the HyPix-6000HE detector.

3.5.2. Materials
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All commercially available reagents including super dehydrated solvents (THF and Et,O) were
employed as received Benzene-ds was distilled from sodium benzophenone ketyl prior to use. Compound B!
was prepared by following the reported procedure.S?

Gaseous chemicals including H; and H2/CO/CO; (a 1:1:1 molar ratio) were purchased from Sumitomo
Seika Chemicals Company and used as received. Note that these gases include some impurities as shown in
Table 3.S1.

Table 3.S1. Impurities contaminated in H> and CO (shown in ppm).

Impurity
N 0. co CO, H,
H, <200 <50 <1 <1 -
co <500 <100 - <100 <100

Metrical data for the solid-state structures are available from Cambridge Crystallographic Data Centre
CCDC2265357 (B®), 2265358 (CHsCN-B*?), 2265359 (EtsP=0-B?).

3.5.3. Synthesis of Tris(2,6-difluoro-3,5-bis(trimethylsilyl)phenyl)borane (B®)
- Synthesis of (5-bromo-2,4-difluorophenyl)trimethylsilane

AgOAc (10 mol%)

ch[': iPrMgCI (1.2 eq) TMSOTf (1.9 eq) FI:[F
Br Br THF THF Br ™S

0°Cto30°C,3h 0°Cto30°C,18h
12 88%

An Et,0 solution of ‘PrMgCI (1.0 M, 96.0 mL, 96.0 mmol) was slowly added to a THF solution of
1,5-dibromo-2,4-difluorobenzene (1.3 M, 21.8 g, 80.0 mmol) at 0 °C. After stirring for 3 h at 30 °C, the resultant
solution was transferred to another flask where trimethylsilyl trifluoromethanesulfonate (27.3 mL, 151.3 mmol)
and AgOAc (1.3 g, 8.0 mmol) were mixed in THF (280.0 mL) at 0 °C. After stirring 18 h at 30 °C, saturated
NH,4Cl1 aq. (20.0 mL) was added to the resultant solution. The reaction mixture was concentrated in vacuo, then
the organic layer was extracted with hexane (100.0 mL x 3), washed with water (20.0 mLx 3) and brine (20.0
mLx 3), and dried over Na,SOj. After filtration, the combined organic layer was concentrated in vacuo to afford
(5-bromo-2,4-difluorophenyl)trimethylsilane as a yellow liquid (18.6 g, 70.2 mmol, 88%), which was used in
the following step without further purification after dehydration over 4 A MS. Characterization data of 'H%* and
9FS3 NMR analyses was consistent with literature values. '"H NMR (400 MHz, CDCls): 67.49 (dd, *Jur = 5.6
Hz, 8.4 Hz 1H, Ar-H), 6.82 (t, *Jur = 8.4 Hz, 1H, Ar-H), 0.31 (d, J = 0.8 Hz, 18H, Si(CHs);). ’F NMR (376
MHz, CDCl;): 6 —101.8 (m, 1F), —105.2 (dd, /= 8.8 Hz, 1F).

- Synthesis of (4,6-difluoro-1,3-phenylene)bis(trimethylsilane)
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AgOAc (10 mol%)

ch[': iPrMgCI (1.5eq) TMSOTf (2.6 eq) ch[':
Br ™S THF THF ™S ™S

0°Cto30°C,1.5h 0°Cto30°C,7h

72%

An Et,0 solution of 'PrMgCl (1.0 M, 60.0 mL, 60.0 mmol) was slowly added to a THF solution of
(5-bromo-2,4-difluorophenyltrimethylsilane (1.3 M, 10.6 g, 40.0 mmol) at 0 °C. After stirring for 1.5 h at 30
°C, the resultant solution was transferred to another flask where trimethylsilyl trifluoromethanesulfonate (19.0
mL, 105.2 mmol) and AgOAc (0.7 g, 4.0 mmol) were mixed in THF (150.0 mL) at O °C. After stirring 7 h at
30 °C, saturated NH4Cl ag. (10.0 mL) was added to the resultant solution. The reaction mixture was concentrated
in vacuo, and then the organic layer was extracted with hexane (100.0 mL x 3), washed with water (20.0 mLx
3) and brine (20.0 mLx 3), and dried over Na,SO.. After filtration, the combined organic layer was concentrated
in vacuo and the residue was purified by the chromatography on a silica gel, eluted with hexane, to afford (4,6-
difluoro-1,3-phenylene)bis(trimethylsilane) as a colorless liquid (7.4 g, 28.8 mmol, 72%). This product was
used in the following step without further purification after dehydration over 4 A MS. *H NMR (400 MHz,
CDCls): 67.38 (t, “Jur = 7.2 Hz, 1H, Ar-H), 6.66 (t, 3Jur = 9.0 Hz, 1H, Ar-H), 0.31 (s, 18H, Si(CHs)s). BC{*H}
NMR (101 MHz, CDCls): 6169.2 (dd, YJcr = 246.4 Hz, 3Jcr = 12.1 Hz), 141.5 (t, 3Jcr = 13.1 Hz), 121.4 (m),
102.6 (dt, J = 28.8 Hz, J = 5.1 Hz), —0.89. **F NMR (376 MHz, CDCls): §-99.8 (t, J = 7.5 Hz, 2F). HRMS
(EI*): m/z Calcd for Ci12H20F2Si» 258.1072, found 258.1075.

« Synthesis of (4,6-difluoro-5-iodo-1,3-phenylene)bis(trimethylsilane) (13™9)

FjC[F LDA (1.5 eq) I, (2.0 eq) F F
™S ™S THF THF ™S ™S

-78°C,1h -78°Cto10°C,14 h

13TMS
78%

To a THF solution of diisopropylamine (0.3 M, 4.5 mL, 32.0 mmol) was slowly added a hexane
solution of "BuLi (1.2 M, 26.7 mL, 32.0 mmol) at —60 °C. After stirring at —60 °C for 1 h, the resultant solution
was slowly added to a THF solution of (4,6-difluoro-1,3-phenylene)bis(trimethylsilane) (0.2 M, 5.5 g, 21.3
mmol) at —78 °C. After stirring at =78 °C for 1 h followed by addition of a THF solution of 1> (1.1 M, 10.8 g,
42.6 mmol), the resultant mixture was allowed to warm to room temperature and then stirred for additional 14
h. After diluted with saturated Na,S,03 ag. (50.0 mL), the mixture was poured into water (100.0 mL). The
organic layer was extracted with hexane (200.0 mL x 2) and Et;O (100.0 mL x 1), washed with brine (50.0
mLx 3), and dried over Na;SO4. The combined organic layer was concentrated in vacuo and the residue was
purified by the chromatography on a silica gel, eluted with hexane. After removal of all volatiles in vacuo, the
residue was washed with EtOH to afford (4,6-difluoro-5-iodo-1,3-phenylene)bis(trimethylsilane) as a colorless
crystal (6.4 g, 16.6 mmol, 78%) which was used in the next step after sublimation at 100 °C in vacuo (ca. 0.2
mmHg). *H NMR (400 MHz, CeDe): & 7.36 (t, “Jur = 6.8 Hz, 1H, Ar-H), 0.22 (s, 18H, Si(CHs)s). ¥*C{*H}
NMR (101 MHz, CeDe): §168.4 (dd, “Jcr = 244.4 Hz, *Jcr = 6.1 Hz), 141.5 (t, *Jcr = 13.1 Hz), 122.5(d, J =
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35.4 Hz), 72.1, —1.2. F NMR (376 MHz, C¢D¢): §—81.7 (d, “Jur = 7.5 Hz, 2F). HRMS (EI*): m/z Calcd for
C12H10F2Si211 384.0038, found 384.0043.

« Synthesis of tris(2,6-difluoro-3,5-bis(trimethylsilyl)phenyl)borane (B®)

TMS TMS
|

F F 'PrMgCl (1.0 eq)  BF;+OEt, (0.3 eq) FF FF
> > B
TMS:[ :I:TMS THF THF TMS1:¢:[f \]:::YTMS
F F

0°C,1h -10 °C to rt, o.n.
T™MS T™S
BS
35% (~98% purity)
4% (99% purity)

A THF solution of (4,6-difluoro-5-iodo-1,3-phenylene)bis(trimethylsilane) (0.2 M, 3.2 g, 8.3 mmol)
was slowly added to a THF solution of 'PrMgCl (2.0 M, 4.1 mL, 8.3 mmol) at 0 °C. The reaction mixture was
stirred at 0 °C for 1 h, and then BF3-OEt, (0.3 mL, 2.6 mmol) was added quickly at —10 °C. After stirring at
room temperature overnight, the reaction mixture was concentrated in vacuo. The residue was extracted with
hexane through a Celite pad and the extracted hexane solution was concentrated in vacuo. Recrystallization at
15~20 °C from a saturated hot hexane to afford B® of 95-98% purity as a colorless crystal (717.8 mg, 0.92
mmol, 35%). Analytically pure B® was obtained by repeating the recrystallization in 4% yield, when another
reaction was carried out by following the aforementioned procedure using (4,6-difluoro-5-iodo-1,3-
phenylene)bis(trimethylsilane) (1.0 mmol). The crystal obtained by these recrystallization processes was
suitable for the SC-XRD analysis. "H NMR (400 MHz, CsD¢): 57.78 (t, “Jur = 7.0 Hz, 3H, Ar-H), 0.26 (s, 54H,
Si(CHs)3). "B NMR (128 MHz, C¢Ds): Not observed. *C{"H} NMR (101 MHz, C¢D¢): § 172.2 (dd, 'Jcr =
248.5 Hz, *Jcr = 12.1 Hz), 146.6 (dt, J=15.2 Hz, J=3.0 Hz), 121.3 (m), 118.7 (t,J = 28.3 Hz), —1.0. YFNMR
(376 MHz, CsDs): 6—86.7 (d, “Jur = 7.5 Hz, 6F). Crystal data for C30HeBFsSic (M = 826.25): triclinic, space
group P1 (#2), a = 10.5151(1) A, b = 11.0701(1) A, ¢ = 21.2591(2) A, a = 97.628(1)°, B = 91.037(1)°, y =
90.654(1)°, V =2452.09(4) A3, Z=2, T=—150 °C, u(Cu Ka) = 1.990 mm', Dcalcd = 1.119 g/cm?, 32168
reflections measured (8.058° <26 <136.502°), 8960 unique (Rin = 0.0304, Rgigma = 0.0226) which were used in
all calculations. The final R; was 0.0385 (I > 2o(I)) and wR2 was 0.1021 (all data).
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Figure 3.S1. Molecular structure of BS with ellipsoids set at 30% probability. H atoms and solvated C¢H)4 are

omitted for clarity.

3.5.4. Synthesis of Tris(2,6-difluoro-3,5-diallyl)borane
+ Synthesis of 1,5-diallyl-2,4-difluorobenzene

1) 'PrMgCl (1.5 eq) 1) 'PrMgCl (1.5 eq)
F:@:F THF, 0°C tort, 1.5 h THF, 0°Ctort, 2 h /\F:@/\F/\
Br Br 2) A~Br (2.0eq) 2) ~_Br (14eq) Z X
THF, 0°C tort, 20 h THF, 0°Ctort, 19 h
12 96%

A THF solution of 'PrMgCl (2.0 M, 22.5 mL, 45.0 mmol) was slowly added to a THF solution of
1,5-dibromo-2,4-difluorobenzene (0.3 M, 8.2 g, 30.0 mmol) at 0 °C. After stirring at room temperature for 1.5
h, allyl bromide (5.1 mL, 60.3 mmol) was added at 0 °C and the resultant solution was stirred for 20 h at room
temperature. Subsequently, to the resultant solution, a THF solution of 'PrMgCl (2.0 M, 22.5 mL, 45.0 mmol)
was slowly added followed by stirring for 2 h. The second portion of allyl bromide (3.6 mL, 42.6 mmol) was
added to the resultant solution at 0 °C and stirred at room temperature for 19 h. Then, saturated NH4Cl ag. (15.0
mL) was added. The mixture was concentrated in vacuo, and then the organic layer was extracted with hexane
(100.0 mL x 3), washed with water (20.0 mLx 3) and brine (20.0 mLx 3), and dried over Na,SO.. After removal
of all volatiles in vacuo, 1,5-diallyl-2,4-difluorobenzene was afforded as a colorless liquid (5.6 g, 28.8 mmol,
96%). This product was used in the next step without further purification, while an analytically pure compound
can be obtained by distillation at 70 °C in vacuo (ca. 0.2 mmHg). *H NMR (400 MHz, CDCls): 66.98 (t, “Jur
=8.6 Hz, 1H, Ar-H), 6.75 (t, 3J4r = 9.6 Hz, 1H, Ar-H), 5.92 (m, 2H, CH,CH=CH,), 5.06 (m, 4H, CH,CH=CH,),
3.34 (d, J = 6.4 Hz, 4H, CH,CH=CH,). 3C{*H} NMR (101 MHz, CsDs): §159.7 (dd, ¢ = 247.5 Hz, 3)cF =
12.1 Hz), 135.9, 132.1 (q, J = 5.7 Hz), 122.8 (m), 116.2 (M), 103.6 (M), 32.7. °F NMR (376 MHz, CDCly): §
—121.1 (t, J = 9.4 Hz, 2F). HRMS (EI*): m/z Calcd for C12H12F2 194.0907, found 194.0902.

« Synthesis of 1,5-diallyl-2,4-difluoro-3-iodobenzene (134

F F LDA (1.5 eq) l, (2.0 eq) F F
' '
= AN THF THF = AN

-78°C,1h -78°Ctort,12 h

13A|Iy|
77%

A THF solution of diisopropylamine (0.4 M, 6.1 mL, 43.5 mmol) was slowly added to a hexane
solution of "BuLi (1.6 M, 27.2 mL, 43.5 mmol) at —78 °C. After stirring at =78 °C for 1 h, the resultant solution
was slowly added to a THF solution of 1,5-diallyl-2,4-difluorobenzene (0.2 M, 5.6 g, 29.0 mmol) at =78 °C.
After stirring at —78 °C for 1 h followed by addition of a THF solution of I, (0.4 M, 14.6 g, 58.0 mmol), the
resultant mixture was allowed to warm to room temperature and then stirred for additional 12 h. After diluted
with saturated Na,S;0s ag. (50.0 mL), the mixture was poured into water (100.0 mL) and the organic layer was
extracted with hexane (100.0 mL x 2) and Et,O (100.0 mL x 1), washed with brine (50.0 mLx 3), and dried
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over Na,SOs. After removal of all volatiles at 95 °C in vacuo (ca. 0.2 mmHg), the residue was fractionally
distilled at 170 °C under the identical pressure to afford 1,5-diallyl-2,4-difluoro-3-iodobenzene as a colorless
liquid (7.1 g, 22.2 mmol, 77%). *H NMR (400 MHz, CsD¢): 66.59 (t, “Jur = 8.2 Hz, 1H, Ar-H), 5.65 (m, 2H,
CH,CH=CH,), 4.89 (m, 4H, CH,CH=CH,), 3.03 (d, J = 6.4 Hz, 4H, CH,CH=CH,). *C{*H} NMR (101 MHz,
CeDs): 0159.3 (dd, e = 245.4 Hz, 3Jcr = 5.1 Hz), 135.4, 131.9 (q, ®Jcr = 5.4 Hz), 123.5 (M), 116.6 (M), 71.6
(t, J=30.3 Hz), 33.1 (t, ®Jcr = 4.0 Hz). **F NMR (376 MHz, C¢Dg): 6—102.0 (d, “Jur = 7.5 Hz, 2F).

HRMS (EI"): m/z Calcd for Ci2H1F2I 319.9874, found 319.9883.

« Synthesis of tris(2,6-difluoro-3,5-diallyl)borane (B)

CH5CN
) F
[ iPrMgCl (3.2 eq) \ B R 4
/::@/\F/\ THF, rt, 1 h; CH,CN (excess) T
’ ’ o F
Z X BF3OEt, (1.0 eq) 4 F £
THF, rt, o.n. \
13A|Iy|
3.2eq 7
CH,CN-B"°
26%
CH;CN-B? >
toluene; ~ —
in vacuo FF
’ B10 \
23%

A THEF solution of 1,5-diallyl-2,4-difluoro-3-iodobenzene (0.2 M, 2.0 g, 6.3 mmol) was slowly added
to a THF solution of ‘PrMgCl (2.0 M, 3.2 mL, 6.3 mmol) at room temperature. The reaction mixture was then
stirred at room temperature for 1 h, and then BF;-OEt; (0.3 mL, 2.0 mmol) was added quickly at room
temperature. After stirring at room temperature overnight, the reaction mixture was concentrated in vacuo. The
residue was extracted with hexane through a Celite pad and all volatiles were removed in vacuo, affording oily
crude B!’. Then, an enough amount of CH;CN was added and the reaction mixture was stirred at room
temperature for 15 min. Subsequently, all volatiles were completely removed in vacuo (note: azeotropic removal
with toluene may be effective) to yield a crude mixture including a while solid of CH;CN-B'. n-Pentane was
then added to the residue followed by vigorous stirring at room temperature for 20 min, resulting into a
precipitation of a white solid of CH;CN-B!° that was filtered and dried in vacuo to afford analytically pure
CH3CN-B'" as a white solid. CH;CN-B' was additionally obtained by recrystallization from the filtrate
solution at —30 °C, followed by washing with #-pentane (cooled to —30 °C prior to use), filtration, and removal
of volitions in vacuo. Eventually, CH;CN-B!® was isolated in total 26% yield (320.8 mg, 0.5 mmol). A single
crystal of CH;CN-B!? suitable for SC-XRD analysis was obtained by recrystallization at 15 °C from its hot
hexane solution. After dissolving CH;CN-B! in toluene, removal of all volatiles in vacuo resulted in the
isolation of B!? as a liquid (265.1 mg, 0.4 mmol, 23%). CH;CN-B!’: TH NMR (400 MHz, CD;CN): 56.89 (t,
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“Jur = 8.2 Hz, 3H, Ar-H), 5.92 (m, 6H, CH,CH=CH,), 4.98 (m, 12H, CH,CH=CH>), 3.24 (d, J = 6.0 Hz, 12H,
CH,CH=CH,), 1.96 (s, CH5CN). "B NMR (128 MHz, CD;CN): —9.6. B*C{!H} NMR (101 MHz, CD;CN): &§
162.8 (dd, 'Jer=243.4 Hz, *Jcr = 15.2 Hz), 137.7, 130.5 (d, *Jcr = 4.0 Hz), 122.4 (m), 115.9, 33.7. Resonances
of the Cipso With respect to the boron atom were not observed. ’F NMR (376 MHz, CDsCN): §—113.9 (d, “Jur
=7.5 Hz, 6F). B'%: '"H NMR (400 MHz, CsD¢): 56.93 (t, “Jur = 8.2 Hz, 3H, Ar-H), 5.75 (m, 6H, CH,CH=CH)),
4.94 (m, 12H, CH,CH=CH,), 3.13 (d, J = 6.4 Hz, 12H, CH,CH=CH,). "B NMR (128 MHz, C¢Ds): Not
observed. BC{'H} NMR (101 MHz, CsDs): 6 161.6 (dd, 'Jcr = 249.5 Hz, *Jcr = 11.1 Hz), 136.3, 135.9, 122.7
(m), 116.3, 32.9. Resonances of the Cipso With respect to the boron atom were not observed.!*F NMR (376 MHz,
CeDs): 5—110.0 (d, *“Jur = 7.5 Hz, 6F). Crystal data for 2(CssH3sBFsN) (M = 1262.98): orthorhombic, space
group P2:2:2 (#18), a = 38.5825(7) A, b =20.2669(3) A, ¢ = 8.77509(14) A, a = 90°, f = 90°, y = 90°, V =
6861.6(2) A’, Z=4, T=-150 °C, u(Cu Ka) = 0.774 mm™!, Dcalcd = 1.223 g/cm?, 95439 reflections measured
(8.142° <20 < 136.468°), 12569 unique (Rint = 0.0840, Rsigma = 0.0439) which were used in all calculations.
Solvated molecule of toluene was squeezed. The final R; was 0.0522 (1 > 2o(1)) and WR, was 0.1510 (all data).

Figure 3.S2. Molecular structures of CH;CN-B!® with ellipsoids set at 30% probability. H atoms and disordered

atoms are omitted for clarity.

3.5.5. The Reaction between B" and Et;P=0 (n =5, 10, and 11)

General: A J. Young tube was charged with a CH,Cl, solution of Et;P=0 (0.02 M, 0.01 mmol), B" (n =5, 10,
and 11) (0.03 mmol, 3.0 equiv.) and capillary with CD,Cl, as an external standard. Then, measurement of the
3P and "B NMR spectroscopy was conducted. Acceptor numbers (ANs) were calculated according to the

literature and summarized in Table 3.S2.54

Table 3.S2. Comparison of Lewis acidity of B" (n =5, 10, and 11) based on the Gutmann-Beckett method.

Bn BS BIO Bll

op 72.6 71.7 72.9
OB -0.4 -0.3 -14

AN 70 68 70

Crystallization of Et;P=0-B: A colorless crystal of Ets;P=0-B3, suitable for SC-XRD analysis, was obtained
from an Et,O solution of B’ (121.1 mg, 0.2 mmol) and Et;P=0 (20.2 mg, 0.2 mmol) at =30 °C. Crystal data
for C4oH7,,BFsOPSis (M = 917.31):orthorhombic, Pbcn (#60), a = 26.8457(6) A, b = 22.1039(6) A, ¢ =
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20.4822(5) A, a=90°, B=90°, y =90°, V= 12154.0(5) A3, Z=8, T=-150 °C, u(Cu Ka) =1.899 mm,
Dcaled = 1.003 g/cm?, 47215 reflections measured (6.742° < 20 < 136.5°), 11107 unique (Rine = 0.0925, Rsigma
=0.0896) which were used in all calculations. The final R; was 0.0660 (I > 25(I)) and WR, was 0.1814 (all data).

Figure 3.S3. Molecular structure of Et;P=0-B® with ellipsoids set at 30% probability. H atoms and disordered

atoms are omitted for clarity.

3.5.6. Hydrogenation of quinoline (Qin)
* Hydrogenation of Qin using H,
H,

_ >
N N

toluene, 100 °C, time

H
Qin H4-Qin
[1.5M]
BAr; H, BAr; amount time yield
(atm) (mol%)
BS 10 5 8 42%
B0 10 5 8 >99%
B0 20 2 24 87%
B! 10 5 8 20%
B(CeFs5)3 10 5 8 noreaction

General Procedure: A 30.0 mL autoclave was charged with Qin, B” (n =5, 10, and 11), tetradecane (an internal
standard), and toluene. Once sealed, the autoclave was pressurized with H, and heated 100 °C. After degassed

at room temperature, the yield of Hs-Qin was determined by GC analysis.

* Hydrogenation of Qin using a gaseous mixture of H,/CO/CO;
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H,/CO/CO, (20 atm each)

N B'% (5 mol%)
_ >
N toluene, 100 °C, 8 h N

H
Qin H,-Qin
[1.5 M] >99%

A 30 mL autoclave was charged with Qin (263.2 mg, 2.0 mmol), B'*(59.8 mg, 0.1 mmol; 5 mol%),
tetradecane (142.5 mg; an internal standard), and toluene (1.3 mL). Once sealed, the autoclave was pressurized
with Ho/CO/CO; (20 atm each) and heated 100 °C for 8 h. After degassed at room temperature, H4-Qin was

given in >99% in GC analysis.

3.5.7. Theoretical studies
* Computational details

Quantum chemical calculations were performed with the ORCA 5.0.3 program package.> Gas-phase
equilibrium structures have been obtained on the PBEh-3¢/Def2-SVP*¢ level of theory, which was also applied
for the frequency analysis to verify that these structures have no imaginary frequency. According to the
benchmarked studies for the thermochemistry of Lewis adducts in vaccum,” and my own investigation using
Gaussian 16 (Revision C.01) software,® the DSD-PBEP86% double hybrid density functional with the
minimally augmented ma-Def2-QZVPP5!? basis set with D3BJS!! dispersion correction was employed for the
single-point calculations. Also, the resolution-of-identitys? (“RI-“) and chain of spheres “RIJCOSX”
approximation with Def2/35!2 and Def2-QZVPP/CS* auxiliary sets were applied. Implicit solvation models were
adopted with the keyword of “CPCMC(CH,Cl,)” when required.5® The reported Gibbs free energies were
calculated at 298.15 K. These calculations involve a certain margin of error.

The deformation energies (Eper) Were obtained by computing the single point energies (RI-DSD-
PBEP86-D3BJ/ma-Def2-QZVPP) of triarylboranes in the structures of each LB—BArz adducts, and subtraction
from the energies in the relaxed states.S®

The analyses on the quantum theory of the atoms in molecules were carried out using AIMAII program
(Version 19.10.12),5'7 in which the wave functional files were prepared based on the SCF densities obtained at
the PBEPBE/ma-Def2-QZVPP level of theory.

* Method optimization
Geometrical parameters for the theoretically optimized gas-phase structures of EtsP=O—B? using the
Def2-SVP basis set were compared with the parameters obtained by SC-XRD analysis (Figure 3.54). As a result,
I found that the PBEh-3c functional successfully reproduce the results of SC-XRD analysis. Given the PBEh-
3¢c/Def2-mSVP level of theory, a benchmarked theory shown by ref S16, exhibited nearly identical but slightly
deviated results, I used the PBEh-3¢/Def2-SVP level in this work.
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\p/....mEt XRD B3LYP-D3 PBEO |[MO06-2X |wB97X-D | B3LYP | MO6L | PBE1 | PBEh |PBEh-3c|PBEh-3c/def2-mSVP
¢ 0-B 1554 1552 1569 | 1543 | 1549 | 1562 | 1573 | 1550 | 1552 | 1538 1537
‘ F ™S P-0 1494 1544 1556 | 1542 | 1538 | 1537 | 1537 | 1538 | 1538 | 1524 1528
L é B-O-P | 14974 140.33 14339 [139.31 | 14087 [15081| 142 |14532 (14492 | 14755 14596
£ B-C 1638 1637 1649 | 1633 | 1637 [ 1651 | 1627 | 1642 | 1641 | 1639 1632
m™s F E B-C 1638 1637 1649 | 1633 | 1638 | 165 | 1622 | 1642 | 1641 | 1637 1632
F S B-C 164 1638 1649 | 164 164 | 1652 | 1634 | 1644 | 1643 | 164 1633
™S ™Ss 0-B-C [10425 105.18 104.32|104.79 | 10528 | 1044 [102.76]104.66 | 10463 | 10549 105.56
0-B-C |107.15 110.61 11015 [ 11011 | 110.26 [109.45[109.45|109.87 | 109.85| 109.91 109.1
0-B-C [10751 105.13 105.09 10515 | 1048 [105.02(104.05]105.16 | 105.16| 104.88 104.76
C-B-C | 105.16 103.76 104.59 [ 105.78 | 104.84 [105.87 [108.27 | 105.04 | 105.09 | 105.65 106.96
C-B-C | 11605 11562 1577 [ 11519 1154 [11505 (1152111542 [ 11545 | 11432 11413
C-B-C |116.15 116.11 116.33 [ 11532 | 11585 [ 11644 [116.05|116.15 | 116.11| 116.22 115.83
0-P-C | 106.35 106.32 106 | 106.85| 106.38 [106.92|106.67 [106.52 [ 106.55| 10757 10717
0-P-C 1M1 109.81 110.36 [ 109.33 | 109.98 | 110.7 [110.44 | 110.38 [ 110.31 | 111.04 11.25
0-P-C 1135 115.84 116.26 [ 11578 | 11566 | 11447 (11548 | 1152511528 | 11491 1158
C-P-C [106.65 109.58 109.79| 1096 | 109.64 [109.99 109.1 |109.86 | 109.87 | 108.66 108.32
C-P-C [ 10852 108.85 1084 | 108.37 | 108.73 [108.63107.78 10851 | 106.2 | 106.76 106.57
C-P-C [11059 106.32 105.85 [ 106.74 | 106.33 [106.03[107.15] 106.2 | 1085 | 107.66 10743

Selected bond lengths in Aand angles in °for Et;P=0—B" (n = 5,10, and 11)

Figure 3.S4. Results of the calculation method optimization.

* Conformer exploration on LB-B” complexes

I conducted a conformer searching for LB-B' adducts at the PBE0/Def2-SVP, gas-phase level using
Gaussian 16 (Revision C.01) otherwise noted. When the certain conformers were found to be energetically
identical at the PBEO/Def2-SVP, I further computed their energies at the PBEh-3¢/Def2-SVP level and used the
conformers with the smallest Gibbs energies for discussions.

In the case of EtsP=0-B?, I found an energetically nearly identical conformer having B-O-P angle of
175.7° as shown in Figure 3.S5, albeit the optimized structure has the corresponding angle of 147.6° (as
reproduced from the SC-XRD result). I concluded the latter is optimal based on the calculation at the RI-DSD-
PBEP86-D3BJ/ma-Def2-QZVPP//PBEh-3¢/Def2-SVP, CPCMC(CH:CI,) level of theory.

B-O-P = 147.6° 175.7°
AG= +0.0 .7
AE=[+0.0] [+0.8]

Figure 3.S5. Selected conformers found for Et;P=0-B5.

In the cases using B!?, several conformers were found in all LB-B' adducts, as exemplified in Figure
3.S6.
(A) LB = Et;P=0

I
N

+0.0 +0.3 +0.4 +0.7 +0.9 +3.3



(B) LB =H,0
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+0.0 +0.7 +0.8 +1.2 +1.6 +1.8
(C)LB=CO

+0.0 +1.3 +1.2 +1.8 +1.8 +2.2

(D) LB =THF

+0.0 +0.0 +0.1 +0.4 +1.5

(E) LB = NMe,
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Figure 3.S6. Selected conformers found for LB-B'. A result computed at the PBEh-3¢/Def2-SVP level is

shown in a square bracket.

* Selected frontier molecular orbitals

Selected frontier molecular orbitals including the p orbitals of the boron, calculated at the RI-DSD-

PBEP86-D3BJ/ma-Def2-QZVPP//PBEh-3¢/Def2-SVP level, are shown in Table 3.S3.

Table 3.83. LUMO(+1) of B2, BS, B!, and B!
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B2 B10 B
LUMO LUMO LUMO+1 LUMO
(-1.16 eV) (~0.20 eV) (-0.22 eV) (-0.30 eV)

* Comparison of the percent buried volume (% Vur) and structural parameters around the boron centers

The steric size of TMS and allyl groups were compared using 2,6-F»-3,5-R>-BH; (R = TMS or allyl)

as model substrates, based on their values of % Vg. that were calculated using the program Samb/Vca 2.1.5'® In

the case of R = allyl, several conformers were confirmed, and % Vs. were calculated for each of them. The

final %Vpu for R = allyl was determined by taking the Boltzmann distribution into the account, as shown in
Figure 3.S7.

oy Sphere radius (A)
! /g s & . [y
/"‘\’, R 55 6.5 75 8.5 N UL s
i T e 7y - .
5)’\9).\ . ™S 209 185 159 122 S et
t - i
, ™ Allyl 183 146 112 8.7 s Ay
o ¢ o (S
il TCalculated based on the Boltzmann distribution of A T 1 ek
x the following values 51':\; - _x?‘“;:} -
\ AlylA 194 160 124 91 A s
Allyl-B Allyl-C
‘ Allyl-B 186 148 114 8.8 toa 1o2)
i - (*4 - & -
z ) _
Allyl-C 192 155 119 9.0 R I TR S
C-B=154A y B R SR T
Sphere radius (A)=55,6.5,7.5,8.8 Allyl-D 17.9 141 10.9 8.5 o "a-Toa -’*f-* -
Bondi radii scaled by 117 Allyl-E 196 166 129 9.1 vt AlE

[-1.4]

[+0.3]

PBEPBE/6-31G, gas-phase level

Figure 3.S7. Values of % Vg, calculated for 2,6-F»-3,5-R2-BH; (R = TMS or allyl).

As shown in Figure 3.S8, I also compared the structural parameters around the boron centers between

B" and Et;P=0-B" (n =5, 10, and 11), which clarified a negligible buttressing effect under the present conditions.

; R E R
l{/le Et3P=O\¢{/’H
AI'zB 7
F R F R
R=H R=TMS R =Allyl R=H R=TMS R =Allyl
ls.cian 1.56(0) 1.56(0) 1.56(0) le.cian 1.64(0) 1.64(0) 1.64(0)
dgr 2.86(1) 2.86(0) 2.86(0) 2.92(5) 2.88(10) 2.96(8)
Ocancr 118.4(3) 117.4(1) 118.3(1) Ociancr 118.8(4) 118.3(8) 119.0(6)

Selected bond lengths in A and angles in ° for B"(n = 5,10, and 11)

Figure 3.S8. Selected structural parameters around the boron centers in B” and Et;P=0-B" (n =5, 10, and 11).

Selected bond lengths in A and angles in ° for Et3P=0-B"(n= 5, 10, and 11)
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* Comparison of geometrical parameters and energies among LB-B" adducts (n = 2-5, 10, and 11)
From the optimized geometrical parameters, I obtained the following two indices for the evaluation
of the degree of geometrical deviation from the ideal tetrahedral geometry around the boron center: (i) z(B) =
{360 — (a+ B)/141 x Bla}, where o and B are the largest and second largest C—B—C angles;5" (ii) a tetrahedral
character (THC),3%° calculated by the following equation (§ = X—B—C, X=0or C;n=1-6):

THC = [1 — Zn==eBB030nl] 5 109

When the boron center adopts ideal tetrahedral geometry, both 7(B) and THC provide each 1.0 and
100 as their maximum, and smaller values thus suggest that the boron atom adopts more distorted tetrahedral
geometry. Results for THF—B" adducts (n = 2—4) are summarized in Figure 3.S9. Results for Et;P=0 (Figure
3.510), H,O (Figure 3.S11), CO (Figure 3.S12), THF (Figure 3.S13), and NMe; (Figure 3.S14) are summarized

below.

Q’\ Q )
F
R é R Theoretical values for AG® and Eyge shown in keal mol!
AG® [AE°] e \@ [AF] and Enee
F
R F.
R

R=F R=Cl R=Br
R R AG° -9.5 -9.3 -8.9
Planer - R [AF] [-21.8] [-21.9] [-21.9]
R
. é;ﬁ:"a Eoer +25.3 +258 4257
Eper R F E ok
R
R
Tetrahedral

Figure 3.S9. Selected and energies for THF—B" (n = 2—4).

Selected bond lengths in A and angles in ° for Et,P=0-B" (n = 5, 10, and 11)

R=H R=TMS R = allyl
R Bt 0-B 1.55 1.54 154

R R o Et
@ ﬁ TEPO 67 B-O-P 179.3 147.6 154.0
R R o . ®r | AR av.B—Cy 1.64 1.64 1.64
) ¥ AG® [AE] dFB\Q ® 0.94 0.90 0.90
I ] . R Eij ’ THC(%) 722 729 724

Theoretical values for AG® [AE’] and Epg; shown in kcal mol-!
Planer BAry

B = R
CPCMC 2 ) =
%;{ \ﬁ ‘ TN R=H  R=TMS R=allyl
f F

Eper

F R AG° —6.8 -8.0 -6.0
R . [AE7] [-21.2] [-23.2] [-21.2]
Tetrahedral BAr; Eier 228 273 279
Gas-phase R=H R=TMS R = allyl
AG® -9.4 -10.5 -9.6
[AE7] [-23.8] [-25.1] [-24.8]
Eper 23.0 271 28.3

Figure 3.S10. Selected geometrical parameters and energies for Et;P=0-B" (n =5, 10, and 11).
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R
Planer BArg
R
R

Tetrahedral BAr;

Selected bond lengths in A and angles in ° for H,0-B" (n = 5, 10, and 11)

R=H R=TMS R=allyl
0-B 1.65 1.66 1.65
av.B—Car 1.62 1.62 1.62
2 0.91 0.90 0.91
THC(%) 62.1 60.6 61.1

Theoretical values for AG® [AE’] and Eyg: shown in keal mol=!

R=TMS R=allyl
AG® -02 +1.2 +1.7
A7 =11.7] [~10.2] [-8.6]

\ Eoer ] 17.1 173 19.4

Figure 3.S11. Selected geometrical parameters and energies for H,O-B" (n =5, 10, and 11).

R
Planer BAr; R
= P
R
R

Tetrahedral BAr;

Selected bond lengths in A and angles in ® OC-B" (n = 5, 10, and 11)

R=H R=TMS R=allyl
0-B 1.63 1.62 1.63
av.B—Cx 1.63 1.63 1.63
2 0.90 0.88 0.92
THC(%) 59.5 63.0 60.4

Theoretical values for AG° [AE°] and Epg¢ shown in kcal mol~!

R=TMS R = allyl
AG° +2.6 +3.0 +3.8
(AE] [~8.4] [-8.1] [-5.9]
Eoer 159 177 ’ 183

Figure 3.S12. Selected geometrical parameters and energies for OC—B" (n =5, 10, and 11).

Planer BAr, F R
R R
F
Eper R F F
F R
R
R

Tetrahedral BAr;

Selected bond lengths in A and angles in ° for THF=B" (n = 5, 10, and 11)

R=H R=TMS R =allyl
0-B 1.65 1.63 » 1.64
av.B—Car 1.63 1.63 1.63
m 0.90 0.90 0.90
THC(%) 68.8 67.7 68.4

Theoretical values for AG° [AE’] and Eygr shown in keal mol—!

R=H R=TMS R =allyl
AG —49 4.2 -38
[AE] [17.0] [-17.5] [-16.5]
Ener 240 24.4 26.1

Figure 3.S13. Selected geometrical parameters and energies for THF-B” (n = 5, 10, and 11).
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Selected bond lengths in A and angles in ° for Me;N—B" (n = 5, 10, and 11)

" E R = allyl
@ NWe, Mo, 0-B 189 1.89 1.90
A - _ | R avB—Cy, 1.64 164 165
. L R AG AR d‘?\ﬁ @ 095 | 095 0.95
R FF: { F THC(%) 775 776 772

R R . F R
Planer BAr; F R R ) ) .
R & o T Theoretical values for AG® [AE®] and Epge shown in keal mol
Eper R e { FFQR R=TMS R=allyl
R AG® +1.7 +2.9 +4.7
. - [AE7] [~13.5] [-13.1] [-9.7]
Eper 29.3 304 31.8

Figure 3.S14. Selected geometrical parameters and energies for MesN-B” (n =5, 10, and 11).

* AIM analysis
Selected NClIs confirmed by the AIM analysis for Et;P=0-B" are shown in Figures 3.S15-17, clearly
showing the participation of NCIs between ortho-F atoms and Et;P=0 moieties in all cases (n =5, 10, and 11).
On the other hand, NCIs are confirmed between Et;P=0 moieties and meta-TMS (n = 5) or meta-allyl (n = 10)

groups. Moreover, in the case of B3, NCls are also confirmed between TMS groups.

NCls between:
(a) P-Et and Si-Me groups
(b) Si-Me groups

e :

~

4 f
ey

based on the SCF densities obtained at the
PBEPBE/ma-Def2-QZVPP level of theory.

The selected AIM bond paths (dashed yellow lines) and
bond critical points (green dots) are shown with their
values of electron density (103 eXrp,. ) and
Laplacian of p (V2% , 103 eXrg,, S, in square
brackets).

Figure 3.S15. Selected NCIs found in Et;P=0-B°.

78



[

‘ 57
~[159]

\ .
S -

74 s e
v\\\ \‘

AIM calculations were carried out by AIMAIl program
based on the SCF densities obtained at the
PBEPBE/ma-Def2-QZVPP level of theory.

The selected AIM bond paths (dashed yellow lines) and
bond critical points (green dots) are shown with their
values of electron density (103 eXrg, 3 and
Laplacian of p (V2o , 102 eXrg,  in square
brackets).

AIM calculations were carried out by
densities obtained at the PBEPBE/ma-
Def2-QZVPP level of theory.

The selected AIM bond paths (dashed
yellow lines) and bond critical points
(green dots) are shown.

Figure 3.S17. Selected NClIs found in Et;P=0-B!.

Table 3.S4. Summary of AIM parameters for Et;P=0-B®

BCP #

1

2

Name
BCP1
BCP2
BCP3
BCP4
BCP5

BCP6

Atoms

F5-F6

C11-C30

P1-08

08 -F9

C35 - C46

H37 - H100

Rho
0.007599
0.32187
0.215388
0.013223
0.243213

0.004679

DelSqRho G v DI(AB)

0.042653 0.008368 -0.006072 0.030875

-0.965735 0.118839 -0.479111 1.335723

1.052477 0.437984 -0.612849 0.661326

0.070757 0.014431 -0.011174 0.056078

-0.597679 0.062487 -0.274394 1.027293

0.01632 0.003119 -0.002158 0.0098

79



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

BCP7

BCP8

BCP9

BCP10

BCP11

BCP12

BCP13

BCP14

BCP15

BCP16

BCP17

BCP18

BCP19

BCP20

BCP21

BCP22

BCP23

BCP24

BCP25

BCP26

BCP27

BCP28

BCP29

BCP30

BCP31

BCP32

BCP33

BCP34

BCP35

BCP36

BCP37

BCP38

BCP39

BCP40

BCP41

BCP42

BCP43

BCP44

F4-C10
F4 - H37
F6 - C12
C12-Cl4
C13-C19
Si3 - C57
F7-Cl11
P1-C35

C12-B124

C35 - H37
C10-C12
F5-C13
Si3 - C65

C11-B124
C11-C13
Si3-C73

H76 - H92
F7-Cl4

C65 - H67
H45 - H67
F6 - C15

C16 - B124
C16 - C20
C15-C23
C46 - H48
C15-C16
C24 - C30
C21-C24
08 - F17
C21 - H22
C10-C18
Si3 - C19
C57 - H60
08 - B124
F9-C20
C19-C21
Si2-C23

P1-C32

0.267513

0.00838

0.011184

0.320007

0.3244

0.1219

0.01389

0.181376

0.157971

0.280088

0.319791

0.271437

0.123155

0.159969

0.320403

0.123007

0.003172

0.272506

0.274324

0.002207

0.272693

0.159849

0.318935

0.32105

0.283471

0.32009

0.320254

0.314364

0.013011

0.288492

0.322987

0.120154

0.272657

0.117893

0.26935

0.31293

0.120192

0.181017

80

0.069779

0.036231

0.048328

-0.958409

-0.984975

0.173959

0.058128

-0.302218

-0.180416

-1.054313

-0.95826

0.079375

0.171222

-0.19818

-0.961791

0.17154

0.010642

0.066975

-1.005877

0.00736

0.071751

-0.203819

-0.95154

-0.967064

-1.085057

-0.959453

-0.962405

-0.921875

0.065465

-1.12723

-0.977075

0.194212

-0.990776

0.566996

0.072267

-0.916049

0.19219

-0.30049

0.4443

0.007267

0.009922

0.116401

0.118952

0.12268

0.012354

0.114713

0.122452

0.046666

0.116573

0.45515

0.123505

0.121269

0.114899

0.123409

0.001958

0.454632

0.051048

0.001323

0.45617

0.119947

0.115871

0.115671

0.044243

0.115292

0.115489

0.111365

0.013527

0.04297

0.117867

0.124465

0.052416

0.220381

0.448966

0.109916

0.12414

0.114626

-0.871156
-0.005476
-0.007762
-0.472405
-0.484149
-0.201871
-0.010176
-0.304981
-0.290007
-0.356909
-0.472711
-0.890457
-0.204204
-0.292082
-0.470245
-0.203932
-0.001255
-0.892521
-0.353566
-0.000806
-0.894401
-0.290849
-0.469627
-0.473107
-0.359749
-0.470446
-0.471579
-0.453199
-0.010688
-0.367748
-0.480002
-0.200377
-0.352526
-0.299014
-0.879865
-0.448844
-0.200232

-0.304375

0.760392

0.024966

0.033646

1.321564

1.345839

0.437668

0.050352

0.660567

0.411207

0.931232

1.3044

0.765289

0.448467

0.414196

1.295306

0.445833

0.009465

0.768571

0.986805

0.007217

0.765484

0.412288

1.317066

1.330406

0.934178

1.314938

1.328199

1.408302

0.056831

0.928459

1.340056

0.421386

0.99904

0.26884

0.766326

1.390634

0.423311

0.656937
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46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

BCP45

BCP46

BCP47

BCP48

BCP49

BCP50

BCP51

BCP52

BCP53

BCP54

BCP55

BCP56

BCP57

BCP58

BCP59

BCP60

BCP61

BCP62

BCP63

BCP64

BCP65

BCP66

BCP67

BCP68

BCP69

BCP70

BCP71

BCP72

BCP73

BCP74

BCP75

BCP76

BCP77

BCP78

BCP79

BCP80

BCP81

BCP82

C23-C28
C20-C25
Cl4-C31
C18-C26
C26 - C31
C26 - H27
C25-C28
C28 - H29
F17-C30
C90 - HOL
F17 - H34
C32-H33
C24-Si119
C32-H34
C35- H36
C73-H75
C32-C38
C77 - Si119
C38 - H39
C38 - H40
F17 - H72
C38 - H4L
Si2 - C42
C42 - H43
C42 - H44
C42 - H45
C16 - H48
C46 - H47
C46 - H49
P1-C50
Cl12-H51
F7-H72
C50 - H51
C50 - H52
Si2-C53
C53 - H54
C53 - H55

C53 - H56

0.313878

0.322279

0.320787

0.312377

0.314843

0.288863

0.313377

0.288455

0.263791

0.272979

0.008571

0.277749

0.120968

0.280653

0.276062

0.271985

0.244295

0.122361

0.281124

0.280375

0.003865

0.279897

0.122984

0.274259

0.272007

0.272806

0.002878

0.279653

0.280687

0.180707

0.007843

0.005568

0.278645

0.275396

0.121853

0.27273

0.272249

0.272588

31

-0.919961

-0.973597

-0.966718

-0.913062

-0.9254

-1.131019

-0.917835

-1.127214

0.082742

-0.99437

0.039805

-1.035703

0.193414

-1.058856

-1.016944

-0.985137

-0.602822

0.174514

-1.061681

-1.052684

0.016814

-1.049488

0.170996

-1.005063

-0.985399

-0.992394

0.009345

-1.047482

-1.057653

-0.306678

0.024777

0.023831

-1.047869

-1.012351

0.173735

-0.99122

-0.986823

-0.990229

0.110819

0.116969

0.115026

0.1095

0.111398

0.042508

0.110351

0.042838

0.439104

0.051899

0.007891

0.047173

0.125212

0.046589

0.049538

0.052799

0.06204

0.123283

0.04698

0.047787

0.003129

0.047733

0.123296

0.051281

0.052781

0.052159

0.001729

0.047961

0.047487

0.112482

0.00503

0.004638

0.045654

0.049548

0.12259

0.052413

0.052857

0.052455

-0.451628

-0.477338

-0.471731

-0.447265

-0.454146

-0.367772

-0.450161

-0.367479

-0.857522

-0.352391

-0.00583

-0.353273

-0.202071

-0.357891

-0.353312

-0.351881

-0.274785

-0.202939

-0.35938

-0.358745

-0.002054

-0.357837

-0.203844

-0.353828

-0.351912

-0.352416

-0.001122

-0.357793

-0.359387

-0.301633

-0.003866

-0.003318

-0.353275

-0.352184

-0.201746

-0.35263

-0.35242

-0.352468

1.403488

1.33712

1.323878

1.38956

1.407181

0.9262

1.397724

0.927993

0.757513

0.999553

0.027924

0.949424

0.425757

0.935921

0.95633

1.00452

1.033233

0.438902

0.952894

0.950636

0.010991

0.951072

0.445363

0.992238

1.004993

0.997425

0.006227

0.952996

0.955038

0.670383

0.015076

0.019801

0.932701

0.957511

0.437122

0.99774

1.001883

0.999684



83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

BCP83

BCP84

BCP85

BCP86

BCP87

BCP88

BCP89

BCP90

BCP91

BCP92

BCP93

BCP94

BCP95

BCP96

BCP97

BCP98

BCP99

BCP100

BCP101

BCP102

BCP103

BCP104

BCP105

BCP106

BCP107

BCP108

BCP109

BCP110

BCP111

BCP112

BCP113

BCP114

BCP115

BCP116

BCP117

BCP118

BCP119

BCP120

C57 - H58
C57 - H59
Si2 - C61
C61 - H62
C61 - H63
H64 - H103
C61 - H64
C65 - H66
C65 - H68
H70 - H122
C50 - C69
C69 - H70
C69 - H71
C69 - H72
C73-H74
C73 -H76
C77-H78
C77-H79
C77 - H80
C81 - H82
C81-Si119
C81 - H83
C81 - H84
C18 - Si85
C86 - Si125
C86 - H87
C86 - H88
C86 - H89
C90 - Si125
C90 - H92
C90 - H93
Si85 - C94
C94 - H95
C94 - H96
C94 - H97
Si85 - C98
C98 - H99

C98 - H100

0.272606

0.272229

0.122885

0.272587

0.271998

0.004412

0.274986

0.272042

0.272802

0.000846

0.243863

0.279988

0.280928

0.284343

0.274686

0.272662

0.272945

0.272194

0.272784

0.272916

0.122532

0.273938

0.272076

0.120003

0.122158

0.27235

0.272494

0.27289

0.123814

0.275031

0.272056

0.122495

0.272435

0.272883

0.272628

0.121662

0.272236

0.273617

82

-0.990174

-0.986882

0.171544

-0.990276

-0.984884

0.015181

-1.009591

-0.985653

-0.992022

0.00296

-0.601806

-1.050007

-1.059588

-1.089509

-1.008306

-0.99062

-0.993359

-0.986408

-0.991923

-0.993582

0.170362

-1.000984

-0.985628

0.193521

0.173732

-0.98816

-0.989268

-0.992825

0.170886

-1.011274

-0.985717

0.174546

-0.988784

-0.9929

-0.990577

0.170817

-0.986817

-0.997921

0.052473

0.052785

0.123257

0.052512

0.052901

0.002846

0.051407

0.052746

0.052299

0.000512

0.062589

0.047978

0.047239

0.044965

0.051218

0.052466

0.052214

0.052866

0.052314

0.051916

0.122657

0.051971

0.05278

0.124192

0.122915

0.05261

0.052564

0.052238

0.124148

0.050977

0.052769

0.12343

0.052622

0.052173

0.05245

0.121803

0.052912

0.052273

-0.352489

-0.35229

-0.203629

-0.352592

-0.352023

-0.001897

-0.355211

-0.351905

-0.352604

-0.000285

-0.27563

-0.358459

-0.359375

-0.362308

-0.354512

-0.352587

-0.352767

-0.352333

-0.35261

-0.352227

-0.202724

-0.354188

-0.351968

-0.200005

-0.202396

-0.352259

-0.352445

-0.352683

-0.205574

-0.354772

-0.351968

-0.203223

-0.35244

-0.352571

-0.352544

-0.200902

-0.352527

-0.354026

0.998738

1.002117

0.446366

1.001381

1.004458

0.009261

0.982425

1.005083

1.003428

0.002674

1.028761

0.950693

0.948157

0.928942

0.989162

0.996497

0.997845

1.001894

0.998185

1.000166

0.444957

0.996383

1.0048

0.421261

0.438509

1.001116

0.998953

0.997881

0.450462

0.983318

1.004231

0.44015

1.000926

0.996504

0.999194

0.440546

1.002293

0.990592



121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

BCP121

BCP122

BCP123

BCP124

BCP125

BCP126

BCP127

BCP128

BCP129

BCP130

BCP131

BCP132

BCP133

BCP134

BCP135

BCP136

BCP137

BCP138

BCP139

BCP140

BCP141

BCP142

BCP143

BCP144

BCP145

BCP146

BCP147

BCP148

BCP149

BCP150

Sig5 - C102
C98 - H101
C102 - H103
C102 - H104
C102 - H105
H47 - H110
C25 - Si106
Si106 - C107
C107 - H108
C107 - H109
C115 - H116
C107 - H110
Si106 - C111
C111 - H112
C111 - H113
C111 - H114
Si106 - C115
H82 - H117
C115 - H117
C115- H118
Si119 - C120
C120 - H121
C120 - H122
C120 - H123
C31-Si125
H71-C126
Si125 - C126
C126 - H127
C126 - H128

C126 - H129

0.124081

0.272508

0.27474

0.273117

0.27212

0.00063

0.120625

0.121981

0.272214

0.272659

0.271926

0.273798

0.122171

0.272749

0.272668

0.272327

0.123049

0.000476

0.274388

0.272973

0.122073

0.272849

0.273697

0.272246

0.119379

0.002188

0.122423

0.272227

0.274191

0.272293

0.172476

-0.989789

-1.009039

-0.995393

-0.986729

0.002259

0.193087

0.170542

-0.986747

-0.990608

-0.984491

-0.999495

0.174308

-0.991575

-0.990939

-0.987599

0.170656

0.001559

-1.005825

-0.993688

0.171095

-0.992385

-0.997917

-0.987146

0.191116

0.007783

0.171566

-0.986492

-1.003904

-0.987911

Table 3.S5. Summary of AIM parameters for Et;P=0-B!’.,

BCP #

1

2

Name

BCP1

BCP2

BCP3

BCP4

BCP5

Atoms

P1-06

C64 - C90

06 - F7

F2-C8

F3-C10

Rho

0.215857

0.268391

0.013702

0.274422

0.011091

33

DelSqRho
1.155459
-0.775435
0.072353
0.296517

0.049421

0.124762

0.052368

0.051021

0.051961

0.052602

0.000386

0.12477

0.1221

0.052699

0.052444

0.052822

0.052133

0.123039

0.052327

0.052374

0.052809

0.123291

0.000264

0.051308

0.05209

0.122309

0.052168

0.052539

0.052664

0.123057

0.001398

0.122785

0.052918

0.051522

0.052471

G

0.459399

0.061746

0.015061

0.515877

0.010211

-0.206406

-0.352184

-0.354301

-0.35277

-0.351886

-0.000207

-0.201269

-0.201564

-0.352085

-0.352539

-0.351766

-0.354139

-0.202501

-0.352547

-0.352483

-0.352518

-0.203918

-0.000139

-0.354072

-0.352603

-0.201843

-0.352433

-0.354557

-0.352115

-0.198335

-0.00085

-0.202678

-0.352459

-0.354021

-0.35192

\Y

-0.629934

-0.317351

-0.012034

-0.957626

-0.008066

0.450467
1.001352
0.98255
0.997129
1.004225
0.001689
0.424358
0.441474
1.004136
1.00356
1.005151
0.995747
0.438127
0.997724
0.998905
1.002256
0.446917
0.002061
0.992489
1.002324
0.442161
1.002088
0.99654
1.004387
0.419291
0.006745
0.443419
1.002069
0.992373

1.002731

DI(A|B)
0.57308
0.999327
0.056905
0.723424

0.034101



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

BCP6

BCP7

BCP8

BCP9

BCP10

BCP11

BCP12

BCP13

BCP14

BCP15

BCP16

BCP17

BCP18

BCP19

BCP20

BCP21

BCP22

BCP23

BCP24

BCP25

BCP26

BCP27

BCP28

BCP29

BCP30

BCP31

BCP32

BCP33

BCP34

BCP35

BCP36

BCP37

BCP38

BCP39

BCP40

BCP41

BCP42

BCP43

C10-C12

F4-C9

C12-C29

C10-B51

F15-C28

C8-C10

F3-Cl1

C9-B51

Cc9-Cc1u1

F5-C12

F4 -C13

Cl4-B51

Cl4-C18

F2-C14

C13-C14

C12 - H35

06 - F15

C9-C28

C8-C16

Cl1-C17

F7-C18

C16 - C64

C22-C28

C17-C19

C19 - H20

Ci3-c21

C19-C22

C18-C23

C16-C24

C24 -C29

C24 - H25

C21-C26

C23-C26

C26 - H27

P1-C30

F7- H31

C30 - H31

C33-H34

0.328275

0.011445

0.334407

0.159423

0.269172

0.329052

0.27043

0.161281

0.32933

0.265979

0.268921

0.161526

0.330283

0.013418

0.328528

0.006944

0.013163

0.327989

0.330871

0.332922

0.263514

0.26391

0.332233

0.328201

0.290472

0.33424

0.328587

0.332221

0.329473

0.326949

0.290438

0.328068

0.329225

0.290552

0.18595

0.008518

0.285839

0.279996

34

-1.06574

0.052045

-1.098205

-0.107943

0.305927

-1.06723

0.306625

-0.131966

-1.070385

0.318581

0.313359

-0.130078

-1.072402

0.058139

-1.064859

0.021781

0.072924

-1.058792

-1.082368

-1.090379

0.330831

-0.74881

-1.088072

-1.056451

-1.175238

-1.097587

-1.057081

-1.088834

-1.061854

-1.050238

-1.175162

-1.05673

-1.060265

-1.17575

-0.244008

0.040055

-1.127922

-1.073275

0.115913

0.010891

0.112144

0.143308

0.506528

0.11559

0.509372

0.140995

0.114417

0.502334

0.507618

0.141556

0.117406

0.012379

0.113968

0.004463

0.014972

0.115955

0.10732

0.110434

0.499612

0.061482

0.109413

0.108137

0.041678

0.111802

0.108963

0.109342

0.109496

0.107123

0.041613

0.107736

0.109492

0.041715

0.138939

0.008018

0.04437

0.048667

-0.498261

-0.008771

-0.498839

-0.313602

-0.936573

-0.497988

-0.942088

-0.314982

-0.49643

-0.925023

-0.936897

-0.315632

-0.502912

-0.010223

-0.494151

-0.003482

-0.011712

-0.496608

-0.485233

-0.493462

-0.916515

-0.310166

-0.490844

-0.480387

-0.377166

-0.498001

-0.482197

-0.490892

-0.484455

-0.476806

-0.377015

-0.479654

-0.48405

-0.377367

-0.338879

-0.006022

-0.37072

-0.365653

1.305878

0.036101

1.30724

0.356082

0.71771

1.335148

0.714654

0.356227

1.313693

0.711229

0.717518

0.359427

1.335588

0.049398

1.307557

0.017065

0.053127

1.325239

1.283582

1.303241

0.710674

0.982298

1.293051

1.356535

0.954426

1.311928

1.366123

1.29215

1.372779

1.348065

0.955105

1.350863

1.371055

0.954121

0.592135

0.026219

0.946521

0.970246



44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

BCP44

BCP45

BCP46

BCP47

BCP48

BCP49

BCP50

BCP51

BCP52

BCP53

BCP54

BCP55

BCP56

BCP57

BCP58

BCP59

BCP60

BCP61

BCP62

BCP63

BCP64

BCP65

BCP66

BCP67

BCP68

BCP69

BCP70

BCP71

BCP72

BCP73

BCP74

BCP75

BCP76

BCP77

BCP78

BCP79

BCP80

BCP81

C30 - H32

P1-C33

C33-H35

C30 - C36

C36 - H37

C36 - H38

C36 - H39

C8 - H42

F7 - H42

C33-C40

C40 - H41

C40 - H42

C40 - H43

P1-C44

F5 - H45

C44 - H45

C44 - H46

C28 - H50

C44 - C47

H48 - C77

H45 - C97

C47 - H48

C97 - H99

C47 - H49

C95 - C97

C47 - H50

06 - B51

C23-C52

C52 - H53

C52 - H54

C21-C55

C55 - H56

C55 - H57

C17 -C58

C58 - H59

C58 - H60

C22 - C61

C61 - H62

0.282375

0.185497

0.283171

0.252786

0.285914

0.284616

0.285028

0.004267

0.005425

0.252155

0.284964

0.289797

0.285572

0.186492

0.008115

0.28529

0.280083

0.005862

0.251468

0.003702

0.005654

0.285569

0.29016

0.284881

0.364004

0.289064

0.113436

0.263975

0.284974

0.283763

0.263589

0.284954

0.285827

0.263611

0.284749

0.285705

0.263893

0.286228

85

-1.097699

-0.241722

-1.105514

-0.687093

-1.128323

-1.115323

-1.117941

0.014188

0.024985

-0.685987

-1.118302

-1.162402

-1.124003

-0.247782

0.037053

-1.122655

-1.072277

0.018168

-0.681494

0.010949

0.01589

-1.123569

-1.175638

-1.118428

-1.22834

-1.156757

0.65142

-0.749017

-1.121103

-1.108098

-0.747758

-1.121461

-1.124117

-0.747556

-1.119318

-1.12303

-0.748434

-1.131554

0.045928

0.138634

0.045018

0.058891

0.04556

0.04671

0.046785

0.002759

0.004794

0.059602

0.046672

0.042949

0.046309

0.138899

0.007418

0.044371

0.049237

0.003667

0.05963

0.002085

0.003224

0.045898

0.042294

0.046816

0.14852

0.042868

0.230713

0.060975

0.044458

0.045979

0.061012

0.044282

0.045557

0.061014

0.044559

0.045638

0.061141

0.043896

-0.36628

-0.337698

-0.366415

-0.289556

-0.373201

-0.372251

-0.373056

-0.001972

-0.003342

-0.290701

-0.37292

-0.376499

-0.373619

-0.339743

-0.005572

-0.369405

-0.366542

-0.002793

-0.289634

-0.001434

-0.002475

-0.372689

-0.378498

-0.373239

-0.604126

-0.374925

-0.298571

-0.309204

-0.369193

-0.368983

-0.308963

-0.368929

-0.372143

-0.308917

-0.368947

-0.372033

-0.30939

-0.370681

0.960451

0.598324

0.946856

1.027642

0.956567

0.95451

0.954092

0.009719

0.015451

1.021142

0.954032

0.933476

0.955778

0.595527

0.02283

0.940192

0.96865

0.015854

1.020393

0.013769

0.022609

0.946688

0.980271

0.960167

1.818516

0.932646

0.221772

0.984137

0.930065

0.929676

0.982075

0.927386

0.933002

0.982083

0.928188

0.933191

0.983688

0.929456



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

BCP82

BCP83

BCP84

BCP85

BCP86

BCP87

BCP88

BCP89

BCP90

BCPI1

BCP92

BCP93

BCP94

BCP95

BCP96

BCP97

BCP98

BCP99

BCP100

BCP101

BCP102

BCP103

BCP104

BCP105

BCP106

BCP107

BCP108

BCP109

BCP110

BCP111

BCP112

BCP113

BCP114

BCP115

C61 - H63

C64 - H65

C64 - H66

C29 - C67

C67 - H68

C67 - H69

C58 - C70

C70-H71

C70-C72

C72 - H73

C72 - H74

C61-C75

C75 - H76

C75-C77

C97 - H98

C77 - H78

C77 - H79

C52 - C80

C80 - H81

C80 - C82

C82 - H83

C82 - H84

C55-C85

C85 - H86

C85 - C87

C87 - H88

C87 - H89

H42 - C90

C90 - H91

C90 - C92

C92 - H93

C92 - H94

C67 - C95

C95 - H96

0.283959

0.284296

0.287139

0.263833

0.284252

0.286934

0.268952

0.291541

0.364742

0.288341

0.290544

0.269185

0.289944

0.364445

0.289569

0.28928

0.289745

0.269426

0.290586

0.364841

0.288384

0.290132

0.269082

0.291361

0.364728

0.288421

0.290447

0.002025

0.289278

0.364919

0.290185

0.290524

0.268933

0.289607

-1.109674

-1.11211

-1.139181

-0.748191

-1.112426

-1.137669

-0.778908

-1.187291

-1.233052

-1.160713

-1.179158

-0.780322

-1.171754

-1.230846

-1.172957

-1.169853

-1.171586

-0.78172

-1.17814

-1.2335

-1.161228

-1.175155

-0.779759

-1.185269

-1.232995

-1.161475

-1.178143

0.006261

-1.165039

-1.233826

-1.178859

-1.179289

-0.778749

-1.168711

Table 3.S6. Summary of AIM parameters for Et;P=O-B!!.

BCP #

1

Name

BCP1

Atoms

F4 - H37

Rho

0.006625

DelSqRho

0.028752

86

0.045979

0.045992

0.04351

0.061283

0.045743

0.043515

0.061765

0.039468

0.149088

0.042587

0.04201

0.062075

0.040838

0.148857

0.041355

0.041761

0.042729

0.061889

0.040275

0.149048

0.042563

0.042458

0.061866

0.039739

0.149063

0.042519

0.042131

0.001145

0.04154

0.149286

0.040874

0.04199

0.062156

0.041008

G

0.005612

-0.369377

-0.370012

-0.371815

-0.309613

-0.369593

-0.371448

-0.318256

-0.375758

-0.606439

-0.375353

-0.378809

-0.31923

-0.374614

-0.605426

-0.375948

-0.375984

-0.378354

-0.319208

-0.375084

-0.606471

-0.375433

-0.378705

-0.318672

-0.375795

-0.606374

-0.375407

-0.378798

-0.000724

-0.374341

-0.607029

-0.376463

-0.378803

-0.319

-0.374194

\Y

-0.004037

0.931388
0.933242
0.928976
0.983018
0.931634
0.92919

1.001112
0.954571
1.835258
0.976817
0.981573
1.000343
0.958466
1.821349
0.970052
0.972548
0.981543
1.000783
0.958991
1.826344
0.974995
0.982699
1.001437
0.955873
1.834817
0.976548
0.981995
0.004853
0.960614
1.827557
0.969623
0.980982
1.000391

0.95938

DI(AIB)

0.021725



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

BCP2

BCP3

BCP4

BCP5

BCP6

BCP7

BCP8

BCP9

BCP10

BCP11

BCP12

BCP13

BCP14

BCP15

BCP16

BCP17

BCP18

BCP19

BCP20

BCP21

BCP22

BCP23

BCP24

BCP25

BCP26

BCP27

BCP28

BCP29

BCP30

BCP31

BCP32

BCP33

BCP34

BCP35

BCP36

BCP37

BCP38

BCP39

F2 - 08

F7 - H39

P1-08

P1-C28

Fa-08

F7-08

P1-C35

08 -B9

F2-C10

Cl14-C15

C10-C15

Cl10-C11

C13-C14

C10 - H32

Cl1-C12

Cl12-C13

F3-C14

B9 - C15

F6 - C15

F3-C16

C17 - H39

F5-C22

B9 - C16

C35 - H37

F4 -C17

Cl6-C21

C16 - C17

C17-C18

C20-cC21

C18-C19

C19-C20

F5-C21

B9 - C22

F6 - C23

C22-C27

C22-C23

C23-C24

F7 - Ha4

0.011648

0.003922

0.216852

0.180713

0.011596

0.011932

0.180717

0.110448

0.268653

0.319858

0.319572

0.327197

0.32538

0.005384

0.32005

0.321721

0.279335

0.160771

0.0133

0.013251

0.005357

0.013308

0.160918

0.279422

0.268593

0.319888

0.319668

0.32737

0.325252

0.319931

0.321809

0.279441

0.161059

0.279371

0.319724

0.320068

0.32544

0.006761

87

0.059697

0.018323

1.16701

-0.306331

0.059424

0.061002

-0.306307

0.576365

0.086143

-0.95818

-0.95563

-1.005712

-0.997915

0.0167

-0.962481

-0.970519

0.080074

-0.201766

0.055384

0.055216

0.016618

0.05538

-0.201401

-1.04754

0.087171

-0.958297

-0.956445

-1.006612

-0.997307

-0.961902

-0.970927

0.0799

-0.202213

0.081091

-0.956609

-0.95941

-0.998283

0.029416

0.012231

0.003394

0.462486

0.112835

0.012173

0.012522

0.112853

0.212903

0.450512

0.115092

0.116752

0.115232

0.112404

0.003276

0.111209

0.112553

0.472676

0.121549

0.011731

0.011684

0.003258

0.011729

0.121839

0.047089

0.45062

0.115167

0.116736

0.115406

0.112268

0.111108

0.112631

0.472875

0.121854

0.47299

0.116811

0.115204

0.112462

0.005749

-0.009537

-0.002208

-0.63322

-0.302253

-0.00949

-0.009794

-0.302282

-0.281714

-0.879489

-0.469728

-0.472412

-0.481891

-0.474288

-0.002376

-0.463038

-0.467736

-0.925335

-0.29354

-0.009615

-0.009564

-0.002361

-0.009614

-0.294028

-0.356062

-0.879447

-0.469909

-0.472583

-0.482465

-0.473863

-0.462692

-0.467995

-0.925775

-0.294261

-0.925707

-0.472775

-0.470261

-0.474494

-0.004145

0.048049

0.009922

0.662457

0.657618

0.047729

0.049531

0.657275

0.250586

0.767252

1.316938

1.310365

1.322136

1.31012

0.015047

1.380485

1.395442

0.781902

0.415422

0.050887

0.050251

0.014977

0.05061

0.416089

0.942058

0.766653

1.318546

1.309397

1.322791

1.309264

1.379567

1.396282

0.781958

0.416095

0.781833

1.310469

1.317067

1.310252

0.022009



40 BCP40 C26 - C27 0.327195 -1.005661 0.115255 -0.481925 1.322087

41 BCP41 C24 - C25 0.321699 -0.97036 0.112549 -0.467688 1.395458
42 BCP42 C25-C26 0.319983 -0.962057 0.111181 -0.462877 1.380441
43 BCP43 F7-C27 0.26852 0.086941 0.450406 -0.879077 0.766732
44 BCP44 F2 - H30 0.006545 0.028406 0.005539 -0.003976 0.021491
45 BCP45 C28 - H29 0.275246 -1.010218 0.049583 -0.35172 0.963136
46 BCP46 C28 -C31 0.243419 -0.599429 0.062521 -0.2749 1.028116
47 BCP47 C28 - H30 0.279357 -1.046983 0.047107 -0.35596 0.94224
48 BCP48 F4 - H32 0.004148 0.019425 0.003611 -0.002365 0.010595
49 BCP49 C31-H32 0.283926 -1.088325 0.044223 -0.360528 0.92901
50 BCP50 C31-H33 0.280553 -1.055406 0.047768 -0.359388 0.956035
51 BCP51 C11 - H55 0.285274 -1.105853 0.044134 -0.364731 0.956453
52 BCP52 C12 - H56 0.287656 -1.125723 0.042607 -0.366644 0.961019
53 BCP53 C31-H34 0.280674 -1.054995 0.047832 -0.359412 0.951723
54 BCP54 C35 - H36 0.275272 -1.010492 0.049562 -0.351747 0.963375
55 BCP55 C35-C38 0.24332 -0.598857 0.06249 -0.274695 1.027744
56 BCP56 C38 - H41 0.280661 -1.054865 0.04784 -0.359395 0.951715
57 BCP57 C38 - H39 0.283885 -1.087974 0.044237 -0.360468 0.92926
58 BCP58 C38 - H40 0.280596 -1.055769 0.047766 -0.359474 0.955948
59 BCP59 P1-C42 0.180743 -0.306535 0.112844 -0.302321 0.656654
60 BCP60 F2 - H46 0.00405 0.018964 0.00352 -0.002298 0.010263
61 BCP61 C27 - H46 0.005397 0.016767 0.003293 -0.002394 0.015476
62 BCP62 C42 - H43 0.275282 -1.010542 0.049575 -0.351785 0.963262
63 BCP63 C42 - H44 0.279463 -1.047765 0.047097 -0.356136 0.941854
64 BCP64 C42 - C45 0.243382 -0.599188 0.06251 -0.274817 1.027671
65 BCP65 C45 - H46 0.283911 -1.088108 0.044251 -0.360529 0.929027
66 BCP66 C45 - H47 0.280536 -1.055291 0.047769 -0.35936 0.956035
67 BCP67 C45 - H48 0.280667 -1.054946 0.047827 -0.359391 0.951569
68 BCP68 C18 - H49 0.285283 -1.105937 0.044131 -0.364745 0.956435
69 BCP69 C19 - H50 0.287662 -1.125797 0.042596 -0.366641 0.960997
70 BCP70 C20 - H51 0.286005 -1.112662 0.04342 -0.365006 0.954315
71 BCP71 C26 - H52 0.285275 -1.105805 0.04415 -0.364751 0.956541
72 BCP72 C25 - H53 0.287656 -1.125708 0.042614 -0.366655 0.961101
73 BCP73 C24 - H54 0.285997 -1.112611 0.04343 -0.365013 0.954438
74 BCP74 C13 - H57 0.286013 -1.112702 0.043433 -0.365042 0.954423
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Conclusion

In this thesis, I have discussed the strategies for generation of frustrated Lewis pairs (FLPs) from
classical Lewis adduct (CLAs) induced by conformational isomerization. FLPs have been often reported to
decompose quickly under ambient conditions, which should restrict their facile use in organic synthesis. It
should be thus worthwhile to develop a strategy to generate FLPs from CLAs effectively, because such a
‘frustration revival strategy’ can further expand the utility and applications of FLPs in organic chemistry. In the
context of the frustration revival strategy, our group has developed the thermal revival system of FLPs from N-
phosphine-oxide-substituted imidazolylidenes (PoxIms)-borane adduct by rotation of the N-phosphinoyl
moiety. However, details on reaction mechanisms for the generation of FLP species from the PoxIm—borane
adduct remained unclear.

In Chapter 1, I have studied the detailed reaction mechanism on revival of FLPs from PoxIm—borane
adducts. The detailed mechanistic studies revealed that FLPs are generated through the steric repulsion between
carbene and borane induced by the rotation of phosphinoyl moiety. The rotation occurs after borane was
transferred to oxygen from carbene, and the heterolytic cleavage of H» proceeds between carbene and borane.

In Chapter 2, I focused on the conformational isomerization of triarylboranes, as Lewis Acids,
comprising FLPs and CLAs. I have then developed a strategy to control and modify their Lewis acidity by
focusing on remote back strain to regulate the generation of FLPs and perform the FLP-catalyzed hydrogenation
of carbonyl compounds using a 1:1:1 molar ratio of gaseous mixture of H,, CO, and CO,. The hydrogenation
reaction proceeded efficiently when using the combination of B(2,6-F»-3,5-R,-CsH); (R = CI and Br) and 4-
methyltetrahydropyrane (MTHP) to generate FLPs.

In Chapter 3, the remote back strain has been clarified by experimental and theoretical studies. As a
result, remote back strain is consist of steric repulsion and NClIs generated between meta-substituents on Ar
groups in triarylborane. In addition, hydrogenation of quinoline with a 1:1:1 molar ratio of gaseous mixture of
H,, CO, and CO; has been successfully demonstrated by employing triarylborane designed with the concept of
remote back strain.

From these studies, I am confident that the approaches to FLPs from classical Lewis adducts CLAs
can broaden the scope and applications of FLPs in organic chemistry. I trust that the increased utility and
applications of FLPs as catalysts and activators for small molecules would significantly advance the progress

of organic chemistry.
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