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Abstract

To enable the rational development of CO, utilisation processes, it is vital to understand the
mechanisms of involved reactions. This thesis reports studies to improve the mechanistic
understanding of two catalytic CO; utilisation reactions and work towards the development of

a novel CO; utilisation process.

In Chapter 2, the role of guanidines in the reaction of propargylamines and CO- to give cyclic
carbonates is discussed. Guanidines have multiple potential mechanisms of catalytic activity.
Through correlating the catalytic activity and solvent effects with observed guanidine-CO;

complexation, the origin of catalytic activity was determined.

Chapters 3-5 report results of a mechanistic investigation into the guanidine catalysed reductive
functionalisation of CO, with amines and hydrosilanes to yield formylamides, methylamines
and aminal products. Through monitoring the reaction using GC, 'H & *C NMR, in situ FT-IR
and mass spectrometry, a number of competitive intertwined reaction pathways and
intermediates were identified. At low temperatures formylamides are produced via
transformylation of a formoxysilane intermediate with an amine. However, at higher
temperatures a competing pathway enables further reduction of the formoxysilane to a
bis(silyl)acetal, its subsequent reaction with amines yields aminal intermediates which can be
further reduced under reaction conditions to yield methylamines and formylamides. A catalyst
deactivation pathway was identified whereby formylation of the catalyst itself occurs. By using
alkylated guanidines, the deactivation pathway was prevented and the alkylated catalysts could
be used at 0.1 mol% loadings and achieved TON of 805 and TOF of 33.5 h''.

In Chapter 6, efforts towards the development of a novel CO; utilisation reaction are discussed.
a-Ketocarboxylic acids were targeted from the insertion of CO- into an aldehyde C-H bond,
inspired by analogous hydroacylation chemistry. A range of reaction conditions, rhodium
catalysts and substrates were investigated; however, although a number of products were

identified, no incorporation of CO; was observed.
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Chapter 1 Introduction

1.1 Introduction to CO2 Utilisation

Utilising carbon dioxide (COy) is a key priority in current chemical research and offers an
alternative carbon source over the depleting fossil fuel derived sources.! The use of COz in
chemical synthesis as a C; building block is an attractive process due to its ready availability,

low cost and sustainability.?

The main limitation of CO; as a carbon source is its thermodynamic and Kinetic stability.
Thermodynamic barriers are often overcome through using high energy reactants, while kinetic
barriers require the use of catalysis.>* Currently, the use of CO; as a C; chemical feedstock is
very limited and few methodologies have been developed which target products of interest to
industry that are accessible under industrial scale conditions.> Developments of chemical
transformations which incorporate CO, are underway; however, they are often limited by their
synthetic scope or through requirements for stoichiometric or excess amount of metal reagents,

low yields and high temperatures or pressures.

Approaches to CO, utilisation can often be characterised into three approaches:

functionalisation, polymerisation or formal reduction of CO,, Figure 1.1.

Functionalisation: o

0
e ol s
HoN~ NH, oH H

R R'
Urea Salicylic acid Cyclic carbonates

Polymerisation:

0.0 RL o\)+ R
()\/ T 9;1 O)'LO/\H;’ yOJJ\[Tl
R" O H
Polycarbonates Polyurethane analogues
Reduction:
o o H H H H
Il Il \_/ \_/
C. C< Co PON
H OH H H H OH H H
Formic acid Formaldehyde Methanol Methane

Figure 1.1: Example compounds for targets in utilisation of CO;



For example, functionalisation transformations of CO; include the synthesis of urea, which is
currently the largest industrial CO; utilisation process and the synthesis of salicylic acid at an
industrial scale from the reaction of CO, and phenol.® Cyclic carbonates are also currently
synthesised on an industrial scale; however current production methods require the use of high
temperatures and pressure and use ammonium or phosphonium salts as the catalyst.” 8 New
catalysts are under development to improve this process; for example, aluminium catalysts, e.g.
salen complex 1, developed by North enable conversion of epoxides with CO; to cyclic
carbonates at room temperature and 1 atm CO; pressure using BusNBr as a cocatalyst, Scheme
1.1.% 9 Importantly, the process is tolerant towards common impurities in flue-gas, and this
along with the mild conditions required, have enabled the development for large scale synthesis

directly from industrial CO, emissions.® 1t

o)
[(salen)AlL,O (0.1-2.5 mol%) )L

_ o
o co, BusNBr (0.1-2.5 mol%) o o

A (4 am)

R 25°C R

|/ i 'Bu ‘Bu i \|

A|/O '/

[(salen)Al],O
1

Scheme 1.1: Synthesis of cyclic carbonates from epoxides and CO,

The use of CO; for polymer synthesis is an attractive CO; utilisation process due to both the
wide scope and large sale preparation of polymers and their relatively long lifespans compared
to other commercial chemicals.? For example, Williams and co-workers have reported a series
of di-zinc and di-magnesium catalysts 5 that successfully catalyse the synthesis of
poly(cyclohexylene carbonate) 3, Scheme 1.2.12 ** Importantly, the reaction proceeds under
mild conditions and has been proved to be tolerant to common contaminants in captured CO,
as demonstrated by the performing the reaction with CO, directly captured from a carbon

capture plant at Ferrybridge power station.'? 3



tBu O,

T X
0 X o. 0O on 9 ©
5 hig '
+ COZ 0] *
n
100 °C, 1 bar CO,, 3-6 h

M = Zn, Mg; X = OAc, O,CF3
2 3 4

O tBu

Scheme 1.2: Synthesis of poly(cyclohexane)carbonate 3 from cyclohexane oxide 2 and CO; using
captured and contaminated CO,

Already being synthesised on a pilot plant is the synthesis of polyurethane foams by the Bayer
DREAM process, whereby CO- is incorporated into the polyol starting material through
copolymerisation of propylene oxide and CO; using a Zn catalyst.** ** This process has a large
potential for use as a CO, utilisation procedure, to replace the current manufacturing processes

for polyurethanes, which are produced on a multi-million ton per year scale.'

While the use of CO; utilisation procedures for the synthesis of chemicals is unlikely to make
any impact on the CO, levels, the direct reduction of CO; for use as fuels perhaps offers the
greatest potential for CO utilisation in terms of reducing CO, emissions.'® However, the main
challenge associated with this is sourcing a sustainable and financially viable hydrogen source.*
The industrial scale synthesis of methanol has been in manufacture in Iceland since 2011,
however this is only possible due to the availability of geothermal energy sources which enables

the sustainable production of hydrogen from the electrolysis of sea water.*’

Alternative reduction processes of CO. include its conversion to formic acid,® *°
formaldehyde,?® methane?" 22 and carbon monoxide; however, the majority of these processes

often involve transition metal catalysts or high temperatures and pressures.



1.2 Activation of CO2

1.2.1  Activation of CO; with Transition Metal Complexes

Transition metal complexes are frequently employed to activate CO- through coordination to
the metal or to activate the substrate to enable C-C bond formation.? There are three significant

types of CO; coordination to transition metals commonly encountered, Figure 1.2.2-%

pe c°

L,M—C% ML~ L,M-0=C=0
o)

B

A C

Figure 1.2: Common binding modes of CO, with a metal centre a) M-C ¢ bond, b) M-C & bond, and
¢) O-M o bond

In mode A, o bonding occurs from the transition metal centre to the carbon atom of CO,, whilst
in mode B, n bonding of the transition metal with one C=0 bond occurs, whereby electron
density is donated from the metal to the LUMO of the ligand, Figure 1.3. Finally in mode C, o
bonding from the oxygen in CO; leads to coordination, Figure 1.2. Coordination of CO; is most
commonly observed with late transition metals of low oxidation states, e.g. iron, cobalt and

nickel, due to their basicity and ability to bind to CO; through back bonding, Figure 1.3.3 23

o 20,
\\#l 209
o dou .
. —
c co, o

Figure 1.3: Molecular orbital diagram for CO,



1.2.2  Activation of CO, with Organic Molecules

A variety of highly reactive organic molecules are also known to activate CO,. For example,
the reaction of many amines with CO, leads to the formation of carbamate salts or carbamic
acids, the equilibrium of which is dependent on solvent and temperature (Scheme 1.3).2% %
Similarly, reactions of alcohols with CO leads to the formation of carbonic acids and

carbonates.?: 27

R\1 R\1 //C) R\1 H R\1 //O
N—H + CO, — ,N—C\ o+ +'N:H — .N—C\
R? RZ O R? R? OH

Scheme 1.3: Reaction equilibrium of amines and CO- to form corresponding carbamate and
carbamic acid %6 %7

Alongside amines, other organic bases such as guanidines and amidines have also been shown
to activate CO,. For example, Franco and co-workers observed DBU-CO, complexation by
solid state NMR?® 2 and complexation between TBD and CO- has also been reported by Villiers

et al. using NMR and X-ray crystallography, Figure 1.4.%°

O/

N

6/
DBU-CO, TBD-CO,

Figure 1.4: Guanidine and amidine complexes with CO,% %0

Other examples of CO; activation include activation by N-heterocyclic carbenes (NHCs) to
form imidazolium carboxylates®! and by phosphorous ylides,* both of which proceed by
nucleophilic attack at the carbon atom of CO,. With diazaphospholenes however, activation of
CO- occurs via insertion of CO- into the P-H bond to give a phosphorus formate, with attack
from the oxygen of CO; to the electrophilic phosphorus atom.® Frustrated Lewis pairs (FLPs)
have also been shown to activate CO; through their dual role as a Lewis acid and a Lewis base,*
Scheme 1.4.



a) CO, Activation by NHCs

e DS
(610) ~
PSS eSS
~C_ -
o~ O
b) CO, Activation by P-ylide CO, adducts
O
R!_ R2 RZ 1 CO, R2 9 9

PPhs PPhs “PPh,
c) CO, Activation by Diazaphospholenes

t t

/Bu /Bu

N, N,

[ PH + CO2 [ R 0

N N o-c¢’

‘Bu Bu H
d) CO, Activation by FLPs

B(CeFs)2 co, +/ \-
_ /\ (CeHaMe3)oR  B(CeFs)2

(CeHzoMes),P (CeHoMes)oP----- B(CeFs)2 -0

Scheme 1.4: Examples of CO; activation with: a) NHCs, b) P-ylide CO; adducts, ¢)
Diazaphospholenes and d) FLPs 31-3

1.3 Organocatalysis in CO2 Utilisation

Catalytic CO; utilisation processes predominantly use transition metal catalysts and the field of
organocatalysts for use in CO- utilisation processes is significantly less developed. While
transition metal catalysts mostly offer a greater stability and higher activities than
organocatalysts, organocatalysts are generally low cost, less toxic, and importantly, more

tolerant to moisture and air.®®

As with metal catalysis, a broad range of organocatalysts, e.g. guanidines,® NHCs,*” FLPs,3®
diazaphospholenes,® ionic liquids®* and polyhydroxy compounds* (Figure 1.5), have been
shown to catalyse CO; utilisation reactions by either i) activation of CO;, ii) activation of the

substrate, or iii) dual activation of both CO, and the substrate.*
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Figure 1.5: Example classes of organocatalysts used in CO utilisation reactions

A variety of transformations of CO- using organocatalysts have been achieved. For example,
many organocatalysts have been reported for the non-reductive functionalisation of CO; to give
products such as cyclic carbamates and cyclic carbonates, Scheme 1.5.%6: 4% 42

/< R Organocatalyst M
= ” + CO O, _N-g

R R R R
/< Organocatalyst
=

OH + CO, o_ O
G
(0]
e
(0] Organocatalyst O/C\
. AN + CO, ) )\/O

Scheme 1.5: Example functionalisation reactions with CO, using organocatalysts®6: 4345

Organocatalysts have also been successfully used for the reduction of CO; to products such as
formic acid, carbon monoxide, methanol and methane.: “¢ Typical reductants for the reduction
of CO; with organocatalysts include hydrosilanes and hydroboranes. The role of the
organocatalyst in these transformations is typically ascribed to either activation of CO, or
activation of the Si-H or B-H bond; however there is still discussion as to the mechanism of
activation.*” For sustainable reduction hydrosilanes derived from waste streams, such as

polymethylhydrosiloxane (PMHS), are often targeted.*®



The first organocatalysed reduction of CO, was reported by Zhang and Ying in 2009 using a
hydrosilane reductant.®” A highly active NHC catalyst was reported for the reduction of CO- to
methoxysilane which could be hydrolysed to release methanol, achieving turnover numbers
(TON) and turnover frequencies (TOF) of up to 1840 and 25.5 h* respectively, Scheme 1.6.5°
The proposed mechanism, based on computational and experimental studies, involves initial
formation of an NHC-CO; adduct which can react with the hydrosilane, and following
subsequent hydride transfer, produce a formoxysilane species 7, Scheme 1.6. Reaction of the
formoxysilane intermediate 7 with a second silane species yields a bis(silyl)acetal intermediate
8, which can then further react to give the final methoxysilane species 10 and 12. Hydrolysis of
the methyoxsilane then releases the desired methanol product 13 and silanol by-products 14,
Scheme 1.6. 3749

H
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Scheme 1.6: Proposed reaction pathways for the NHC catalysed reduction of CO, to MeOH with
hydrosilanes®’ 4°

Following this report, the reduction of CO, with hydrosilanes was also demonstrated with other
organocatalysts including phosphazenes® and solid poly-N-heterocyclic carbenes® for the
production of methanol, and a FLP system of 2,2,6,6-tetramethylpiperidine (TMP) and
[B(CéFs)3] for synthesis of methane, Figure 1.6a.%? Stoichiometric amounts of trityl borate have

also shown to mediate the reduction of CO, to methanol.?

Hydroboranes have also been used as reductants for the synthesis of methanol using
organocatalysts such as a phosphine-borane FLP,* % nitrogen superbases (e.g. TBD, MTBD
and DBU),* and phosphines, Figure 1.6b.% Whilst the use of hydrosilanes and boranes has

enabled the reduction of CO, with organocatalysts, ideally a sustainable source of hydrogen



would instead be used to reduce the cost and the amount of waste generated. However, the use
of hydrogen in the organocatalysed reduction of CO; is significantly less developed. The first
reported reduction of CO. by hydrogen using a metal-free mediator was reported in 2009 by
O’Hare.> The frustrated Lewis pair (TMP/B(CsFs)s) was shown to stoichiometrically reduce
CO; with hydrogen to methanol, however yields were low and reaction times long.>” More
recently, Fontaine and co-workers have also demonstrated the reduction of CO, with hydrogen
using an intramolecular B/N FLP as the stoichiometric mediator, however harsh reaction

conditions were required and low yields were achieved, Figure 1.6¢.%®

a) Organocatalysts for the Reduction of CO, with Hydrosilanes:
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b) Organocatalysts for the Reduction of CO, with Boranes:
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c) Organocatalysts for the Reduction of CO, with Hydrogen:

=AY
(where R =

Me;N BR2  2.4,6-MesCgH,)
B(CgFs)3

TMP/B(CgFs)3 Intramolecular FLP

Figure 1.6: Examples of organocatalysts used for the reduction of CO, with hydrosilanes,
hydroboranes and hydrogen reductants



1.4  Organocatalysed Reductive Functionalisation of CO2 with Amines and

Hydrosilanes

An important strategy in CO- utilisation to expand the synthetic scope of CO; is to develop
processes which combine the functionalisation of CO, with its reduction; a process coined as
the reductive functionalisation of CO,.%° One particular target for this type of transformation is
the formation of C-N bonds, for example in the synthesis of formylamides, methylamines and

aminals.50 6t

141  Formylation of Amines with CO>

Formylamides have a wide application as solvents, protecting groups or as intermediates in
many important pharmaceuticals.®? Typically the synthesis of formylamides is achieved through
the formylation of amines using formylating agents such as carbon monoxide, formaldehyde or
formic acid.%® However, the use of these formylating agents is often problematic due to thermal
instability, formation of by-products, toxicity and harsh or hazardous reaction conditions.

The current method for the industrial synthesis of formylamides at BASF uses an indirect two
step approach: firstly carbon monoxide is reacted with methanol to yield methylformate which
is subsequently reacted with the amine.® However, the use of CO; as a formylating agent offers
an excellent alternative due to its low cost, ready availability and the fact it is environmentally
benign. This approach would combine the functionalisation and reduction of CO, and in
particular would enable the alteration of the functionalising reagent independently to the

reducing agent.

1411 Early work on formylation of amines with CO,

The first catalytic synthesis of formylamides from the formylation of primary and secondary
amines with CO; and H, was reported by Kohnle in 1970, Scheme 1.7.5* A variety of transition
metal catalysts, e.g. (dppe).CoH (dppe = 1,3-bis(diphenylphosphino)ethane), (PhsP).(CO)IrCI
and (PhsP)sCuCl were shown to successfully catalyse the synthesis of dimethylformamide 17
(DMF) with high turnover numbers (TON) of up to 1200, although high pressures (27 bar CO-,
27 bar Hy) and temperatures 100 - 125 °C were required.®

(0]
\ Catalyst (0.02 - 0.14 mol%) \
N—H + C02 + H2 ° N_<
/ 100 - 125 °C, 17 h /" H
16 (27 bar) (27 bar) 17

Scheme 1.7: First reported catalytic synthesis of DMF from formylation of dimethylamine with
COy/H, ®
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Following this initial report, many improved transition metal catalysed processes have been
developed. For example, Noyori reported a highly efficient ruthenium catalyst, RuCl>(PMes3)a,
for the synthesis of DMF in scCO; (132 bar) with H. (81 bar) at 100 °C with TON of up to
370 000.%° Subsequently, and under similar reaction conditions, Baiker further investigated the
role of diphosphine ligands and reported a more efficient Ru catalyst, RuCl,(dppe)., with TON
740 000 and a rate 36 times faster than the best previously reported catalyst.®® More recently
the development of non-precious metal catalysts, such as Cu and Fe, have been targeted,®” ¢
along with attempts to address the limited substrate scope, for example by the addition of a
second base.®® This has also lead to investigations into alternative reductants to hydrogen, for

example through use of electrochemistry or hydrosilanes.® 7

1.4.1.2 Organocatalysed hydrosilylation for formylamide synthesis

Hydrosilanes pose an excellent alternative to H; as a reductant in the formylation of amines
with CO>. The Si-H bond is slightly polar and weaker (Si-H: 90 kcal mol?) than the H-H bond
(H-H: 103 kcal mol?) and thus hydrosilanes should be more easily activated than H.."* As
shown by Zhang and Ying, and discussed early, hydrosilanes are able to reduce CO; in the
presence of an organocatalyst at room temperature to give methoxysilanes, which can
subsequently be hydrolysed to give methanol.*’

Using a similar approach Cantat and co-workers investigated the use of hydrosilanes and
guanidine catalysts in the reduction of carbamates for the synthesis of formylamides.>
Stoichiometric reaction of morpholine 18, CO; and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)
gave complete conversion to the morpholine carbamate 22, Scheme 1.8. Subsequent addition
of 3 equivalents (EtO);SiH gave complete reduction of the carbamate to N-formylmorpholine

24, Scheme 1.8, which is the first reported carbamate reduction by a hydrosilane.>

o N-C NN —
\_/ O O//C\\O/H /_\ /Q"H_N
/\ 19 21 o -C-  +)—N
(@] NH + C02 - + \_/ \é__H_N
__/ Et,0
18 g M 22
\__/ H
23 15 h, 100 °C
(3 equiv)
g N-C (EtO)3SiOH
- + t 3 i
/W
24 100 % 25

Scheme 1.8: Reduction of carbamate with hydrosilane and TBD to yield N-formylmorpholine®®
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Further development of the process demonstrated that the reaction could be performed
catalytically using a more active hydrosilane, PhSiH3 26, with 5 mol% TBD, Scheme 1.9. Other
guanidines and amine catalysts were investigated, such as MTBD, DBU, and DMAP, however
these gave significantly lower yields. It was found that polar solvents were beneficial to the
reaction, however optimal conversion was achieved when the reaction was performed neat,

without solvent.>®

C)N\ﬁ TBD

/—\ N N (5 mol %) /_\ (@)
o NH + CO, + PhSiH3 H (0] N—< 65 %
/
(2 bar) (1 equiv) THF, 24 h, 100 °C H
18 26 24

Scheme 1.9: TBD catalysed synthesis of N-formylmorpholine from morpholine, CO; and a
hydrosilane reductant®

This reaction represents a significant development as both the first organocatalysed formylation
reaction with CO; and the first example using a hydrosilane reductant which has widened the
substrate scope relative to the previous examples with H: as the reductant and significantly

reduced the pressures required (i.e. 2 bar with hydrosilane® compared to 123 bar with H,%).

This led to the development of a number of organocatalysts able to catalyse the reaction with a
hydrosilane reductant. NHC catalysts were shown to have significantly higher activity than
guanidine catalysts and catalysed the complete conversion of morpholine to N-
formylmorpholine with PhSiH; at room temperature within 1 hour, Scheme 1.10.”? NHC
catalysts also enabled polymethylhydrosiloxane (PMHS) to be used as the silane source, giving
90% conversion after 24 h at room temperature.’”> PMHS is an attractive reductant as it is a
waste product from the silicone industry, moisture stable and is significantly cheaper than other

hydrosilanes such as PhSiH;.*

Other successful organocatalysts include imidazolium-based ionic liquids, reported by Liu in
2015 and thiazolium carbene catalysts reported by Dyson in 2016 for a range of aromatic and
aliphatic amines substrates, Scheme 1.10.”* As with NHC catalysts, the use of thiazolium
carbenes enabled PMHS to be used as the reductant, however the reaction did not proceed in
the usual solvents for this reaction (e.g. acetonitrile or THF) and instead N,N-dimethylacetamide
(DMA) or DMF were required.” Diazaphospholenes and phosphorus ylides have also been
reported to catalyse the formylation reaction, however as with previously reported carbene

catalysts, a glove box was required for catalyst preparation.®? 33
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\N_H + CO2 + n R3S|H

Catalyst

Solvent R? H

Guandines, e.g. TBD

(5

(5 mol%)

Cantat, 2012

PhSiH3 2 bar CO, 100 °C, 24 h

NHC, e.g. IPr
iPr iPr

/ - \
Cantat, 2012 NN
iPr iPr

(5 mol%)

PMHS 1 bar CO, RT,1h

Imidazolium ionic liquids

/N_/y\/\/
Y cl

H

10 -

Liu, 2015

( 100 mol%)

PhSiH3 10 bar CO, 30°C,5h

P-ylides-CO, adducts
0]

. 0
PhgP

R
(5 mol%)

Lu, 2015

PhSiH3 20 bar CO, 100 °C, 24 h

Diazaphospholene

Kinjo, 2015 Bu- N N-tgy
H

(5 mol%)

Ph,SiH, 1 bar CO, rt, 0.5-23h

Immobilized ionic liquids

Gao, 2016 [Et4NBrl5ge,-Py-COF

PhSiH3 1 bar CO, 30°C,24h

Thiazolium carbene
OH

Dyson, 2016 @\/w

N\/S

(7.5 mol%)

PMHS 1 bar CO,

50°C, 15 h

Fluoride Anions

e.g. TBAF (10 mol%)

Dyson, 2016
TBAF (3 mol%)

He, 2016

PhSiH;
(EtO);SiH

1 bar CO,
1 bar CO,

RT,6 h
30°C,12h

Scheme 1.10: Examples of organocatalysts for the formylation of amines with CO, with
hydrosilanes®? 32 59, 72-77
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The development of these new organocatalytic systems, has also led to the proposal of an
alternative mechanism of amine formylation. With ionic liquids and diazaphospholenes it was
instead proposed that reduction of CO; with the hydrosilane occurs in the first step to produce
a formoxysilane intermediate, which can then undergo transformylation with the amine to
produce the formylamide, Scheme 1.11.3% 7 7 Characterisation of the formoxysilane
intermediate has predominantly been reported using 'H NMR spectroscopy”® and GC-MS

analysis.®’

R']
9y \
N NH R' 0O
Ph—Si~0 R N—d
PhSiHz + COp «------- ~ 4 C-H T ~ R’ H
/

Scheme 1.11: Proposed pathway to formylamide product via a formoxysilane intermediate

The involvement of a formoxysilane intermediate was also proposed when fluoride ions e.g.
tetrabutylammonium fluoride (TBAF), were used as catalysts for the formylation of amines,
which were first reported simultaneously by the groups of Dyson and He in 2016.7% 77 In this
case the fluoride and hydroxide ions are proposed to activate the Si-H bond through the
formation of a hypervalent species, promoting the insertion of CO- into the Si-H bond to give

the formoxysilane intermediate.’

Immobilised organocatalysts have also been successfully used for the formylation reaction. For
example, ionic liquids immobilised on covalent organic frameworks could be reused up to four
times with catalyst recovery simply by filtering.” Similarly, heterogeneous poly-NHCs could
be reused up to three times, however these were less active than corresponding homogeneous

systems.5!

Recently, a number of solvent promoted systems have been developed for the formylation of
amines with CO-. Li and co-workers have reported a DMSO promoted reaction whereby the N-
H and Si-H bonds of the amine and silane respectively are activated by interactions with the
solvent.” For this system an alternative mechanism is proposed whereby a silylamine is formed
(releasing H2), to which CO; is inserted to give a silylcarbamate type intermediate which is then

reduced to give the formylamide, Scheme 1.12.7

R DMSO R co, R 0 ResiH R' O
NH + RsSiH N—SiR3 N-C N—C
R? -Hz R2 RZ  O-SiR; RZ H

Scheme 1.12: Proposed mechanism to formylamides involving a silylamine and silylcarbamate
intermediate
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Following this a second solvent promoted system was reported by Song & Han utilising the
biomass-derived y-valerolactone as the solvent and promoter for the formylation reaction.”
However, their system required CO. pressures of 30 bar and relatively high reaction
temperatures 80 °C, for reactions to proceed in 2-24 h.” Mechanistically, the reaction is
proposed to proceed via activation of the phenylsilane and amine by the lactone group of the
solvent, which enables favourable insertion of CO; to give a formoxysilane intermediate, which

can then react with the amine to give the formylamide product.”

1.4.1.3 Computational Studies

The mechanism for the NHC catalysed synthesis, as reported by Cantat,’> was initially
investigated using DFT calculations by Cao in which two pathways were discussed.® Pathway
1 found that the formation of the carbamic acid 27 was facile (7.2 kcal mol) however its
subsequent reaction with PhSiH; to give intermediate 29 had a significant free energy barrier
(33.8 kcal mol™). Alternatively, the formation of a formoxysilane intermediate 28 was explored

in pathway 2.
Stage 1 Stage 2 Stage 3
Pathway 1
MezNH ] OH
16 NHC \N—C/ + PhSiH;
\
(7.2) /o (33.8) H
€O, —— 27 NHC = Ph=$mO v
oo H HHO/CH "
NHC |
. Ph-SiQ + MepNH
(20.7) 4 c=o (17.9) 29
/
PhSiH; ——— H —
26 28 i NHC
Pathway 2 ~
0 H
// |
N—C, *  Ph—Si-OH
H H
17 30

Scheme 1.13: Proposed pathways for the NHC catalysed synthesis of DMF calculated by DFT — the
lowest calculated Gibbs energies (kcal mol) are given in brackets®

The mechanism of formoxysilane intermediate 28 formation has previously been studied
computationally during mechanistic investigations of the NHC catalysed reduction of CO- to
methanol, from which two activation modes for its formation were proposed, Figure 1.7.4%8!
Activation mode A proceeds via a covalent binding mechanism whereby the NHC binds to the

Si, increasing the electron density on the H atoms, thus activating the Si-H bond allowing for

15



CO; insertion, Figure 1.7.8% 8! Alternatively in activation mode B an NHC-CO, adduct

initially forms, essentially activating the CO,, allowing for reaction with the phenylsilane.*°

R/N\“/N\R R-NN-R
Mode A: ph_Si_g\ C/’O Mode B: _C-
H H 8 o~ ~0
(i)
Ph—SIi—H
H

Figure 1.7: Two proposed activation modes for formoxysilane intermediate formation®!

In the formylation of amines Cao calculated activation mode A to be favourable (20.7 kcal mol-
! vs 31.4 kcal mol* for mode B). The formoxysilane intermediate 28 is then proposed to couple
with the amine through a general base mechanism (17.9 kcal mol™?) to give intermediate 29.8°
Thus, pathway 2 is favoured over pathway 1 whereby the carbamic acid is formed, Scheme
1.13. In the final stage, the amide 17 is formed via a base catalysis mechanism.&

A more recent computational study reported by Li provides an alternative suggestion that the
NHC is a precursor to the actual catalyst: with the actual catalytic species being the ionic liquid
[NHCH]*[Carbamate]’, Figure 1.8a 2 The formation of the formoxysilane intermediate is again
described as a key intermediate, however an alternative activation mechanism has been
calculated. It is suggested instead that the Si-H bond is activated by a concerted Sy2 attack by
the amine carbamate, following which the hydride directly reacts with free CO; in solution,
Figure 1.8a.%% In the absence of the amine it is suggested that the Si-H bond is instead activated
by the NHC-CO; adduct, similar to the proposal by Ying and Zhang*® except that the hydride
reacts with free CO in solution, Figure 1.8b.8 Li also proposed a mechanism for the
uncatalysed reaction whereby the dimethylammonium acts to stabilise the transition state,

Figure 1.8c.

N \/
R H/N\H
f R
() . ) 0
N—C _ HH 0 Con—&  HH o) N—C  HH G
VAR NS N ] NN ] /NN
) Slng\ N\ Sl‘,lHC\:\ O SII“'H 0
Ph R Ph @) Ph
Catalysed mechanism Catalysed mechanism Uncatalysed mechanism
(with amine) (no amine) (with amine)

Figure 1.8: Recent activation modes proposed by Li for CO; reduction by Si-H bond to form a
formoxysilane intermediate in a) NHC catalysed with amine, b) NHC catalysed without amineg, c)
uncatalysed with amine &
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These computational studies support evidence for the experimentally observed formoxysilane
species, however, they do not account for other species observed experimentally, for example

the formation of a silylcarbamate species.

1.4.14 Metal Catalysed Hydrosilylation

Alongside the development of organocatalysts for the formylation of amines with CO; and a
hydrosilane, a number of metal catalysed processes utilising hydrosilane reductants were also
developed. For example, Baba and co-workers reported a highly efficient copper-diphosphine
complex to catalyse the formylation of amines, with PMHS as the hydrosilane.® The catalysts
operate at low CO-, pressures (1 bar) and moderate temperatures (80 °C) to give significantly
higher TON (up to 11700) than any of the previously discussed organocatalysts, Scheme 1.14.84
Other transition metal catalysed formylations include a nickel catalysed process with catalytic

amounts of Et3B & and an iron catalysed process with monodentate phosphine ligands.®

(Cu(OACc), H,0 (0.07 mol %)
1,2-bis(diphenylphosphino)
benzene (0.21 mol%) o

< NH + CO, + PMHS < N—q
1,4-dioxane, 80 °C, 24 h H

(1 bar) (2.3 equiv)
31 32

Scheme 1.14: Cu-phosphine catalysed synthesis of formylamides &

More recently, simple metal salts and bases have been shown to catalyse the synthesis of
formylamides with hydrosilane reductants. For example, Baba in 2015 reported the catalytic
use of simple fluoride and carbonates salts with dimethylphenylsilane for the formylation of
piperidine 32 and N-methylaniline 33, Scheme 1.15.%” Bhange has also reported the use of
simple base catalysts for the synthesis of formylamides, despite the need for relatively high
temperatures and pressures (100 °C, 30 bar) the system demonstrates for the first time the use

of KoCO;s as the sole catalyst.%

Baba, 2015:
R CsF (10 mol%) R' o
NH + CO, + PhSi(Me)H - .N—4
R2 (1 bar) (29 eqUiV) DMSO, 80 C, 24 h R2 H
Bhanage, 2016:
R K2CO3/Cs2CO3 (10 mol%) R!' O
NH + CO, + PMHS - N
R? (30 bar) (4 equiv) THF, 100 °C, 24 h RZ2 H

Scheme 1.15: CsF and base catalysed synthesis of formylamides with hydrosilanes 54 5
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1.4.1 N-Methylation of Amines with CO,

N-Methylation of amines via the reductive functionalisation of CO; offers an attractive process
to replace the typical hazardous alkylation methods currently used, e.g. methyl iodide,
dimethylsulfate or the use of formaldehyde with a reductant.®® Initial attempts using metal
catalysts and a hydrogen reductant enabled the methylation of amines with CO,, however high

temperatures or pressures were often required.
More recently the use of hydrosilanes and hydroboranes as reductants have been explored and
Cantat and Beller reported the use of Zn and Ru catalysts respectively, which have enabled

milder conditions to be used, Scheme 1.16.8% %

Cantat, 2013:

R' Cat: ZnX, + ligand R’

\_N—H + co, + nR3SiH \_N—CH3
R? (1 bar) Solvent, 100 °C, 20 h %

Beller, 2013:
BuPAd, (4 mol%)

R _ [RUCI,(dmso)s] (2 mol%) R

\.N_H + Co2 + n R3SIH \.N_CH3
R? (30 bar) PhSiH3, toluene, 100 °C R?

- silanol
- siloxane

Scheme 1.16: First reported N-methylation of amines using hydrosilanes and CO, with Zn and Ru
catalysts & 0

This approach has been extended and organocatalysts have since been reported to catalyse the
same reaction. Dyson first reported the use of NHCs in 2014 for the N-methylation of amines
using CO2 and hydrosilanes under relatively mild conditions, Scheme 1.17.%* The system
tolerated a broad range of amines and a wide functional group tolerance was demonstrated

enabling the synthesis of a number of pharmaceutical intermediates.*

Subsequently other organocatalysts were reported to be successful for the methylation of amines
with CO2 and a hydrosilane reductant. These included boranes,® thiazolium carbenes,” fluoride
anions,”” and a solvent promoted system with DMF,% Scheme 1.17. The use of hydroboranes
as reductants has also enabled the use of proazaphosphatranes,® carbodicarbenes®™ and

guanidines® as efficient organocatalysts for this transformation.
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R , Catalyst R
\N_H + C02 + n R3S|H \N_CHg
R2 Solvent R?

NHC, e.g. IPr

—
Dyson, 2014 NN Ph,SiH, 1 bar CO, 50°C, 24 h

(5 mol%)

Boranes
R F

Liu, 2015 B F> PhSiH; 5 bar CO, 140 °C, 24 h

3
F F
(5 mol%)

Thiazolium carben%

Dyson, 2016 Q/w PMHS 1 bar CO, 100°C,15-24 h
N_ S

O
(7.5 mol%)

Fluoride anions
He, 2016 F e.g. TBAF PhSiH3 1 bar CO, 50°C, 24 h
(5 mol%)

Scheme 1.17: Example organocatalysts for the methylation of amines using CO> with a silane
reductant®® 92 7477, 96

Many of the conditions and catalysts reported for the methylation of amines with CO, and
hydrosilanes (Scheme 1.17) are very similar to those for the corresponding formylation reaction,
(Scheme 1.10) and in some cases formylamides are reported as side products during the
optimisation of methylation reactions. For example, Dyson showed that with thiazolium
carbene catalysts, increasing the amount of reductant and increasing the reaction temperature
resulted in a switch in selectivity from the formyl- 35 to the methylated product 36, Scheme
1.18. Similarly, when fluoride catalysts were used, use of a less active silane (e.g. (EtO)sSiH)
in THF selectively gave formylation, whereas the use of a more active silane (e.g. PhSiHs) in

more polar solvent (e.g. acetonitrile) gave the methylation product.”
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¢
NH, Catalyst NH
/©/ + CO, + PMHS DMA. 50 °C /©/ 83 %
MeO (200 L) MeO
34 35
¢Hs
NH; Catalyst N.
/©/ + CO, + PMHS ’ /©/ e e
2
DMA, 100 °C
MeO (300 L) MeO
34 36

Scheme 1.18: Using thiazolium catalyst, higher reaction temperatures favour amine methylation
over amine formylation™

A number of different pathways have been proposed for the mechanism of the methylation of
amines with CO, and hydrosilanes, Scheme 1.19. With fluoride and borane catalysts,
formylamides are proposed to be intermediates to methylamines, and the corresponding
formylamides have been shown to be reduced to methylamines under reaction conditions,
Scheme 1.19a.”" % However, other systems have proposed that formylamides are stable
products and are therefore formed in competition with methylamines, rather than as
intermediates. Instead it has been proposed that reduction of CO, with hydrosilanes to
methoxysilanes followed by nucleophilic attack of the amine is the mechanism for methylamine
formation, Scheme 1.19b.%

a) Via reduction of formylamide intermediates

R! R'" 0O SiRgH R!
NH + CO, + SiRgH 77" > N=C e > N—CHjs
R2 R2 H R2

b) Via methoxysilane intermediates

H R'R2NH R
ReSIH + co, >  Ph—Si—OCH; »  N-CH,
| R2
H
c) Via aminal intermediates
H . R!
R’ 1 2 1 SiR3H \
NH + CO, + SiRgH - - RGO R - N-CHg
R2 éz éz R

Scheme 1.19: Proposed pathways to methylamine products

A third proposal is that methylamines are formed from the reduction of an aminal intermediate,
Scheme 1.19c. The presence of methylamines were first reported as side products when aminal
products 38 were targeted from the guanidine and NHC catalysed reaction of amines, CO- and

phenylsilane, Scheme 1.20.%” Further investigation showed that aminals could be reduced to
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methylamines under the same reaction conditions, therefore indicating aminals are potential

intermediates to the formation of methylamines in these reductive functionalisation reactions.

';' TBD

N (10 mol%)
™~ + CO, + PhSiHg
(1 bar) (2 equiv) CD3CN
80°C,25h
37

93 % 7%

Scheme 1.20: Synthesis of aminals and methylamines from reduction of CO, by hydrosilanes
catalysed by NHCs and guanidines®

1.5 Summary

In recent years the role of organocatalysis in CO; utilisation processes has been significantly
developed. The report by Zhang and Ying in 2009 highlighted the first example that
organocatalysts were able to promote the reduction of CO; using hydrosilanes as the reductant.®’
This led to first report of an organocatalysed process for the reductive functionalisation of CO;
with amines to produce formylamides.>® Following this a broad range of organocatalysts have
been developed for the formylation and methylation of amines.® These have regularly provided
mild reaction conditions and broader substrate scope in comparison to the corresponding metal
catalysed reactions with hydrogen. Of particular note are the reactions which can utilise a
sustainable hydrosilane source such as PMHS, therefore utilising two waste streams. A number
of studies have investigated the role of organocatalysts in the activation of various hydrosilanes
and hydroboranes, however a general mechanism is yet to be agreed upon and in particular the
reasons behind product selectivity between formylamides, methylamines and aminals are still

poorly understood.

However, despite the many advances of organocatalytic CO; utilisation reactions, these are still
comparably less efficient than corresponding metal catalysed reaction systems suffering from
low TON and TOF. No organocatalytic reaction for CO- utilisation is currently operable on an
industrial scale. In order to develop these reactions further the mechanism of CO, utilisation
reactions need to be well understood to enable the rational improvement of these catalytic

processes.
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Chapter 2
Role of Guanidine Catalysts in the Reaction of Propargylamines
and CO;

2.1 Introduction

Guanidines and amidines are widely employed as organocatalysts due to their nucleophilicity
and high basicity, and successfully catalyse a variety of organic reactions.®® Of particular
interest are those which involve CO, utilisation. Due to the high stability of CO;, highly reactive
reagents or harsh reaction conditions are often required for its conversion. However, catalysis
with amidines and guanidines often offers a less energy intensive option, enabling a variety of

substrates and mild conditions to be used.

The synthesis of cyclic carbamates from propargylamines and CO; using either an amidine,
DBU, or a guanidine, TBD, as the catalyst, was first reported by Costa in 1996, Scheme 2.1.%°
Cyclic carbonates and carbamates are important classes of compounds due to their broad
applications in fine chemical synthesis, pharmaceuticals and as solvents.® Since the initial report
by Costa®® a broad range of amine based catalysts have been explored. Further effective

catalysts include alkylated guanidines such as MTBD and TMG, Figure 2.1.3¢ %

% Guanidine / amidine H
catalyst
Z N@ ¢+ co, O7fN\/©

40 O 4

Scheme 2.1: Example synthesis of cyclic carbamates from propargylamine and CO; using a
guanidine catalyst

() ) w X

N

— — Me . _Me

C@ I
N H Me Me Me

DBU TBD MTBD TMG

Figure 2.1: Catalysts demonstrated to be successful in reaction of propargylamines with CO, 3 °

The proposed mechanism is thought to involve the catalyst acting as a superbase to deprotonate
the substrate, Scheme 2.2.® However, organic bases are also well known to form complexes
with CO- and the formation of these complexes is proposed to account for their catalytic activity

in a variety of reactions with CO, by enabling transcarboxylation to the substrate, Scheme 2.2.2
100-102
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Scheme 2.2: Proposed mechanisms of reaction when MTBD is used as the catalyst

Complexation of organic bases with CO- has been widely studied due to their application in
CO; scrubbing and capture.®® DBU-CO, complexation, thought to be the cause of catalytic
activity in the synthesis of cyclic carbonates from epoxides'® and the synthesis of 2,4-
dihydroxyquinazolines,’® was observed by Franco and co-workers.? Solid state NMR data
indicated that the zwitterionic form was observed (Figure 2.2); however, crystallisation saw a
structural change to the bicarbonate form, suggested to be due to the presence of water.? 2°
Complexation between TBD and CO: has also been isolated and observed in the solid state by
Villiers et al. using NMR and X-ray crystallography, Figure 2.2.3° However, limited
information is available for the stability of these complexes in solution under the catalytic
reaction conditions of CO, with propargylamines.

O FO

DBU-CO, TBD-CO,

Figure 2.2: Guanidine and amidine complexes with CO; (isolated structures) 2 3

More recent work within the Nguyen group has investigated the activation of CO, with amines
and guanidines under conditions relevant to the reaction of CO, with propargylamines.® The
complexation between catalysts: TBD, MTBD, TMG, DABCO and TEA with CO; (1 atm) was
monitored by ATR-FTIR spectroscopy over time, Figure 2.3.1% Although the propargylamine
reaction is known to be successful in acetonitrile, the reaction was studied in THF due to the

poor solubility of the bases in acetonitrile.
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Figure 2.3: ATR-FTIR spectra of reaction in THF over time between CO, with amines and
guanidines: a) TBD, b) MTBD, c) Representative spectra for TMG, TEA, DABCO%
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It was found that reaction of MTBD and TBD with CO; led to the formation of complexes
MTBD-CO; and TBD-CO- respectively, identified by a change in the carbonyl region of the
FT-IR spectra (Figure 2.3a&b). The bicarbonate complexes [MTBDH][HCOs;] and
[TBDH][HCO3] were also observed due to the presence of water during the reaction. This was
confirmed by the addition of water during the ATR-FTIR experiment (Figure 2.3b). No change
in the FT-IR spectra was observed when CO; was introduced to solutions of TMG, TEA and

DABCO, indicating that no complex with CO, was formed (Figure 2.3c).1%

As TMG is known to be a successful catalyst in the reaction of propargylamines with CO, 3%
the lack of a TMG-CO, complex suggested that complexation with CO- is not the main route of
catalytic activity. Instead, the ability of the catalyst to act as a base to deprotonate the substrate

appears to be more important.

With this insight there was need to re-evaluate the reaction conditions for the reaction of
propargylamines with CO; taking into account the proposed mechanism of action. Provisional
work in the group identified a range of catalysts and solvents to be investigated further;% with
conditions comparable to the initial work by Costa.® * This chapter reports the evaluation of

catalytic activity under the selected conditions.
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2.2 Catalytic Activity in Cyclic Carbamate Synthesis

The catalytic activity of guanidine catalysts was investigated in the synthesis of cyclic
carbamate 41 from propargylamine 40 and CO.. Three catalysts were selected to investigate
further: MTBD and TMG were selected as examples where CO, complexes were and were not
observed, while DBU was investigated due to its strong basicity. Reaction conditions were
selected similar to those reported by Costa:®® catalyst (10 mol%), at 75 °C and CO; pressure of
5 bar, Scheme 2.3. Under these conditions use of MTBD as the catalyst in acetonitrile gave

100 % conversion, in agreement with the literature.®®

CO, (5 bar)

)( Catalyst (10 mol%) m
N
Z H/\© WN

0]

MeCN, 75 °C, 18 h
40 41

Scheme 2.3: Reaction conditions for synthesis of cyclic carbamate 41 from propargylamine 40 with
CO,

Performing the reaction in THF, the solvent of the FT-IR studies, was unsuccessful with both
MTBD and TMG, Table 2.1, as previously reported by Costa.*® The catalytic activity was then

examined in solvents acetonitrile, ethanol and DMSO, Table 2.2.

Table 2.1: Conversion of propargylamine 40 and CO, with MTBD and TMG in THF

Loading Conversion
Entry Catalyst (mol%) Solvent (%)
1 MTBD 10 THF 7
2 TMG 10 THF 0

Reaction Conditions: 40 (0.866 mmol), catalysts (10 mol%), THF (3 mL), 75 °C, CO; (5 bar), 18 h.
Conversion (%) calculated by *H NMR
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Table 2.2: Conversion of propargylamine 40 with CO, with MTBD, TMG or DBU

Entry Catalyst Loading Water Solvent
(mol%o) (mL) MeCN EtOH DMSO

3 MTBD 10 - 100 29 54
4 MTBD 10 0.1 99

5 MTBD 1 - 8

6 MTBD 1 0.1 8

7 TMG 10 - 19 40 100
8 TMG 10 0.1 39 100
9 TMG 1 - 7 6
10 TMG 1 0.1 8 61
11 DBU 10 - 100 28 64
12 DBU 10 0.1 35

Reaction Conditions: 40 (0.866 mmol), catalysts (1-10 mol%), solvent (3 mL), 75 °C, CO; (5 bar), 18 h.
Conversions (%) calculated by *H NMR as a ratio of starting material to product

At 10 mol% loading MTBD gives 100 % conversion in acetonitrile; however, it has a lower
activity in EtOH and DMSO (Entry 3, Table 2.2). Contrastingly, TMG only resulted in 19 %
conversion in MeCN and gives 100 % conversion in DMSO (Entry 7, Table 2.2). The lower
activity of TMG in MeCN could be accounted for by its lower basicity in MeCN compared to
MTBD (Table 2.3).%® As demonstrated in the ATR-FTIR study, the addition of ethanol to the
MTBD-CO, complex led to its decomposition. Therefore the success of TMG and MTBD in
EtOH in catalysing the reaction suggests that the catalyst-CO, complexes are not essential for
the reaction to proceed. The higher conversion achieved when TMG in DMSO was used could
be accounted for by the ability of DMSO, a highly polar solvent, to stabilise the formed TMGH™.

Table 2.3: Basicity of studied amidine and guanidines in acetonitrile

Catalyst pKa(MeCN)
MTBD 25.4%
DBU 23.9%
T™MG 23.3%

The lack of importance of the catalyst-CO, complexes has also been investigated by the addition
of 0.1 mL water to the reaction. If the reaction proceeded by formation of the CO, complex, the
addition of water would break down this complex, and therefore a loss in yield would be
expected. The addition of water to the reaction with MTBD in acetonitrile gave no significant
loss in yield (Entry 4, Table 2.2). Likewise addition of 0.1 mL water to reactions with TMG (10
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mol%) in EtOH and DMSO gave no change in observed conversion (Entry 8, Table 2.2). This
further supports the proposal that the reaction proceeds via a basicity controlled mechanism

rather than complex formation.

At 1 mol% loading both MTBD and TMG gave low conversion in their optimal solvent (6-8 %
conversion) (Entry 5&9, Table 2.2). Interestingly, addition of water to TMG (1 mol%) in
DMSO led to an increased conversion to 60 % (Entry 10, Table 2.2). This could be an effect of

water stabilising the TMGH?*, produced as a result of deprotonation.

Use of DBU as the catalyst, a stronger base than TMG, also led to 100 % conversion in
acetonitrile and, similarly to MTBD, gave lower conversion in EtOH and DMSO (Entry 11,
Table 2.2). Addition of 0.1 mL of water to the reaction with acetonitrile gave a decrease in
conversion to 35 % (Entry 12, Table 2.2). This is the only example studied whereby addition of
water hinders the reaction, and perhaps indicates that DBU, an amidine, may act by an
alternative mechanism to the guanidine catalysts.

Based on the observed catalyst activity a basicity driven mechanism has been proposed, Scheme
2.4. In the first step the catalyst, e.g. TMG, deprotonates the propargylamine 40. This can then
react with CO- to form a carbamate intermediate 43. Nucleophilic attack of the carbamate to
the alkyne followed by proton transfer from the TMGH?* then leads to the formation of the cyclic
carbamate product 41 and regenerates the catalyst.

CO,
y TMeH \
TMGH* 42

//)<NHBn //)<l?an

,/C\\
&\ ™G o "0
w0 \ % / 43
= Nen TMGH*
.
Ho N0 TMGH
=y
0-C,
4

Scheme 2.4: Proposed mechanism for with cyclic carbamate synthesis 41 from 40 and CO, with
guanidine catalyst acting as a base
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2.3  Applicability to Cyclic Carbonate Synthesis

After the success of catalyst TMG in DMSO and water for reaction of propargylamine 40, it
was investigated as to whether the TMG/DMSO system would also be effective in catalysing
the synthesis of cyclic carbonate from propargyl alcohol 44. The reaction has previously been
reported by Costa, demonstrating that 99 % conversion could be achieved using MTBD in
acetonitrile as the catalyst system (Scheme 2.5); however, the use of the non-alkylated

guanidine, TBD, in acetonitrile was found to be unsuccessful.*®

o)

CO, (40 bar) W
)4 MTBD (10 mol%) d
" "OH
= MeCN, 100 °C, 24 h l(
44 45

Scheme 2.5: Reaction of propargylic alcohol 44 with CO; to give cyclic carbonate 45 in acetonitrile
using MTBD catalyst as reported by Costa®

Conducting the reaction with MTBD in acetonitrile gave 100 % conversion of 44, as expected.
Use of TMG in DMSO led to only a trace amount of the product formed, and the addition of
water gave no effect on the reaction (Entries 2 & 3, Table 2.4). Similarly use of TMG with
EtOH and/or water also gave no conversion (Entries 4 & 5, Table 2.4). These reports support
work by Costa that the non-alkylated guanidines are unsuccessful in catalysing the reaction of
propargyl alcohols with CO,.*® The proposed reason for this is that MTBD stabilises the
carbonate intermediate by a single hydrogen bond, whereas TBD stabilises the carbonate by
two hydrogen bonds, Figure 2.4. With bidentate stabilisation this would reduce the
nucleophilicity of the carbonate intermediate, hence preventing cyclisation.*® For TMG to be
successful, it may be necessary to alkylate the N-H position preventing this bidentate

stabilisation from occuring.

Table 2.4: Conversion of propargyl alcohol 44 for reaction with CO;

Entry Catalyst I(‘ncq)ifl:;g Solvent Water (mL) COn(\(/;)r)smn
1 MTEBD 10 MeCN 100
2 ™G 10 DMSO trace
3 ™G 10 DMSO 0.1 trace
4 ™G 10 EtOH -
5 T™MG 10 EtOH 0.1 -

Reaction Conditions: 44 (0.866 mmol), catalyst (10 mol%), solvent (3 mL), 100 °C, CO; (40 bar), 23 h.
Conversions calculated by *H NMR
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Figure 2.4: Proposed stabilisation of carbonate intermediate by TBD and MTBD *3

2.4 Conclusions

The reactivity of MTBD and TMG as catalysts in the reaction of propargylamines with CO; to
yield cyclic carbamates were re-examined after recent work demonstrated that MTBD forms a
guanidine-CO, complex when exposed to CO,, whereas TMG does not.'®® Both MTBD and
TMG were shown to be successful in catalysing the reaction, indicating that the formation of
guanidine:CO, complexes is not essential for the reaction to proceed. The basicity of the
guanidine catalyst was instead suggested to be a determining factor. The importance of basicity
was further supported through increased catalytic activity of TMG when ethanol and DMSO
were employed as the solvents rather than acetonitrile. These highly polar solvents were
proposed to stabilise the intermediate TMGH™ formed during the proposed deprotonation driven
mechanism. Addition of water to the reaction, demonstrated to break down guanidine-CO-
complexes, led to no reduction in catalytic activity with MTBD and TMG, further discounting

the role of guanidine-CO, complexes in the reaction mechanism.
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Chapter 3
Guanidine Catalysed Reductive Functionalisation of COa:

Mechanism of Amine Formylation

3.1 Introduction

The reductive functionalisation of CO, with amines to give formylamides (Scheme 3.1) is an
important strategy to expand the synthetic scope of CO;as a C1 feedstock.®® As discussed in
Chapter 1, a variety of organocatalysts have been found to promote the reductive
functionalisation of CO with amines using hydrosilanes as the reductant.3 33 5% 7278 However,
these reactions typically require high catalyst loadings of 5 — 10 mol% and many of the most
successful catalysts require preparation under strictly inert conditions, for example, NHCs,

thiazolium carbenes and diazaphospholenes all require preparation in a glove box.3 72 74

R Catalyst (5 - 10 mol%) R" 0
NH *+ RsSH + CO; N—C +  R3SiOH
R2 Solvent, 23-100°C  R2 W
(1-20 bar) 0.5-24h

Scheme 3.1: Reductive functionalisation of CO, with amines and a hydrosilane reductant for the
synthesis of formylamides

In the development of industrially viable procedures it is advantageous for the catalyst to be
tolerable to air and moisture and to operate at low catalyst loadings or to be recyclable. This is
particularly important for CO; utilisation reactions where the optimal source of CO, would be
direct from point of source, i.e. flue gases, which are often contaminated with H,O, NOy and
SOx.8

Guanidines are attractive catalysts for these transformations as they are often inexpensive,
readily available and air and moisture stable. The first guanidine catalysed reductive
functionalisation of CO, with amines and a hydrosilane reductant was reported by Cantat in
2012.%° The guanidine, TBD, was shown to be the most successful guanidine catalyst
investigated and high yields of formylamides were reported with secondary aliphatic amines
after 24 h at 100 °C with PhSiHs. TBD has also been shown to catalyse the synthesis of aminals

under similar conditions.%”

One of the restrictions in reducing catalyst loadings and developing these reactions further has
been a lack of mechanistic understanding and in particular the role of the catalyst. Challenges
also arise as similar reaction conditions have also been reported to give aminal and

methylamines in competition with the formylamide products.”* ¢” Many proposals for the
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mechanism have been made, and the three most commonly proposed reaction pathways are

summarised in Scheme 3.2, however many lack clear experimental evidence.

In proposed Pathway 1 (Scheme 3.2), a carbamate intermediate is formed which is reduced by
the hydrosilane to give the formylamide product. Support for this mechanism has been provided
in the initial guanidine catalysed reaction reported by Cantat, whereby the success of TBD
catalyst was ascribed to its ability to stabilise the carbamate intermediate.®® However a
subsequent computational study suggested that the reduction of a carbamic acid was
unfavourable.® Li and co-workers have instead proposed the involvement of a silylcarbamate
intermediate based on 2Si and **C NMR monitoring studies, Pathway 2, Scheme 3.2.8 In this
mechanism, the amine and hydrosilane are proposed to react first to release H, to form a
silylamine intermediate, into which CO; inserts to give the silylcarbamate. This is further

reduced by a silane to yield the formylamide.”

Pathway 1

R' O
\ 17
R R%,© PhSiH;  R'  O-Si-Ph R'" 0
NH + C02 QIIiiiii . T > .N_,C H -------- > N—C\
R? R\N+/|-| R2H OH R® H
rz H
Pathway 2
R R' Ph CO; R' 0O R' 0
\ \ \ / \
NH + PhSiHg --------- =  N-Si—H -----eee- - N-C H -  N-C
R2 R2 R®  O-Si—H R H
+H, Ph
Pathway 3
R1
H y
N NH R' 0O
. Ph—Si—Q R N
PhSiHz + CO, --------- - HoCH T - 2

Scheme 3.2: General proposed mechanisms for reductive functionalisation of CO, with secondary
amines with PhSiHj3 as the reductant to give formylamide products

The third pathway (Pathway 3, Scheme 3.2), was proposed following computational studies of
the NHC catalysed reaction and involves the formation of a formoxysilane intermediate. 33 73 8
8 In this case, reduction of CO occurs in the first step to produce a formoxysilane intermediate,
which can then undergo transformylation with the amine to yield the formylamide. The
mechanism for the organocatalysed formation of the formoxysilane has been investigated
computationally both in the presence and absence of the amine substrate, leading to a number

of proposed activation modes, Figure 3.1.%% 8 818 These can be broadly categorised as
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proceeding primarily due to activation of the silane (Figure 3.1, Mode A), activation of CO;
(Figure 3.1, Mode B) or, in a more recent study, by activation of the Si-H bond via a concerted
Sn2 attack by the amine carbamate when stabilised by the NHC (Figure 3.1, Mode C).4% 80.81.83
The formoxysilane intermediate was observed experimentally as an intermediate during the
NHC catalysed reduction of CO, to methoxysilanes®” and in formylation reactions with

organocatalysts such as polyNHCs,*! imidazolium ionic liquids’ ” and diazaphospholenes.®

Mode A: Mode B: Mode C:
A - R-N' +
R-N_N-Rr R-NN-Rr SN
(n- O (t. ll—|>/ R
_Qji— / _C~ ./
PhsicH ¢ o0 . 0
— O
0 (n ) NG HH
Ph—Si—H O--§irH-C
Y Ph o}

Figure 3.1: Proposed activation modes for formation of a formoxysilane intermediate with NHC as
the catalyst*® 81. 83

3.1.1  Project Aims

This project aimed to improve the mechanistic understanding of the reductive functionalisation
of CO, with amines using a hydrosilane as the reductant to enable the rational improvement of
organocatalysed CO; utilisation reactions. Guanidines were selected as the catalyst of interest
due to their relative low cost, availability and ease of handling due to their tolerance to air and

moisture.

This chapter reports experimental investigations specifically focussing on mechanistic
pathways to formylamide products. Reaction profiling was employed to understand the reaction
kinetics and to identify any involved intermediates. The role of each intermediate and individual

pathways were then explored.
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3.2 Reaction Development & Kinetic Profiling

To investigate the mechanism of the guanidine catalysed reductive functionalisation of CO,
with amines, the transformation of morpholine 18 to N-formylmorpholine 24 using phenylsilane
26 as the reductant with acetonitrile as the solvent, was selected as a model system for a detailed

study, Scheme 3.3.

/\ Catalyst (5 mol%) ~\ (@)
O NH + CO, + PhSiHs g N-C
\_/ MeCN, \_/ H
18 26 23-60 °C, CO, (1.8 bar) 24

Scheme 3.3: Reductive functionalisation of CO, with morpholine 18 and phenylsilane 26 to give N-
formylmorpholine 24

In the presence of CO, and under anhydrous conditions, secondary amines often lie in a
temperature and pressure dependent equilibrium with the corresponding carbamates.'%’
Furthermore, when gaseous reagents are used, reliable mixing for mass transfer of the gas into
solution is required, particularly for Kinetic studies. To address these requirements and to
maintain a reproducible reaction set up for the reaction profiling, a 15 minute equilibrium period
was employed to allow transfer of CO. into solution and the equilibration of carbamate
formation 19 and 20 and reaction temperature before the hydrosilane was added to start the

reaction, Scheme 3.4.

N
3 N-C
__/ o
/\ Catalyst (5 mol%) 19 Hydrosilane /\ //O
(0] NH + COp —~ + 0] N—C
— MeCN, 23 - 60 °C, N\ 6h - H
o NZ
18 CO, (1.§ bar) \ H 24
15 mins
20

Scheme 3.4: Reaction set-up: 15 minutes equilibrium of amine and CO; at reaction temperature before
reaction initiated by addition of hydrosilane

3.2.1  Catalyst Selection

Cantat and co-workers have previously screened a range of guanidine and amidine catalysts for
the reductive functionalisation of CO- with secondary amines. This work identified the cyclic
guanidine 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as giving the highest levels of conversion,
achieving 100 % conversion after 24 h at 100 °C.*° Due to the success of TBD over other cyclic
guanidines and amidines, the role of TBD was ascribed to its ability to stabilise a carbamate

intermediate, Scheme 3.5.%°
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R! R'  O-H-N ) + PhSiH; R 0
NH  +  CO, N—C - _ N—C’

| N-CC )N N—C
R? R O--H—N > R? H

+ TBD + [PhH,SiOH-TBD]

Scheme 3.5: Proposed role of the TBD catalyst in stabilisation of a carbamate intermediate®

\NJNLHN/ (N\/)N\Nj ©\NJ8LN/©

TMG TBD 46

Figure 3.2: Structure of catalysts and co-catalysts

In a previous study on the guanidine catalysed synthesis of cyclic carbamates from CO;
(discussed in Chapter 2), it was found that 1,1,3,3-tetramethylguanidine (TMG), can replace
more expensive and less available cyclic guanidines (e.g. MTBD) and we again sought to use
this cheaper catalyst for this transformation.®® However due to the topology of TMG (Figure
3.2) it is unexpected to be able to stabilise a carbamate intermediate. Thioureas and ureas are
known to stabilise carboxylate and alkylcarbamate species through hydrogen bond interactions
of the N-H groups of the thiourea with the carbamate anion.1% 1% Thus it was proposed that the
use of a N,N’-diphenylthiourea 46 as a co-catalyst in combination with TMG, would enable
stabilisation of the carbamate by the thiourea 47, enabling the TMG to act solely as a superbase,

thus replicating the role of the TBD catalyst, Figure 3.3.

a) b)

47

Figure 3.3: Stabilisation of morpholine carbamate by diphenylthiourea 46 a) resolved crystal structure,
b) Schematic representation 47
(Complex 47 prepared, measured and resolved by B.N. Nguyen, full details in Appendix 1)
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To investigate this further, the formylation reaction was carried out using a catalyst system
TMG and thiourea 46 and was compared against catalysts TBD and a control of TMG in the
synthesis of formylmorpholine 24 with phenylsilane 26 as the reductant. Reactions were carried
out at room temperature, 1.8 bar CO; at 1 M in acetonitrile. The products were identified by
comparison of *H and *C NMR spectra to those of commercial samples. The reactions were
monitored by GC, Figure 3.4, and conversions were calculated relative to an internal standard

of biphenyl, using calibration curves prepared using the authentic pure compounds.
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Figure 3.4: Example GC chromatograms from reductive functionalisation of CO; with morpholine and
PhSiH3. Samples taken at a) 30 s b) 4 hours and quenched with methanol

As shown in Figure 3.5, all catalyst systems gave 93-97 % conversion to 24 after 6 hours,
however the kinetic profiles highlighted different activities. Using TMG/46 gave a higher rate
of conversion than TBD. However, TMG alone as the catalyst was more efficient than when
thiourea 46 was added as a co-catalyst, reaching full conversion after only 90 mins of reaction.
The higher efficiency of the TMG catalyst over the TMG/thiourea system, suggests that the
stabilisation of the carbamate intermediate is not important and may even be detrimental to the

reaction progress.
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Figure 3.5: Comparison of catalyst activities in synthesis of 24 at 23 °C. Reaction conditions: 18 (2
mmol), PhSiH3 (2 mmol), catalyst (0.1 mmol), MeCN (2 mL), biphenyl (0.1 mmol), CO; (1.8 bar),
23 °C, concentrations determined by GC relative to internal standard

Increasing the reaction temperature to 60 °C with TMG as the catalyst led to a lower overall
conversion to formylmorpholine 24 and a slower reaction than at 23 °C, Figure 3.6. The
observed decreased rate of reaction could be due to the increased solubility of CO; in
acetonitrile at lower temperatures'® or the increased stability of a carbamate intermediate at
lower temperatures.'” However, with TBD as the catalyst, increasing the reaction temperature
led to an increased rate of reaction suggesting other factors may be involved. The lower
conversion to 24 at higher temperature can be accounted for by the formation of side product
N-methylmorpholine 48 which began to form after 60 minutes of reaction and accounted for
12 % conversion after 360 minutes, Figure 3.6. This side reaction was of interest in its own right
as the methylation of amines is an important transformation. The methylation of amines by CO,
and hydrosilanes is known to occur under similar conditions,®” and detailed investigations into

the mechanism of its formation will be discussed in Chapter 5.

Next, the tolerance of the system to water was investigated. The TMG catalysed reaction at
60 °C was found to be tolerant to 10 mol% water, with no change in the rate of reaction or
overall conversion observed after 6 hours. The reaction was also carried out in the absence of
any catalyst. In this case, the reaction proceeded more slowly giving yields of formylmorpholine
24 of 15 and 23 % at RT and 60 °C respectively after 28 hours.
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Figure 3.6: Comparison of catalyst activities in synthesis of 24 and 48 at 60 °C. Reaction conditions:
18 (2 mmol), PhSiH3 (2 mmol), catalyst (0.1 mmol), MeCN (2 mL), biphenyl (0.1 mmol), CO, (1.8
bar), 60 °C, Concentrations determined by GC relative to internal standard

3.2.2 Reaction Kinetics

Due to the high activity of TMG at low temperatures and its relative low cost and high
availability compared to TBD, TMG was used as the catalyst for further study. The effect of
varying the reaction conditions on reaction kinetics using TMG was further examined, Figure
3.7. Decreasing the temperature to 0 °C decreased the rate of reaction to provide 84 %
conversion after 8 hours. Varying the reaction temperature also highlighted an apparent two
stage behaviour in the kinetic profiles, at 0 and 60 °C a clear change in rate is observed at around

50 % conversion, Figure 3.7a.

One explanation could be that this is the point that all dissolved CO; is consumed and the mass
transfer of CO, from gas into solution is not as fast. To explore this, the rate of absorption of
CO: into acetonitrile using the same reaction set up was monitored by in situ IR spectroscopy.
Background spectra of acetonitrile under N, were recorded, a vacuum applied to remove the N
atmosphere and backfilled with CO- at 1.8 bar after 60 s, Figure 3.8. Monitoring the CO, band
at 2342 cm* showed that saturation of acetonitrile with CO, is complete after 30 s, albeit at a
lower overall amount at 60 °C compared to 23 °C. This suggests that CO, absorption into

solution is unlikely to be the cause of these two phase kinetics.
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Figure 3.7: Kinetic profiles of 24 formation. Standard conditions: 18 (2 mmol), PhSiH3 (2 mmol), TMG
(0.2 mmol), MeCN (2 mL), biphenyl (0.1 mmol), CO, (1.8 bar), 23 °C, Concentrations determined by
GC. Variations: a) 60 °C, 23 °C, 0 °C; b) CO» (1.8, 1.2, 1 bar); c&d) 18 (2, 1, 0.2 mmol), TMG (0.1, 0.05,
0.01 mmol); e&f) 18 (1 mmol), TMG (0.1, 0.05 mmol)
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Figure 3.8: Absorption of CO; (1.8 bar) into acetonitrile at 23 and 60 °C monitored by in situ IR.
Solution exposed to CO; after 60 s

To further explore the effect of CO, pressure on the reaction, the formylation of morpholine
was performed at 23 °C at 1.8 bar, 1.2 bar and atmospheric CO; pressure, Figure 3.7b. The
reaction was found to proceed faster at higher pressures, with full conversion achieved in 6
hours at 1.8 and 1.2 bar CO.. At atmospheric pressure, only 71 % conversion was achieved after
6 h, although leaving the reaction overnight led to full conversion. Thus, all reactions were

carried out at 1.8 bar to ensure mass transfer of CO, was not the limiting step.

The effect of concentration on reaction Kinetics was investigated, however to ensure mass
transfer of CO; into solution remained constant, the same total volume of solvent (2 mL) was
used in all cases. As the reaction concentration was decreased from 1 M to 0.5 M and 0.1 M the
rate of reaction decreased and was not linearly proportional, indicating that the reaction rate
may be dependent on concentrations of multiple components, Figure 3.7 ¢ & d. Increasing the
catalyst loading from 5 to 10 mol% led to an increase in initial reaction rate (Figure 3.7 e & f);
however, this rate increase was not linear with the increase in catalyst loading and the increased
catalyst loading had no beneficial effect after the first 15 mins of reaction. In summary, these
results indicate that the rate of the reaction is dependent on the concentrations of the catalyst
and CO,, as well as either morpholine and/or PhSiHs, however the exact rate law could not be

determined.
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3.3 Intermediate Identification by Reaction Monitoring

Alongside initial investigations that have suggested that the stabilisation of a carbamate
intermediate may not be the important role of the catalyst, the effect of temperature on catalyst
activity and product selectivity suggested that multiple pathways may be in operation. Based
on previously reported systems, a number of intermediates have been proposed to be involved,
Scheme 3.2. To further probe the formation and identity of these intermediates, in situ reaction

monitoring techniques were employed.

3.3.1 Insitu IR Monitoring

Initially, monitoring by GC did not highlight any distinguishable intermediates, suggesting any
intermediates may be unstable on the column or react when methanol is added to quench the
reaction. Thus alternative techniques were applied to study the system. As many of the proposed
intermediates possessed carbonyl moieties, in situ IR spectroscopy was well placed to study this

system and allows consistent monitoring of the reaction.

In situ IR monitoring was performed using a ReactIR system with a diamond ATR crystal probe
inserted into the reaction vessel. Spectra were recorded every 15 or 30 seconds as the reaction
progressed for up to the first 120 minutes of reaction. Starting material and product peaks were
identified based on reference spectra (Appendix 2), and characteristic bands were selected to

monitor the reaction progress, Figure 3.9a.

On addition of PhSiHjs to start the reaction, a rapid increase in formylmorpholine (characteristic
peak at 1678 cm) was observed in the first 10 minutes, which corresponded with a decrease in
PhSiH; band at 921 cm™ by 50 %, Figure 3.9a. As the reaction progressed, two further

intermediate or side product species were identified.

Firstly, Intermediate 1 was observed with a maximum level after 120 seconds before being
consumed and decreasing as the reaction progressed, Figure 3.9b. The intermediate species was
identified by absorption bands at 1242, 1253 and 1697 cm, Figure 3.9c. A tentative assignment
of a silylcarbamate species (Figure 3.10) was made based on previously reported C=0 stretch

frequencies of N-alkylsilylcarbamates between 1671-1710 cm2 111 112
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Figure 3.9: Reaction monitoring by in situ IR at 23 °C with 5 mol% TMG a) Example reaction spectra
over time, b) Example spectra of carbonyl region over time; ¢) Normalised trends based on peak height
over first 60 mins of reaction (continued over page)
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A second species (Intermediate 2) gradually increased throughout the reaction, Figure 3.9. The
species was identified by an absorption band at 1725 cm™ and tentatively assigned as a
formoxysilane species, based on similar formoxysilane species with C=0 stretch reported as
1708 — 1727 cm® Figure 3.10.113115 The involvement of formoxysilane intermediates has also

previously been proposed in a number of studies.3 '3

I\ 0
o NC R R = OC(O)N(CHzCH);0 H-¢ R
. \
_/ b_?,i_R OSiPh O-si—Ph
Ph H R
Intermediate 1 Intermediate 2

Figure 3.10: Possible assignments of intermediates 1 & 2 observed during reaction monitoring by IR

Due to the overlap of IR bands, particularly between 1650 and 1750 cm it was not possible to
gain accurate kinetic profile of each component during the reaction. To overcome this, peak
fitting was attempted based on the carbonyl region and various chemometric techniques such
as conclR (Mettler-Toledo), FACPACK!® and multivariate curve resolution — alternating least
squares (MCR-ALS)'Y were attempted to separate out the component spectra and
corresponding concentration profiles. However, due to the high number of components and low
resolution (8 cm®) of measurements, these methods were unsuccessful at reliably separating out

trends.

After preliminary identification and preliminary assignments of intermediates based on in situ
monitoring by IR, full characterisation of each intermediate and the role of each intermediate in

the reaction was investigated further.
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3.4  Role of Silylcarbamate Intermediate

3.4.1 In Situ Reaction Monitoring

The formation and reactivity of the possible silylcarbamate intermediate under various reaction
conditions was further explored. Monitoring the reaction by in situ IR at 23 °C with 1 and 5
mol% TMG, and at 60 °C with 5 mol% TMG, identified the silylcarbamate intermediate in all
conditions in similar amounts, Figure 3.11. In reactions with 5 mol% TMG, the silylcarbamate
intermediate was consumed faster in the reaction compared to with 1 mol%, whilst little
difference in rate was observed for reactions carried out at 23 °C compared to 60 °C. However,

significant overlap of peaks prevented an accurate comparison.

60 °C, 5 mol% TMG 23 °C, 5 mol% TMG

ny

: 1600
1800 1750 1700 1650 1600 1700
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Figure 3.11: Comparison of silylcarbamate formation based on in situ IR monitoring a) 60 °C, 5 mol%
TMG, b) 23 °C, 5 mol% TMG, ¢) 23 °C, 1 mol% TMG, d) comparison of trends from conditions a)-c)
based on absorption at 1242 cm*!
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3.4.2  Characterisation & Formation Kinetics of Silylcarbamate Intermediate

Further investigation found that the silylcarbamate intermediate was formed in the absence of
a catalyst at 23 and 60 °C, Scheme 3.6. *H, *C, ?°Si NMR and in situ IR spectroscopy were
used to characterise the structure and reactivity of this intermediate.

/ \ . MeCN / \ //O R
0 NH + PhSiH; + CO, 0 N—C R
/ /' O-$i—-r
23/60 °C !
(1 equiv) Ph
18
e.g. R = OC(O)N(CH,CH,),0
OSiPh
H

Scheme 3.6: Reaction of morpholine, PhSiH3z and CO; to give silylcarbamate species

A solution of morpholine and phenylsilane in acetonitrile at 23 and 60 °C was added to a CO;
filled Schlenk tube at 1.8 bar, and the reaction monitored by in situ IR, Figure 3.12. In the
absence of TMG, at 23 °C a new species was rapidly formed within 5 minutes of addition, which
was concurrent with a decrease in PhSiHs as monitored by the SiH3; deformation at 920 cm?,
Figure 3.12. The observed species showed characteristic IR bands at 1697 (C=0 stretch), 1430
(Si-Ph ring stretch), 1253 (C-O stretch), 1242 (C-O stretch) and 866 cm™ (Si-H and Si-Hy),
Figure 3.13. These correspond well with literature IR spectra of silylcarbamates with typical

C=0 stretch frequencies of 1671-1710 cm* for trimethylsilyl carbamates.!!!
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Figure 3.12: Kinetic profile for formation of silylcarbamate intermediate (IR) at 23 and 60 °C
(Phenylsilane at 920 cm* and silylcarbamate at 1242 cm™?)

After formation, the silylcarbamate species was initially stable; however, over time it gradually
degraded (7 % decrease in intensity over 30 mins) when excess PhSiHz was present. This was
found to be due to the formation of formylmorpholine. Reaction at 60 °C also showed formation
of the silylcarbamate species, however this proceeded more slowly than at 23 °C, reaching

maximum conversion after 10 mins, Figure 3.12.
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The observed IR species from the uncatalysed reaction resembles the IR spectra taken at 90 s
of the catalysed reaction (23 °C, 5 mol% TMG) where the proposed silylcarbamate intermediate
is at its maximum, Figure 3.13. This further confirms that the silylcarbamate species is present

during the initial stages of the reaction.

12 - Reaction - 90 min
Reaction - 90 s

Silylcarbamate

Absorbance

1800 1600 1400 1200 1000 800
Wavenumber / cm™

Figure 3.13: Comparison of silylcarbamate 49 spectra with entire reaction monitoring (5 mol%
TMG, 23 °C) at 90 s and 90 mins

To further aid characterisation of the silylcarbamate intermediate, the uncatalysed reaction was
performed in a Young’s tap NMR tube at RT with regular shaking and refilling of CO; to ensure
mixing. Initially, reaction with 1 equivalent of PhSiHs relative to morpholine led to full
conversion of morpholine with approximately 50 % unreacted PhSiH3 observed at the end of
the reaction. Repeating the reaction with only 0.5 equiv PhSiH; led to almost full consumption
of both morpholine and PhSiH3 by *H NMR, Figure 3.14a.

Based on the NMR spectra (Figure 3.14) and IR assignments it is suggested that the dominant
species is the dialkylated silylcarbamate 49, Figure 3.15. The *H NMR spectra shows a singlet
at 5.47 ppm correlating to the Si-H proton, and a doublet observed in the 2°Si NMR spectra of
the carbamate at - 31.2 ppm (J = 281 Hz), which supports the presence of one Si-H bond. The
13C NMR spectra shows signals around 153.8 ppm, which are proposed to correspond to the
carbonyl carbon atom present in 49. This is comparable to 3C chemical shifts of 153.3 ppm for
dimethylbis(diethylcarbamoyloxy)silane ~ (Me;Si-[O(CO)N(CH.CHgs)2]2)  which  have
previously been reported.!'® *H, $3C and #Si NMR spectra also showed other species present in
small amounts, these were preliminarily assigned to the monosilylcarbamate 50 and remaining

PhSiH; and morpholine.
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Figure 3.14: Example NMR spectra of in situ formation of silylcarbamate in CD3CN prepared with 0.5
equiv PhSiH; to morpholine (1 equiv) a) *H, b) 3C, ¢) #°Si

Figure 3.15: Proposed structure of dominant silylcarbamate intermediate species
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3.4.3  Proposed Mechanism of Silylcarbamate Formation

While our investigations into the identity and reactivity of the silylcarbamate intermediate were
ongoing, Lei & Li and co-workers published a report on the solvent promoted synthesis of
formylamides with DMSO as the promotor.’ Based on NMR evidence it was proposed that the
silylcarbamate 51 forms from insertion of CO- into a silylamine species 52, and after formation

is reduced with a second silane species to give the formylamide product 24, Scheme 3.7.®

co 0
—\ DMSO /~\ | Han 2 SN
d  NH O Nfsi —~» |O  N-C | Hs,
__/ O\ "/ Pn ofsi
PhSiH;  Hp n n Ph
18 52 >1 _
n=1or2 R3SiH
R'3Si” “SiRs
N
0 N—C\
_/ H

Scheme 3.7: Proposed route by Lei & Li to formylmorpholine via silylamine and silylcarbamate
intermediate for the solvent promoted reaction in DMSQ7®

The dehydrocoupling of amines with hydrosilanes to form Si-N bonds has previously been
reported using transition metals or heavy alkaline earth metal catalysts, or with organocatalysts
such as B(CsFs)sand TBAF.11%122

To investigate if this pathway to silylcarbamate formation is operative under the guanidine
catalysed conditions used in this system, the reaction was performed under N; to probe for the

silylamine species 52, Scheme 3.8.

TMG (5 mol%) . Ph
O NH  # PhSiHz ooooeemmmmmmeeeeoeoooos - O N-Si-H
CD4CN ~— R

18 26 60°C.6h 52

Scheme 3.8: Proposed formation of silylmorpholine intermediate 52

After 6 hours at 60 °C in a Young’s tap NMR tube, analysis by NMR showed the majority of
morpholine (Figure 3.16 —green highlight) and phenylsilane had not reacted (Figure 3.16 — blue
highlight); however a small amount (approximately 8 % conversion) of a new morpholine
species was present (Figure 3.16 — red highlight).
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Figure 3.16: *H NMR spectra of reaction under N, in CDsCN (given in Scheme 3.8) blue highlight —
PhSiHs, green highlight — Morpholine, red highlight — new species

To enable identification of this new product the authentic silylmorpholine species 53 was
synthesised from morpholine 18 and chlorophenylsilane 54, based on a procedure reported by
Ripoll, Scheme 3.9, to give the desired product in 64 % isolated yield.*?

/ \ Cl:l Triethylamine (1 equiv) /\ I}'
o] NH + H—Si@ o N—Si@
pa— 0 -40°Ctort Y
DCM, 18 h
18 54 53

Scheme 3.9: Synthesis of silylmorpholine 53 based on procedure reported by Ripoll 123
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Figure 3.17: *H NMR spectra of N-phenylsilylmorpholine 53 in CD3CN (synthesised by alternative
synthetic route shown in Scheme 3.9)
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The *H NMR spectra of 53 (Figure 3.17) corresponds well with the new morpholine species
seen in the reaction under N, Figure 3.16. Triplets at 3.52 and 2.92 ppm correspond to the CH>
groups on morpholine and a singlet at 4.85 ppm from SiH,. The 2Si NMR spectra displays a
triplet at -23.3 ppm (Jsi.v = 205.0 Hz). This is comparable to literature characterisation of
PhSiH,N(Et). 55 for which a triplet at -26.16 ppm (Js.n = 203.0 Hz) was reported in the 2°Si
NMR spectrum.?*

Compound 53 was found to be very moisture sensitive and despite careful handling using
Schlenk line techniques and dried solvent, some contamination with trace water led to
approximately 4 % decomposition to diphenylsiloxane 56 and morpholine 18. This was
identified by a peak at 5.12 ppm in *H NMR spectra and further correlation of *H and *C NMR
spectra with those reported in the literature, Scheme 3.10.>® Furthermore, on deliberate
exposure to water, full decomposition of 53 to 18 and 56 was observed based on characterisation
by NMR and GCMS, Scheme 3.10. Thus no characterisation of silylmorpholine 53 by
GC/GCMS or HRMS was possible due to use of protic solvents and exposure to air.

H Hy Hj

/N H20 / N\ Si.__Si
o N-Si O NH + o)
~— CD5CN —
53 18 56

Scheme 3.10: Decomposition pathway of 53 to 18 and 56 in presence of water

Lei & Li proposed, based on NMR studies, that CO is then inserted into the silylmorpholine
species to give the silylcarbamate species.”® The insertion of CO; into Si-N bonds has been well
studied and is typically reported to be catalysed by either free amine,'?1® Ru and Rh

catalysts,'® or may occur uncatalysed with aliphatic amines.*8 13

Having isolated the silylmorpholine species 53, the insertion of CO; into the Si-N bond was
investigated in a Young’s tap NMR tube, Scheme 3.11. A solution of silylmorpholine 53 in
acetonitrile-ds was exposed to CO- (at 1.1 bar) with regular shaking. The silylcarbamate species
50 was assigned as the major species based on *H, 3C and 2°Si NMR spectra (Scheme 3.12),
with the presence of two Si-H bonds assigned by a triplet in 2°Si NMR at -21.4 ppm (Jsin =
230.5, 6.0 Hz). The dicarbamate 49 and PhSiHs were also observed in small amounts at the end

of the reaction, Figure 3.18.

H
q ' / \ /
0] N—Si + COy i > e} N_C/ IT'
— Il| — O—-Si—H
53 50 Ph

Scheme 3.11: Proposed insertion of CO- into silylamine 53 to give silylcarbamate 50
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Scheme 3.12: Insertion of CO into silylmorpholine intermediate 53

Monitoring the reaction by in situ IR spectroscopy showed that insertion of CO, was complete
within 120 s of exposure of a silylamine 53 solution to CO-, as monitored by the carbonyl stretch
at 1686 cm™. IR spectra of 50 correspond well with characteristic peaks identified for
silylcarbamate 49, Figure 3.19. Changes in the relative intensity of absorption bands
corresponding to the C-O stretch at 1242 and 1253 cm,*% further support the difference in

number of carbamate species bound to the silicon in 49 and 50.
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Figure 3.19: IR spectra for silylmorpholine 53 and product of CO; insertion to give 50

Although CO, was found to rapidly insert into the Si-N bond of the silylmorpholine species 53
at room temperature, the very slow formation of silylmorpholine 53 from morpholine and
PhSiHs, even at 60 °C with 5 mol% TMG, suggests that this is not the dominant pathway to the
silylcarbamate intermediate 49. An alternative proposal for the formation of silylcarbamate at

room temperature is the dehydrocoupling of the morpholine carbamate 19 with the phenylsilane,

52



by nucleophilic attack from the carbamate oxygen, Scheme 3.13. The rapid release of H: in this
proposed mechanism is supported by the observation of gas evolution and generation of heat.
The formation of silylcarbamates from carbamic acids and carbamates with hydrosilanes has
previously been reported to occur under both uncatalysed®®? and catalysed™*® conditions and

thus may be a viable pathway to the formation of silylcarbamates under these reaction

conditions.
S\ P
0 N-C _
__/ o
—\ 19 PhSiH3 S o,/
O NH+ CO, + o N-C H C-N o)
\_/ /_\+/H —H2 \_/ O_S|_O \_/
0 Y Ph
18 __/
20 49

Scheme 3.13: Proposed route to silylcarbamate 49 by dehydrocoupling morpholine carbamate 19
with PhSiH;

3.4.4  Reactivity of Silylcarbamate Intermediate

The reactivity of silylcarbamate 49 in the synthesis of formylmorpholine 24 was next
investigated. The silylcarbamate 49 was prepared in situ with 1 equiv PhSiH; at 1.8 bar CO; in
the absence of TMG at 23 °C and 60 °C. After 10 mins the reaction was complete and 5 mol%
TMG (in 0.2 mL MeCN) was added. The entire reaction was monitored by in situ IR

spectroscopy to monitor the intermediates involved, Figure 3.20.

On addition of TMG, at both 23 and 60 °C, the silylcarbamate 49 (monitored by a band at 1242
cm?) and the remaining PhSiH; (monitored by a band at 920 c¢cm®) rapidly decreased.
Concurrently, the formylmorpholine product 24 was produced as observed by an increase in
intensity of the band at 1675 cm™, Figure 3.20. The rate of formylmorpholine 24 production
appeared faster at 23 °C than at 60 °C. An increase in intensity of a band at 1725 cm™*, proposed
to be a formoxysilane intermediate, was also observed at both 23 and 60 °C after TMG addition,
Figure 3.20.
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Figure 3.20: Addition of 5 mol% TMG to silylcarbamate 49 (monitored by IR) a) example IR spectra
of reaction at 23 °C, b) Reaction trends at 23 °C and 60 °C determined by peak height
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Due to the inability to gain accurate concentration profiles from the IR data due to significant
overlapping peaks, the above reactions were repeated with regular samples for analysis by GC,
Figure 3.21. On addition of 5 mol% TMG to the silylcarbamate 49, formylmorpholine 24 was
produced at a faster rate at 23 °C than at 60 °C. At 60 °C N-methylmorpholine 48 was also
produced in 15 % yield after 6 hours. These reaction profiles at 23 and 60 °C replicate those
where the silylcarbamate was not preformed and PhSiH; was instead added to start the reaction,
Figure 3.5 & Figure 3.6. This suggests that the rate limiting step is after the formation of the
silylcarbamate intermediate. However, it is not yet clear what the role of the silylcarbamate is

i.e. whether it is an active intermediate or an off cycle sink of morpholine.

PhSiH; + CO, o o .
MeCN /NS D/ TMG(mol%) ,— 9O

/\ o N-C H C-N O o N-C
*Q NH  co,(18bay “—/ O-Si—O H
23/60 °C, 10 min Ph
24 49 24
i [ ]
10- . ° °
1 [ ]
= 0.8 . -
s 1 .
= 06 0 e 23°C
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o J
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m] . o
*
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Time / min Filled: Formylmorpholine

Hollow: N-Methylmorpholine

Figure 3.21: Addition of 5 mol% TMG to silylcarbamate (monitored by GC). Reaction conditions: 18
(2 mmol), PhSiH3 (2 mmol), CO; (1.8 bar), MeCN (2 mL), biphenyl (0.1 mmol). After 10 min, flushed
with N2 for 60 mins and TMG (0.1 mmol) added

One possibility is that TMG may promote the reduction of silylcarbamate 49 to
formylmorpholine 24. To investigate this, the silylcarbamate was prepared in the same way as
above at 23 °C with monitoring by in situ IR, however after its formation the reaction was
flushed with N2 to remove all CO; that was not incorporated into the silylcarbamate species
from the solution. The loss of CO, was monitored by IR and flushing continued until the CO,
absorption band at 660 cm™ reached a stable minimum, during which period the silylcarbamate
remained stable, Figure 3.22. On addition of 5 mol% TMG a small decrease in the intensity of

the silylcarbamate species was observed, however the majority appeared to remain stable and
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no formylmorpholine product 24 was observed to form, Figure 3.22. This was again confirmed
with reaction monitoring by GC, Figure 3.21. The lack of reaction on addition of TMG (in the
absence of CO,) suggests that the CO; incorporated into the silylcarbamate species is not the
same CO; that was incorporated into the final product, and thus an alternative pathway to the

reduction of silylcarbamate must be operating.
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Figure 3.22: IR trends of monitoring reactivity of silylcarbamate after flushing with N before adding
TMG (5 mol%)

3.4.5 Summary of the Role of the Silylcarbamate Intermediate

The rapid and significant formation of the silylcarbamate species in reactions at both 23 and 60
°C shows it is an important species to consider in this reaction. After the identity of the species
was confirmed by sequential *H NMR experiments, monitoring the entire reaction by *H NMR
further confirmed that the silylcarbamate intermediate is rapidly formed and consumed, but also
showed that both silylcarbamate species 49 and 50 are involved in the reaction, Figure 3.23.
Attempts to monitor the formation of 49 and 50 during the catalytic reaction by 2°Si NMR were
unsuccessful due to the low sensitivity of 2°Si NMR. As the kinetics of the reaction do not
significantly change whether the silylcarbamate is pre-formed or if formed during the reaction,

this suggests its formation is not the rate limiting step of the reaction.
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Furthermore, as the silylcarbamate 50 requires CO- to form formylmorpholine 24, it suggests
that the CO; incorporated into the silylcarbamate cannot be reduced to give the
formylmorpholine product, however a labelling experiment with *CO, would be required to
confirm this further. It could thus be that the silylcarbamate is a source of activated hydrosilane,
the observation of the proposed formoxysilane species by IR monitoring (Figure 3.20) also

suggests this could be involved and requires further investigation.

/\ TMG (5 mol%) /\ //O /\
(0] NH + CO, + PhSiH3 - O N-C + (0] —CH3
23 °C, CO; (1.8 bar)
18 Trimethoxybenzene (5 mol%) 24 48

10 min

2.5 min
J L lJ " l 2 A JM 1

30 s 49 /50 4/49 & 50
J L l R S

6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 ppm

Figure 3.23: *H NMR spectra of silylcarbamate intermediates observed in catalysed reaction with 5
mol% TMG at 23 °C
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Scheme 3.14: Possible pathways to silylcarbamate species as an intermediate to formylmorpholine 24
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35 Role of Formoxysilane Intermediate

3.5.1 In Situ Reaction Monitoring

The presence of formoxysilane (Intermediate 2) during the reaction was monitored using in situ
IR (ReactIR system) by monitoring the carbonyl absorption band at 1725 cm™ for reactions at
23 and 60 °C with catalyst loadings of 1 or 5 mol% TMG, Figure 3.24. Formoxysilane was
observed to form under all conditions, however due to a significant amount of silylcarbamate
present in the reaction at 1 mol% TMG at 23 °C, which significantly overlaps with the

formoxysilane band, the amount present under these conditions cannot be determined.

60 °C, 5 mol% TMG 23 °C, 5 mol% TMG

1800 1750 1700 1650 1600 1600

1700
Wavenumber (cm-1) 1800 Wavenumber ( cm-1)
23 °C, 1 mol% TMG Formoxysilane Trend (1725 cm™?)
K 0.3+
o
a1 —
o
o4
7 50.2 1
n ©
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8‘W 00 +—"——"——— T
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—m 5 mol% TMG - 60 °C
——5mol% TMG - 23 °C
---- 1mol% TMG - 23 °C

Figure 3.24: Comparison of formoxysilane formation based on in situ IR monitoring a) 60 °C, 5 mol%
TMG, b) 23 °C, 5 mol% TMG, ¢) 23 °C, 1 mol% TMG, d) comparison of trends from conditions a)-c)
based on absorption at 1725 cm*
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3.5.2  Formation of Formoxysilane Intermediate

The reduction of CO, with PhSiHs to formoxysilane in the absence of an amine substrate was
investigated using IR spectroscopy. Uncatalysed, on addition of PhSiH3 in acetonitrile to a CO;
flushed reaction vessel at both 23 °C and 60 °C only a very slight decrease in intensity of a band
at 922 cm! was observed over 60 minutes, corresponding to SiHs deformation of PhSiHs, Figure
3.25. In the presence of 5 mol% TMG at 23 °C, a 17 % reduction in PhSiH; was observed over
60 mins; however, with 5 mol% TMG at 60 °C complete consumption of PhSiH3; was observed

within 40 mins, Figure 3.25.
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MeCN (2 mL) H,
PhSiH3; + CO, Ph—Si -O\
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Figure 3.25: Consumption of PhSiHs in reduction of CO, (monitored by in situ IR, peak height at
922 cm) from reaction at 23 & 60 °C and 0 — 5 mol% TMG

The decrease in the PhSiH; band at 922 cm™ corresponds with a significant increase in bands
at 1725 cm™* and 1200-1000 cm?, Figure 3.26. The absorption band at 1725 cm™ is assigned to
the C=0 stretch of formoxysilane species based on reported frequencies of 1708-1727 cm™.1%3
114 Absorption bands at 1000-1200 cm™ can be assigned to the formation of new Si-O and C-O
bonds,*** which correspond well with absorption bands reported in an IR study on the

hydrosilylation of CO, with dimethylphenylsilane using a Ru based catalyst.**®
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Figure 3.26: Reaction of CO; (1.8 bar), PhSiHz (2 mmol), TMG (5 mol%) at 60 °C with monitoring
by IR. a) Spectra at 0, 10 and 60 mins; b) IR trends of reaction

The reduction of CO, with PhSiH; at 60 °C with 5 mol% TMG was further studied by *H NMR
spectroscopy. The reaction was performed in a Schlenk tube in CDsCN and samples diluted in

CDCls to ensure no change in kinetics were observed, compared to if reaction was ran in an

NMR tube.
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As the reaction progressed, the consumption of PhSiHs was observed by a decrease in the Si-H
signal at 4.17 ppm, which was concurrent with the appearance of a broad band at 8.0-8.3 ppm
corresponding to the formoxysilane HOCOSIR; proton over 40 minutes of the reaction, Figure
3.27.3%37.75 Ag the reaction progressed, other new species were also observed. Firstly a broad
band between 5.6-4.9 ppm increased over the course of the reaction, this was followed by a
second band at 3.7-3.1 ppm which began to increase after 10 minutes of reaction, Figure 3.27.
These were tentatively assigned as silylacetal and methoxysilane species respectively based on
comparison with NMR shifts reported by Ying et al. in the NHC catalysed hydrosilylation of
CO..1

R,PhSi-O-CH,-O- R,PhSi-O-CHj3

PhSlng {_k_\

f) 60 min

1_40/;[[7\,

g

L JLA Muhu A e

85 80 75 70 65 60 55 50 45 40 35 30 25 20 ppn

Figure 3.27: *H NMR spectra of reduction of CO, with PhSiH; at 60 °C and 5 mol% TMG over
60 minutes
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3.5.3  Addition of Morpholine to Products from Hydrosilylation of CO,

The reactivity of the formoxysilane intermediate was next investigated. After the reduction of
CO2 with phenylsilane had reached completion (determined by monitoring by IR) 1 equivalent
of morpholine was added to the reaction. On addition, the band at 1725 cm, assigned to the
C=0 stretch of the formoxysilane, rapidly decreased and a band at 1675 cm™, which
corresponds to the formation of the formylmorpholine product, increased, Figure 3.28. This
suggests that the formyl group is transferred from the formoxysilane intermediate to morpholine
18 to yield formylmorpholine 24. After 15 minutes a large amount of white precipitate due to

siloxane and silanol by-products formed, preventing further analysis by IR due to blockage of

the probe.
0] NH 18
TMG (5 mol%) N/
MeCN (2 mL) H, 2 mmol) o
PhSiH; + CO, Ph—Si .o\ O/ \N—C//
(2 mmol) CO, (1.8 bar) //C—H \H
60 °C, 60 min (@)
+ others
0.3
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Absorbance
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Figure 3.28: Averaged IR spectra of 5 min before and 5 min after addition of morpholine to
formoxysilane species

To gain quantitative information on the conversion of morpholine and its reaction with
formoxysilane, the reaction was repeated with monitoring by GC and *H NMR spectroscopy.
After 60 mins of reaction between CO, and PhSiHz with 5 mol% TMG at 60 °C, the addition
of morpholine led to 38 % conversion of formylmorpholine 24 after 6 h, Entry 2, Table 3.1.
Monitoring the conversion to formylmorpholine 24 over time showed that the rate of reaction

was fast achieving 30 % conversion to 24 in only 2.5 mins, Figure 3.29. The remaining
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components after 6 hours were identified by *H NMR as unreacted morpholine 18 (28 %) and
the aminal dimorpholinomethane 57 (32 %). When the pre-reaction time between PhSiH3 and
CO2 was reduced to 15 mins, then 74 % conversion to formylmorpholine 24 was observed with
the remaining 24 % as the aminal 57 and 1 % as methylmorpholine 48, Entry 1, Table 3.1. The
higher proportion of unreacted morpholine when longer pre-reaction times are used suggests
the formoxysilane may be over reduced, as suggested by Ying,* to a species which is unreactive
with morpholine.

Table 3.1: Ratio of products after addition of morpholine to pre reaction of PhSiH3 and CO; at 60 °C
with 5 mol% TMG, determine by *H NMR
0
y d \u 18 o/_\N—C/\’ O/_\N—CH3
TMG (5 mol%) ph—s20 \/ (lequv) Y/
C—H 24 48
CD4CN, 60 °C d CD3CN, 60 °C

H
26 15 - 60 min 28 360 min (\N/C\N/\

PhSiH; + CO,

57
. . % Conversion
Entry Time / min 18 2 18 57
1 15 0 75 1 24
2 60 28 38 1 32
3* 60 + N flush 51 26 0 23

* After 60 mins reaction was flushed with N, for 60 mins before addition of morpholine

o NH 18
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Figure 3.29: Concn of 24 following addition of 18 to formoxysilane (monitored by GC). Reaction
conditions: PhSiH3 (2 mmol), CO- (1.8 bar), TMG (0.1 mmol, 5 mol%), MeCN (2 mL), 60 °C for 15
or 60 mins, or for 60 mins followed by N flush; followed by addition of 18 (2 mmol)
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To confirm that the proposed formoxysilane species is the CO: source incorporated into the
final product, after pre-reaction of PhSiHs; with CO, for 60 mins, the reaction was flushed with
N, to remove all CO, (monitored by IR band at 660 cm™ until stable) before addition of
morpholine, Figure 3.30. Without any CO- present, 26 % conversion to formylmorpholine was
observed (compared to 38 % when CO-, was present), Entry 3, Table 3.1. Thus suggesting that
the CO; incorporated into the formoxysilane product is incorporated into the formylmorpholine
24 product. This is in contrast to reaction of the silylcarbamate intermediate 49 where additional

CO, was required for conversion to 24.

TMG (5 mol%) Ph_gf_o N flush
PhSiH; + CO, -
MeCN (2 mL), 60°C /
2 mmol
( ) 15 - 60 min O g w18
26 28 (2 mmol)
04 4 PhSiH, added N, flush Morph added

0.2

Intensity

Time / min

Formylmorpholine (1675 cm™)
Formoxysilane (1725 cm’™)

—— Phenylsilane (920 cm™)
——CO, (660 cm™)

Figure 3.30: IR trends in reduction of CO; with PhSiHs, flush with N, and subsequent addition of
morpholine. *Increase in intensity at 145 min is due to formation of white solid
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3.5.4  Summary of Formoxysilane Intermediate Involvement

The results discussed above have indicated that the hydrosilylation of CO; to give
formoxysilane can occur at high temperatures when TMG is present. In accordance with
previous studies, 7> 13 the formoxysilane intermediate can then undergo transformylation with
morpholine to give the formylmorpholine product. Comparing the reaction kinetics, it appears
that the rate limiting step of the reaction is the reduction of CO; to give formoxysilane, rather

than the transformylation step.

These results suggest that over-reduction of the formoxysilane species can occur, which
corresponds with reports of the NHC catalysed hydrosilylation of CO; reported by Ying et al.
in which the formoxysilane species is an intermediate to silylacetal and methoxysilane species,
Scheme 3.15.%" The over-reduction of formoxysilane also appears to correlate with the presence

of an aminal side product 57, the role of which will be discussed in more detail in Chapter 5.
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Scheme 3.15: Proposed route for reduction of CO; with diphenylsilane involving a formoxysilane
intermediate proposed by Zhang and Ying®’

Whilst the reaction of PhSiH3z with CO; at 60 °C led to the formation of formoxysilane within
40 mins, the corresponding reaction at 23 °C was significantly slower, Figure 3.25. However,
the kinetics of the formylation reaction (i.e. including morpholine) are faster at 23 °C than at 60
°C. Furthermore, when the entire formylation reaction was monitored by IR, formoxysilane was
observed under reaction conditions at both 23 °C and 60 °C. These results suggest that a different
pathway to the formation of formoxysilane may be operating at lower temperatures, which

would account for the fast conversion and the presence of formoxysilane at 23 °C.
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3.6 Role of Morpholinium Carbamate

The role of proposed intermediate morpholinium carbamate 19 & 20 in the formylation of
amines was further investigated by synthesis of the corresponding individual species. The
lithium salt of morpholine carbamate 58 was prepared by lithiation of morpholine and
subsequent exposure to CO, following a modified procedure.’*” Subjection of 58 to standard
reaction conditions under CO, and TMG (5 mol%) led to conversion to formylmorpholine 24,
Scheme 3.16. At 23 °C, 92 % conversion to 24 was achieved after 21 h, whereas at 60 °C, 69 %
conversion was observed, Figure 3.31. The reaction Kinetics are slower than those observed
when morpholine is used as the substrate under the same reaction conditions. This suggests that
either the carbamate is not involved in the synthesis of formylmorpholine or the Li* is inhibiting

the reaction.

o) TMG (5 mol% o)
o/_\N—c/\/ _Li* + CO, + PhSiH, ( : O/_\N—C/\/
~— 0 MeCN (2 mL), 21 h H
58 Biphenyl (5 mol%) 24
(2 mmol) (2 mmol) 23 °C /60 °C, CO, (1.8 bar) 23 °C: 92%
60 °C: 69 %

Scheme 3.16: Reaction of morpholine carbamate 58 to formylmorpholine 24 under standard reaction

conditions
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Figure 3.31: GC conversion for reaction of 58 to 24. Reaction conditions: 58 (2 mmol), PhSiH3 (2
mmol), CO; (1.8 bar), TMG (5 mol%), MeCN (2 mL), Biphenyl (5 mol%), 23 or 60 °C

To investigate if the CO; incorporated into the carbamate species is further reduced to the final
formylmorpholine product, 58 was reacted with PhSiHz; and TMG (5 mol%) in the absence of
CO- under a N2 atmosphere, Scheme 3.17. After 24 hours, no conversion to 24 was observed.
This is in agreement with results of the silylcarbamate 49 which also required CO; to produce
formylmorpholine 24, thus 24 is not formed by the direct reduction of a morpholine carbamate

species and instead another species must be involved for 24 synthesis.
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Scheme 3.17: Reaction of morpholine carbamate 58 under N, gave no conversion to 24

Morpholinium hydrochloride 59 was prepared by reaction of morpholine 18 with hydrogen
chloride in ether, following a modified procedure reported by List.?® Reaction of 59 with COx,
PhSiH; and TMG (5 mol%) at room temperature gave only 2 % conversion to product 24. This

suggests that the morpholinium species must be deprotonated before reaction can occur.

/SN H - TMG (5 mol%) /\ (0]
O +NJ' Cl + CO, + PhSiH; o N—C/\’
f— MeCN (2 mL), 24 h H
59 Biphenyl (5 mol%) 24
(2 mmol) (2 mmol) 23°C, CO, (1.8 bar) 2%

Scheme 3.18: Reaction of morpholinium hydrochloride 59 to 24

3.7 Role of TMG Catalyst

From the previously discussed kinetic profiling and investigations into the roles of
intermediates, it is suggested that TMG is involved in the RLS of the reaction, which appears

to be the reduction of CO,. However, the exact role of TMG is unclear.

Guanidine catalysts typically operate by one of two modes of activation, either by acting as a
nucleophile or as a superbase.®® However, in the reductive functionalisation of CO, with amines
and hydrosilanes, organocatalysts have been suggested to have a number of different potential
roles. These include activation of CO, through either carbon or oxygen,3? 333749 activation of
the Si-H bond of the hydrosilane® 3 16 or stabilisation of a carbamate species,* Figure 3.32.
Furthermore, solvent promoted systems are proposed to simultaneously activate the amine and

Si-H bonds through tuning of solvation and polarisation effects and hydrogen bonding.” > 78

79
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Figure 3.32: Proposed roles of organocatalysts for a) Activation of CO,,3% 333749 h) Activation of
hydrosilane,”® 8% 83 and c) Stabilisation of carbamate®

(precursor to catalyst)

3.7.1  Carbamate Formation

Morpholine will react with CO, to form morpholinium carbamate species 19 & 20 in non-
aqueous solutions.’” TMG has a higher proton affinity than morpholine in acetonitrile as shown
by the pKa of conjugate acid in acetonitrile (TMG: pKagvecny = 23.3;1% morpholine: pKagwecn)
= 16.6).24° Thus, reaction of morpholine and TMG with CO, will lead instead to the formation
of the morpholine carbamate 19 and guanidinium species 60 as the favoured products, Scheme
3.19. Monitoring the reaction by IR showed formation of a broad band at 1570 — 1550 cm*
corresponding to the C=0 stretch and an absorption at 1269 cm* corresponding to C-O stretch
of 19, *H NMR and **C NMR supported formation of the species is favoured.

NH H -
MeCN (e}
/N /- N\ I
o NH + C02 + \N)J\N/ —_ . 0 N_C/ + \N)\N/
/ I — o .
18 19 60

Scheme 3.19: Formation of morpholine carbamate 19 and TMGH* 60 in CO;

Previous work by Cantat suggested that the role of TBD as the catalyst was stabilisation of the
carbamate species by hydrogen bonding, Figure 3.32¢.° However, in this work when thiourea
46 was used to stabilise the carbamate as a co-catalyst with TMG, a slower rate of reaction was

observed. These results suggest that although the morpholine carbamate 19 and corresponding
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guanidinium ion 60 will form under reaction conditions, the stabilisation of the carbamate by

TMG does not promote the reduction of the carbamate to the formylamide product.

3.7.2  Activation of CO;

A number of studies have proposed that the role of the catalyst is to activate CO; through either
the carbon or oxygen atom, Figure 3.32a.3% 33 3.4 However, in line with our previous study,
exposure of TMG to CO; in MeCN under reaction conditions did not lead to any observable

complexation, Figure 3.33, thus suggesting that this is not the role of TMG.

0.15 T™MG

T™MG + CO,

0.1
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Figure 3.33: IR spectra in acetonitrile of TMG, TMG with CO; at 1.8 bar

3.7.3  Activation of Silane

Activation of the hydrosilane has also been proposed to occur with nucleophilic catalysts such
as F~ions, NHCs and ionic liquids to form pentacoordinate Si species.® 16 ® Activation of Si-H
bonds has also been proposed to occur via intramolecular coordination of an amino group to
give a pentacoordinate species.'** Thus potential interactions between TMG and PhSiH; were
studied by 'H NMR spectroscopy. Addition of 1 equivalent TMG to a solution of PhSiHs in
CDsCN gave only a small decrease in the chemical shift of the SiH signal by 0.005 ppm, Figure
3.34. A decrease in chemical shift would suggest an increase in electron density in the Si-H
bond, thus potentially activating it towards CO,. However, the change in chemical shift is small

and is not conclusive as to whether the TMG alone is capable of activating the Si-H bond.
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b) PhSiHs + TMG

a) PhSiHs

85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 ppm

Figure 3.34: *H NMR spectra of a) PhSiH3 (1 M), b) PhSiH3 (1 M) and TMG (1 M) in CD3CN. Inset:
zoomed in spectra on SiH signal from PhSiH3;

3.7.4  Precursor to Carbamate as Catalyst

Computational studies on the NHC catalysed formylation of amines have indicated that the
NHC is a precursor to the actual catalyst, the ionic liquid: [NHCH]*[Carbamate] .2 In this case
the NHC was found to stabilise the carbamate which in turn activates the hydrosilane via a
concerted Sn2 nucleophilic attack through the O atom. The hydride can then react with free CO,
which is more electrophilic than the CO, moiety in the carbamate. Reverse attack of the
generated formate produces the formoxysilane intermediate, Scheme 3.20.8 The NHC was also
found to activate the transformylation of the amine through hydrogen bonding with NH of the

free amine.®

R N. -d- +j
K 2'/ R N-C- H~<5\l
7 ('O// o +
/N_C\O-A«Fg ~ 7 N=¢" HH e
TSR AN i
Ph o) N
H,PhSiO”™  H

Scheme 3.20: Proposed role of NHC in route to formoxysilane intermediate reported by Li%
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Based on the discussed experimental evidence and suggestions from corresponding
computational studies®® a potential role of the TMG catalyst can be proposed. With TMG as the
catalyst, it has been shown that in reaction with morpholine and CO;, the guanidinium species
TMGH" 60 and morpholine carbamate 19 are produced, Scheme 3.19. Thus it is reasonable to
propose that with TMG as the catalyst, the stabilised carbamate promotes the reaction by
activating the silane, Scheme 3.21. This would begin to explain why the reductive
functionalisation of CO, with amines can occur at both 23 and 60 °C (as the carbamate is
formed), whereas in the hydrosilylation of CO, (i.e. no amine present) the reaction can only

proceed at high temperatures and thus must be operating by a different pathway.
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Scheme 3.21: Proposed role of TMG in route to formoxysilane intermediate

Itis not clear if TMG is involved in the transformylation step of formoxysilane with morpholine
as the formoxysilane intermediate has not been synthesised in the absence of catalyst. However,
computational studies suggest the NHC catalyst could lower the activation barrier by interaction
with the amine.®® *H NMR studies of morpholine and TMG show interaction between the N-H

of morpholine and NH of TMG and thus may also play a role in the transformylation step.

3.8 Summary of Pathways to Formylmorpholine

The results of the mechanistic study suggest that multiple pathways may be operating in the
synthesis of formylmorpholine and that the catalyst may have multiple roles. These can be
generalised as one pathway which proceeds predominantly at lower temperatures (i.e. RT,

Scheme 3.22a) and a second that is only possible at higher temperatures, Scheme 3.22b.

In the low temperature pathway, the reaction equilibration period (Step Al) enables the
formation of morpholinium carbamate 19 & 20 as a white precipitate. If TMG is present then
the corresponding morpholine carbamate 19 and guanidinium species 60 will also be present in
solution. Addition of PhSiH; (Step A2) leads to the formation of a silylcarbamate species 49
and evolution of H,, which corresponds with the observed dissolution of the white precipitate

and the evolution of a gas.
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The silylcarbamate species 49 can react in the presence of TMG and CO; to yield the
formylmorpholine product 24. However, as this transformation requires CO, to proceed, it
suggests that the silylcarbamate is not reduced directly to give the formylamide and instead
another species must be involved. Thus, it is proposed that the carbamate activates the Si-H
bond enabling hydride transfer to a free CO, molecule, which is more electrophilic than the CO;
in the carbamate species, as proposed by Li.2 The formate species can then react with the silane
species to yield a formoxysilane intermediate (Step A3) releasing the morpholine carbamate.
This is also supported by the observation of formoxysilane by in situ IR spectroscopy when the
reactivity of the silylcarbamate species in CO, was monitored, and the absence of formoxysilane
for the same reaction under N (Figure 3.20, Section 3.4.4). It is proposed that this is the rate
limiting step of the reaction and the role of TMG is proposed to be the stabilisation of the
carbamate species. It is however possible that the formoxysilane species may also form directly
from reaction of the morpholine carbamate 19 with PhSiH; and CO,, without the formation of
a discrete silylcarbamate species 49 (Step A4). However, due to the rapid formation of the
silylcarbamate this could not be determined.

In the final step (Step A5) nucleophilic attack of morpholine 18 with formoxysilane
intermediate 61 would then yield the formylamide product 24 and silanol byproducts. The TMG

may also promote this step through activation of the morpholine.

At higher temperatures (60 °C) a second pathway has also been found to be feasible, Scheme
3.22Db. In this pathway the PhSiH3 can react with CO, to form a formoxysilane intermediate 61,
Step B1. This reaction can only occur at high temperatures in the presence of the catalyst. As
there is no amine in this reaction to form the carbamate species, a different mechanism of
activation mode must be in operation. TMG cannot react with CO; under the reaction conditions
and thus instead it is proposed that the hydrosilane is activated by co-ordination of the TMG to
the Si species to form a hypervalent species. In a similar manner to above, this would enable
hydride transfer to free CO, and the produced formate can then react again back with the Si
species to produce formoxysilane. Transformylation with morpholine 18 (Step B2) would then

yield the formylmorpholine 24 product.

The formation of side products methylmorpholine 48 and aminal 57 was also observed when
the reactions were carried out at 60 °C. This suggests that the side products are formed from the
higher temperature activation pathway, either by further reduction of the formoxysilane species
or via subsequent reaction of the formylmorpholine. This pathway is discussed in more detail
in Chapter 5.
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a) Low temperature pathway
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Scheme 3.22: Proposed pathways and roles of TMG at a) low and b) high temperature for the synthesis
of formylmorpholine
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3.9 Conclusions

Guanidine catalysts have been demonstrated to be efficient catalyst for the synthesis of
formylamides via the reductive functionalisation of CO, with amines and a hydrosilane
reductant. TMG was shown to be a favourable catalyst, as a relatively cheap and readily
available guanidine, which gives high conversions within four hours at RT. This is an
improvement over the previously reported guanidine, TBD, which was significantly more
expensive and required longer reaction times (24 h) and high temperatures (100 °C). The
reaction rate was found to be dependent upon concentration of catalyst, CO, and either

morpholine and/or PhSiHs, however the exact rate law could not be determined.

Mechanistic investigations highlighted that the formylamide is produced via transformylation
of a formoxysilane intermediate with the amine to give the formylamide. The formoxysilane
intermediate was proposed to form via two different pathways. The first pathway operates at
low temperature through activation of the silane by a carbamate species stabilised by TMG,
whereas the second pathway proceeds at higher temperatures by activation of the silane directly
by TMG. A silylcarbamate species was also observed to form in the reaction and is proposed to
be involved in activating the silane via the carbamate species at low temperatures. These results
indicate that the rate limiting step is the reduction of CO; to form the formoxysilane, rather than

the transformylation step.

The involvement of a formoxysilane intermediate supports other experimental studies into the
formylation of amines with catalysts such as polyNHCS,% imidazolium ionic liquids™ " and
diazaphospholenes.®® The proposed activation route of the silane via a carbamate species
supports a computational study reported by Li with NHC catalysts and provides some of the
first experimental evidence that the catalyst, CO, and the amine are required to give the fast
reaction rate.®® Based on this study it is also proposed that the silane may also be activated by
TMG at high temperatures, which has previously been found to be unfavourable with carbene
catalysts,® however the activation of silanes by intramolecular coordination of an amino group
to give a pentacoordinate species has previously been reported.'*! Further work is required to

confirm if this pathway is feasible with guanidine catalysts.

The observation of a silylcarbamate species is consistent with a recent experimental study
reported by Li, however Li proposed its formation through a silylamine species, which was not
supported by our work.” Furthermore, Li did not report any observation of a formoxysilane
species. Although we have found that the silylcarbamate cannot be directly reduced to give the
formylamide species under reaction conditions, it is not known if an alternative pathway to the

formylamide product (which does not involve the formoxysilane pathway) is possible. It is also
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possible that the silylcarbamate is not required, and is simply a competing reaction which still

provides an active sink of morpholine.

Whilst the results of this mechanistic study have provided strong experimental support for
computationally proposed mechanisms, this study has only focussed on the use of morpholine
as a substrate and TMG as the guanidine catalyst. The reductive functionalisation of CO; with
aromatic amines has also been reported to be successful with a range of catalysts.”?"* 76
However the lower pKa of aromatic amines compared to morpholine (e.g. pKamecny:
morpholine = 16.61, aniline = 10.56),° and lower nucleophilicities (e.g. morpholine: 15.65,4
aniline: 12.64*3 in MeCN) may affect the equilibrium of amine/carbamate species as well as
the formation of the silylcarbamate. Furthermore, whilst TMG cannot activate CO,, other
guanidines, such as MTBD and TBD, are known to form CO; adducts and as such may provide

additional alternative activation pathways that need to be considered.
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Chapter 4
Guanidine Catalysed Reductive Functionalisation of COz: Catalyst

Optimisation and Scope of Amine Formylation

4.1 Introduction

In Chapter 3, guanidine catalysts were demonstrated to be effective catalysts for the reductive
functionalisation of CO, with amines and hydrosilanes to yield formylamide products; however,
relatively high catalyst loadings (5 mol%) were utilised. This is common for the reductive
functionalisation of CO, with hydrosilanes, which typically requires loadings of at least 5 mol%.
The most active organocatalysts reported for this system are diazaphospholenes, which gave
TOF of up to 38 h™ and TON of up to 19 for secondary aliphatic amines with diphenylsilane as
the reductant.®® Compared to similar metal catalysed systems, however, these are inefficient.
For example, a copper catalysed system reported by Baba operated at catalyst loadings lower
than 0.1 mol% and achieved TON up to 9000 and TOFs of 2180 h™1.8* Whilst low catalyst
loadings (0.05 mol%) and high TON (1840) have been reported for the NHC catalysed reduction
of CO, with hydrosilanes,® this has not yet been extended to the organocatalysed reductive

amination of CO with hydrosilanes.

Another important aspect in CO; utilisation reactions is that the newly developed reactions are
equally or more sustainable than those that they replace.* Therefore a number of criteria
including reaction efficiency and the reagents used must be considered. The use of hydrosilanes
as reductants is attractive due to their highly tuneable reactivity and wider substrate scope,
however they are typically more expensive and less atom efficient than the use of hydrogen as
the reductant.®® Consequently, there has been a drive to use alternative silane reductants derived
from waste streams. Such an example is polymethylhydrosiloxane (PMHS), which is a low cost,
less toxic and more stable alternative to hydrosilanes,*® and a number of carbene catalysts have

been reported to use this reductant, e.g. Scheme 4.1.72 74

o,
hl/!e I\I/I.e Me NHC (5 mol%) \ /9
0 NH + CO, + Me—SII—O SII—O Sll—Me 0 N—C 99 %
p— Me |H |Me THF — H
" 1h,RT
18 PMHS 24

Scheme 4.1: Example reaction of PMHS used as a reductant in the reductive functionalisation of CO,
with amines using an NHC catalyst"
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This chapter reports attempts to understand the requirement for high catalyst loadings in the
guanidine catalysed reductive functionalisation of CO, with amines and hydrosilanes. On the
basis of the understanding gained, more efficient catalysts were developed. The use of a more
sustainable reductant was also investigated and the substrate scope of the reaction studied.

4.2 Reducing Catalyst Loadings

4.2.1  Catalyst Deactivation

Lowering the catalyst loading of TMG from 5 to 1 mol% in the synthesis of formylmorpholine
24 from morpholine, PhSiH; and CO; led to a slower rate of reaction and an overall reduction
in conversion, Figure 4.1. The reduction in conversion was particularly noticeable when the
reaction was performed at 60 °C. One explanation for this could be deactivation of the catalyst,

which occurs predominantly at higher temperatures.

TMG (1 - 5 mol%) I 0 I\
G NH + CO, + PhSiHs g NC + G —CHs
MeCN, " H p—
23 - 60 °C, CO, (1.8 bar)
18 26 Bipheny! (5 mol%) 24 48
a) 60 °C b) 23 °C
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Figure 4.1: Effects of lowering catalyst loadings on formation of formylmorpholine 24 at a) 60 °C, b)
23 °C. Reaction conditions: 18 (2 mmol), PhSiH3 (2 mmol), TMG (0.02 - 0.1 mmol), MeCN (2 mL),
biphenyl (0.1 mmol), CO; (1.8 bar). Concentrations determined by GC

To probe possible deactivation pathways, a stoichiometric reaction of TMG with PhSiH3; and
CO- (i.e. no morpholine) was performed at 23 and 60 °C, Figure 4.2a. The major product of the
reaction was characterised as 2-formyl-1,1,3,3-tetramethylguanidine (Formyl TMG) 62 based
on HRMS-ESI ([M+H]* found m/z = 144.1189, calculated: 144.1131), NMR and IR spectra
which were in agreement with reported literature values, Figure 4.2b & ¢.'** A second species
was also observed at the end of the reaction (*H NMR &: 8.64 ppm), however the identity of this

species is unknown. At 60 °C the reaction proceeded rapidly and monitoring by IR spectroscopy

78



showed a rapid decrease in TMG and a rapid increase in formylTMG in the first 2 minutes of
reaction, Figure 4.2. The formation of a white precipitate, due to the silanol and siloxane by-
products, prevented monitoring the entire reaction by IR, however analysis by HRMS showed
the reaction reached completion within 20 minutes. At 23 °C, 24 hours was required to reach

full conversion of TMG.
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Figure 4.2: Stoichiometric reaction of TMG with PhSiH3 and CO; to probe catalyst deactivation
pathway. a) Reaction scheme; b) *H NMR spectra of formylTMG 62; ¢) FTIR spectra over time
of formylation of TMG at 60 °C, FormylTMG (1664 cm), PhSiH3 (921 cm), TMG (784 cm™)
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The deactivation of TMG to formylTMG 62 during its use as a catalyst in the reductive
functionalisation of CO, with morpholine was investigated by monitoring the catalytic reaction
at 23 °C by H NMR spectroscopy. A peak corresponding to the N(Me). protons in the
protonated catalyst TMGH* at 2.94-2.96 ppm (TMGH*CI" reported at 2.98 ppm)** was
observed to decrease over the first 120 minutes of reaction, this was concurrent with the increase
of peaks at 2.91 and 8.53 ppm assigned to the N(Me), and C(O)H protons of formyl TMG,
Figure 4.3a.

I\ TMG (5 mol%) I 0 I\
G NH + CO, + PhSiHs G N-C + O N-CH
/ CD4CN, W S
18 26 23 °C, CO, (1.8 bar) 24 48
Trimethoxybenzene (5 mol%)

a) ;

FormylTMG 24 New TMG species FormylTMG

# l New TMG species

360 min l

240 min

I B )

120 min J_’—-’J L
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_LJQL TMGH* ML,—
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Figure 4.3: *H NMR monitoring decomposition of TMG in reaction to FormylTMG 62 during catalytic
reaction at 23 °C. Reaction conditions: 18 (2 mmol), PhSiH3 (2 mmol), TMG (0.1 mmol), CDsCN (2
mL), 1,3,5-trimethoxybenzene (0.1 mmol), CO; (1.8 bar) a) *H NMR spectra, b) Trends from *H NMR
(continued over page)
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Figure 4.3 continued: b) Trends from *H NMR monitoring experiment

This highlights that the deactivation of TMG to formylTMG occurs faster in the catalytic
reaction than the corresponding stoichiometric reaction (when no morpholine was present)
which required 24 h.

After 4 hours the concentration of formyl TMG in the reaction was observed to decrease. This
corresponded with an increase in signals at 7.97 and 2.82 ppm in *H NMR spectra, suggesting
that the formylITMG may have decomposed to a different formyl species, Figure 4.3b. To probe
this further, the formylITMG was prepared from the stoichiometric reaction of TMG with
PhSiH; and CO; at 60 °C. After completion, a second equivalent of PhSiH; was added and the
reaction stirred overnight at 60 °C. However, no further reduction of formylTMG or any new
species were observed, thus suggesting that decomposition of formylTMG is dependent on the

presence of morpholine species in the catalytic reaction.

Monitoring the catalytic reaction (i.e. with morpholine present) by HRMS showed the presence
of species 63 (observed m/z: 213.1730) which may occur from transamidation of morpholine
with formylTMG, and 62 (observed: 144.1124) which is observed more strongly in reactions
with an excess of PhSiH; or at 60 °C. However, 63 was not observed in *H NMR and thus may

only be present in very small amounts or is undergoing exchange.
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Figure 4.4: Proposed catalyst deactivation species

The conversion of TMG to formylTMG within 40 minutes of initiation of the catalytic reaction
may account for the reduced conversion to formylmorpholine 24 observed at lower catalytic
loadings, particularly at 60 °C. It is expected that the formylation of TMG would decrease the

nucleophilicity and basicity of the catalyst, thus reducing its activity.

4,22  Catalyst Optimisation

To prevent this deactivation, it was proposed that alkylating TMG at the NH position would
prevent formylation of the catalyst, leading to a more stable catalyst of use at low catalytic
loadings. Thus, alkylated catalysts, 2-butyl-1,1,3,3-tetramethylguanidine (ButylTMG) 64 and
pentamethylguanidine (MethylTMG) 65, were prepared. Guanidines 64 and 65 were prepared
from tetramethylurea 66 based on modified procedures reported by Hodson and Elabd, Scheme
4216 147 In the first step, addition of oxalyl chloride to tetramethylurea 66 gave
tetramethylchlorformamidinium chloride 67 as a yellow solid, to which addition of the
corresponding amine and an aqueous work up yielded the desired guanidines 64 and 65.

_R
Cl 1) RNH,, N

0
1) (COCl),, DCE - MeCN / EtOH '
\NJ’J\N/ ~ )+\N/ Cl - \N)\N/
I I 2) K,CO3, NaOH L

66 67 R = Bu 64
Me 65

Scheme 4.2: General procedure for synthesis of alkylated TMG

The activities of the alkylated catalysts were evaluated in the reductive functionalisation of CO,
with morpholine at 23 °C. At 5 mol% loading, alkylated catalysts 64 and 65 gave a faster rate

of conversion to 24 than TMG, reaching full conversion to 24 (96 %) in 120 mins, Figure 4.5.
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Figure 4.5: Comparison of catalyst activities at 23 °C. Reaction Conditions: 18 (2 mmol), PhSiH3; 26
(2 mmol), catalyst (0.1 mmol), MeCN (2 mL), biphenyl (0.1 mmol), CO- (1.8 bar), 23 °C

Alkylated catalysts 64 and 65 also showed higher catalytic activity at 1 mol% loading than non-
alkylated TMG, particularly at the later stage of the reaction after 120 mins, where the activity
of TMG is significantly lower, Figure 4.6a. Comparing the effect of catalyst loading using butyl
TMG 64 showed a slower rate of reaction at 1 mol% than 5 mol% loading; however full
conversion was still achieved by 4 hours, suggesting that the catalyst is not being deactivated,
Figure 4.6b. The faster kinetics of butyITMG over TMG may be due to prevention of
deactivation, enabling more of the active catalyst to be available throughout the entire reaction.
However, alkylation at the NH position would also be expected to alter the nucleophilicity and
basicity of the catalyst. For example, in acetonitrile the pKa of TMG s reported as 23™° and
methylTMG 65 was found to be 25.248 Thus, alkylated catalysts may give higher conversion

due to increased basicity, as well as being more stable and preventing deactivation.

Reducing the catalyst loading of butylTMG 64 further to 0.1 mol% led to a slower rate of
reaction, however 80.5% conversion to formylmorpholine 24 was achieved after 24 h. This
correlates to TON of 805 and TOF of 33.5 h™t. A TON of 805 represents the high stability of
the catalyst, only the NHC catalysed hydrosilylation of CO; reported by Ying et. al has a higher
TON (1840) for an organocatalysed reduction of CO with hydrosilanes.3” TOF again highlights
the high activity of the catalyst, however the reductive functionalisation of CO, with amines
and hydrosilane using a diazaphospholene catalyst has been reported to achieve TOF of
38 hrt3s
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Figure 4.6: Comparison of catalytic activity at 23 °C. Reaction Conditions: 18 (2 mmol), PhSiH3
(2 mmol), catalyst (0.002 - 0.1 mmol), MeCN (2 mL), biphenyl (0.1 mmol), CO, (1.8 bar), 23 °C

When the alkylated catalysts were evaluated at 60 °C, a change in selectivity of the reaction was
observed. Catalysts 64 and 65 gave full conversion of 18 within 60 mins, however they gave a
lower conversion to formylamide 24 compared to when TMG was used, this was accounted for
by an increase in conversion to methylmorpholine 48 and the aminal, dimorpholinomethane 57,

Figure 4.7.

Use of butylITMG 64 led to a higher conversion to methylmorpholine compared to TMG, 19 %
and 12 % respectively, and a small amount of aminal 57 at 12 %, Figure 4.7. Most interestingly
though are the formation kinetics of methylmorpholine 48, which is produced from the
beginning of the reaction, contrasting to with TMG as the catalyst, whereby 48 only begins to
form after 60 mins, Figure 4.7. With methyl TMG 65 the same rate of conversion to
formylmorpholine was observed as with 64, however the ratio of aminal 57 to
methylmorpholine produced was altered giving 6 % 48 and 21 % 57 respectively, Figure 4.7.
These results suggest that the alkylated catalysts may have a different effect on the reaction
pathway to the methylmorpholine product than TMG, rather than solely preventing catalyst

deactivation.
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Figure 4.7: Comparison of alkylated catalysts at 60 °C at 5 mol% loading. Reaction Conditions: 18 (2
mmol), PhSiH3 (2 mmol), catalyst (0.1 mmol), MeCN (2 mL), biphenyl (0.1 mmol), CO- (1.8 bar),
60 °C. Conversions determined by GC ® Conversions to 57 determined by *H NMR

4.3 Reaction Scope

431 Alternative Reductant

Whilst phenylsilane has been demonstrated to be an efficient reductant in the reductive
functionalisation of COy, it is still relatively expensive for use on a large scale and its sensitivity
to moisture is unfavourable. Thus alternative polysiloxanes as reductants were sought. In
particular the use of PMHS as a reductant is attractive as it is non-toxic, readily available,

cheaper and more stable to moisture and air than phenylsilane.*®

The reductive functionalisation of CO. with morpholine was investigated using
tetramethyldisiloxane (TMDS) and PMHS as the reductants. Using 5 mol% TMG as the catalyst
at 60 °C, PMHS was shown to be a more active siloxane than TMDS, giving formylmorpholine
24 at a yield of 67 % as opposed to 11 % with TMDS after 6 hours, Figure 4.8a. However these
are both less active than PhSiHs; which gave 86 % conversion after 6 hours. Increasing reaction

time led to higher yields of formylmorpholine with PMHS and TMDS of 78 % (22 h) and 33 %
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(24 h) respectively. Whilst on the addition of PhSiHs evolution of gas is observed, when PMHS
was added, no bubbles of gas were observed. This may indicate that an alternative reduction
mechanism is occurring compared to with PhSiHs. The increased activity of PMHS over TMDS
may suggest that intramolecular transfer of the species responsible for the activation of the Si-
H between sites is promoting the reaction.*® In all cases reduction with PMHS was selective to

the formylmorpholine 24 product and none of the methylmorpholine 48 product was observed.

Catalyst (5 mol%)

I\ MeCN (2 mL) S\ 9
o NH + CO, + PhSiH3/ PMHS/ TMDS 0 N—C
/ 23-60°C,CO,(1.8bar) —/ H
18 Biphenyl (5 mol%) 24
(2 mmol)
a) Reductant comparison: b) Catalyst comparison:
(5 mol% TMG, 60 °C) (5 mol% catalyst, reductant: PMHS, 60 °C)
1.0 1.0 H
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Figure 4.8: GC kinetics of reductive functionalisation of CO; with 18 to give 24 with alternative
reductants. Standard Conditions: 18 (2 mmol), Reductant (3 Si-H equiv.), catalyst (0.1 mmol), MeCN
(2 mL), biphenyl (0.1 mmol), CO, (1.8 bar), 60 °C. Conversions determined by GC



As the most active and cheaper siloxane reducing agent, the use of PMHS was further studied.
At 60 °C use of TMG and butyl TMG made no difference to reactivity, however using TBD
instead led to a lower conversion of 43 % after 24 h, Figure 4.8b. Reducing the reaction
temperature to 23 °C led to a slower rate of reaction, with production of formylmorpholine only
beginning after 4 hours of reaction, Figure 4.8c. However, during this initial 4 hours at room
temperature, two layers were observed in solution, this may be the separation of the solution
containing the morpholinium carbamate species, and the other being PMHS, Figure 4.9a. This
is contrasting to the reaction at 60 °C whereby the reaction was uniformly mixed, Figure 4.9.
This suggests that inefficient mixing due to the high viscosity of PMHS may be the cause of
this initiation period at room temperature, and thus more effective stirring methods should be
investigated.

Figure 4.9: Photo of reaction mixture with PMHS reductant 60 mins into reaction a) 23 °C and b) 60
°C
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4.3.2  Substrate Scope

The substrate scope of the newly improved catalyst 64 at 1 mol% loading at 23 °C with
phenylsilane as the reductant was explored, Table 4.1. Aliphatic and aromatic secondary
amines: morpholine 18, piperidine 31, N-methylbenzylamine 68 and N-methylaniline 37 gave
high yields (84 - 96 %) of formylated product in 8 hours (Entries 1-4, Table 4.1). Analysis by
GC-MS showed the major side product of these to be the N,N-dimethyl product (yields 4 — 10
%). Reaction of 4-chloro-N-methylaniline 71 required longer reaction time to reach completion
(84 % vyield after 22 h), but also gave a larger amount of the methylated amine (13 %),
suggesting electron poor substituents may favour N-methylation. Use of electron withdrawing

4-nitro-N-methylaniline 73 gave no conversion after 22 hours.

With primary amines, aniline 75 gave >99 % conversion to N-phenylformamide 69 with only
trace amounts of the diformylated product observed in analysis by GC-MS. This highlights the
high selectivity for monoformylation when only 1 equivalent PhSiH; was used. Reaction of
benzylamine 77 with CO; and 1 equivalent PhSiH; gave a mixture of products. N-
benzylformamide 78 was produced in 23 % vyield, however N,N’-dibenzylurea 79 was also
observed accounting for approximately 10 % conversion of benzylamine. The remaining
component is unreacted benzylamine 77. This urea product was not observed in any other of
the substrate screening with secondary amines, suggesting other pathways may be possible with

primary amines compared to with secondary amines.

N H 23 %
H

Butyl TMG (1 mol%) 78

NH, + CO, + PhSiH; *
MeCN, o)
Il

23 °C, CO; (1.8 bar)

_C.

Scheme 4.3: Products from reaction of benzylamine 77 with CO, and PhSiH3 at 23 °C

These conditions represent a significant improvement on previously reported guanidine
catalysed systems, which required high temperatures (100 °C), long reaction times (24 h) and 5

mol% catalyst loadings and were poorly tolerated by aromatic amines.>®
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Table 4.1: Substrate scope results with alkylated catalyst at low loading (1 mol%) at 23 °C

R Butyl TMG (1 mol%) R' 0 R
NH + CO, + PhSiHs N-C + N-CH,
R? MeCN, R H R?
23 °C, C02 (18 bar) A B

Yield of Yield of

Entry Substrate Major Product (A)  Time A® (%) B* (%)
/_\ O N //O
O NH AR
1 ’ 8h 96 4
18 24
0
//
2 { NH ( :N_C\H 8 h 84 6°
31 32
v Oy
3 ©/\H H 8h 90 10
68 69
i N
4 i 8h 95 5
o}
37 70
N Nk
C
TV el o
of cl

71

o
=z
T
z
\l
i 2 N
z
/
o=0
\
T
o
o

22 h
O,N 0,
73 74
H
NH, N\C/H
7 ©/ ©/ 5 22 h >99 <1

75 76

0

C

NH; 22 h 23 0

(e}
I=z
\
/
T

77 78
Conditions: Amine (2 mmol), PhSiHz (2 mmol), CO., (1.8 bar), 64 (1 mol%), 1,3,5-
trimethoxybenzene (5 mol%), MeCN (2 mL), 23 °C. a) Conversions calculated by *H NMR
relative to internal standard of 1,3,5-trimethoxybenzene (relative to amine substrate) b)
calculated by GC




4.4 Conclusion

In summary, catalyst TMG was found to deactivate during the formylation of amines with CO,
and hydrosilane by itself undergoing formylation, this prevented the reaction working at low
catalyst loadings. By using alkylated guanidines, the deactivation pathway was prevented and
catalyst loadings of 1 mol% gave full conversion within four hours of reaction. The new
alkylated catalysts achieved TON of 805 and TOF of 33.5 h'* when used at 0.1 mol% loadings
at 23 °C, yielding 81 % conversion to formylamide 24 within 24 hours at 1.8 bar. The increased
activity of the alkylated catalysts, may be due to the prevention of a catalyst deactivation
pathway, however alkylating the catalyst will also have changed the nucleophilicity and pKa of
the guanidine catalyst, (pKagecny of TMG = 23,*° methylTMG = 25)'* and this is also likely

to have affected its activity, suggesting the higher basicity of the catalyst maybe favourable.

Use of alkylated catalyst 64 at 1 mol% loading with PhSiH3 at room temperature showed wide
substrate tolerance with secondary amines and was successful with both aliphatic and aromatic
amines; however, strongly electron withdrawing substituents hindered the reaction. The use of
a more sustainable and cheaper reductant PMHS was found to work well with this system,
although higher temperatures (60 °C) were required for reaction. Due to the higher temperature
required and switch in product selectivity to solely formylmorpholine at 60 °C, a different
mechanism or activation mode may be operating compared to that of PhSiH; as discussed

previously.
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Chapter 5
Guanidine Catalysed Reductive Functionalisation of COa:

Mechanism of Amine Methylation

51 Introduction

The reductive functionalisation of CO, with amines and hydrosilane reductants to target
methylamines has been reported using a variety of organocatalysts including: NHCs,%
thiazolium carbenes,” boranes,* fluoride and carboxylate ions,”” % phosphorus ylides®? and a

solvent promoted system utilising DMF, Scheme 5.1.%

R\1 Catalyst (5 - 10 mol%) R\1
NH + R3SiH + CO, .N_CH3
R? Solvent, 50 - 140 °C R2
(1 -5 bar) 6-24h

Scheme 5.1: Reductive functionalisation of CO, with amines and hydrosilanes to give methylamines

In many cases the formylamide and methylamine products were found to form under similar
reaction conditions and reactions were optimised to favour the methylamine product through
the use of higher temperatures, alternative hydrosilane reductants or tuning of the catalyst.” "
% However, the reasons for the observed selectivity remain unclear. Whilst some studies have
suggested that the harsher conditions favour the methylamine products through reduction of
formylamides,”” ° others have found this is not possible, Scheme 5.2.% Consequently,
alternative pathways are expected to be present and the relationship between reaction products

is not clear.

Alternative proposed routes involve the reduction of a urea or aminal intermediate,® or through
reduction of CO; to a methoxysilane species, which then undergoes nucleophilic attack by the
amine to give the methylamine product,®® Scheme 5.2. However, until very recently
experimental evidence to support these proposals has been rare®® and the link between the

pathways is still not fully understood.
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R’ 5 .
\ b I PhSiH;
NH + CO, + PhSiHg ------ N Lo R ;
R2 E | | H

PhSiH; + CO,  --omrmoo-hooeoe- > Ph—Si—OCHj3 --=--=----*

Scheme 5.2: Possible pathways to methylamines from the reductive functionalisation of CO, with
amines and hydrosilanes. a) reduction of formylamide, b) reduction of urea, ¢) reduction of aminal,
d) via methoxysilane species

When guanidine catalysts were used for the synthesis of aminals from the reaction of CO, with
amines and hydrosilanes, methylamines were also observed as a side product, Scheme 5.3.%
Longer reaction times favoured the formation of the methylamine product, and thus it was
proposed that the aminal may be an intermediate to the methylamine product. However, under

some circumstances formylamides were also observed as products of the reaction.®”

H TBD
N (10 mol%)
N+ CO, + PhSiHs °)
(1 bar) (2 equiv) CD5CN,
37 80°C,2.5h

93% %

Scheme 5.3: Synthesis of aminals and methylamines from the reductive functionalisation of CO,
with amines and hydrosilanes using guanidine catalysts®’

Still, despite a number of proposed routes to the methylamines, the interplay between the
products is not clear. In order to rationally develop more efficient reactions and catalysts, the

route to each product and their relationship needs to be fully understood.

This chapter reports experimental investigations into the mechanism and involvement of
methylamine and aminal products in the guanidine catalysed reductive functionalisation of CO;
with amines and hydrosilane. Using the model system of morpholine and PhSiH; with TMG
and alkylated TMG catalysts, the factors effecting the formation of each reduction product were

investigated and reaction profiling used to understand the formation kinetics.
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5.2 Factors Affecting N-Methylmorpholine Formation

Whilst investigating the reductive functionalisation of CO, with morpholine and phenylsilane
to give formylmorpholine 24, the formation of N-methylmorpholine 48 was also observed,
Figure 5.1. The amount formed was found to be dependent upon temperature and stoichiometry
of the reaction. At 60 °C, 12 % methylmorpholine was observed after 6 h, whereas at room
temperature (23 °C) only 2 % methylmorpholine formed, Figure 5.1. Increasing the amount of
PhSiH; in the reaction from 1 to 2 equivalents (relative to morpholine), led to an increase in

methylmorpholine to 28 % after 6 hours, Figure 5.1.

Following the kinetics of formation showed that the methylmorpholine is only formed after 60
minutes of reaction, even with a higher equivalence of PhSiHs, despite formylmorpholine being
formed immediately in the reaction, Figure 5.1. Lowering the amount of PhSiHs to 0.5 equiv
led to no conversion to methylmorpholine, whilst the addition of water to the reaction had no
significant difference in conversion (14 % with water compared to 12 % without water at 60 °C).
Lowering the catalyst loading to 1 mol% also led to a reduced amount of methylmorpholine.
The delay in formation is intriguing and suggests either the formylmorpholine or another
intermediate is required for the synthesis of methylmorpholine.

T\ . TMG (5 mol%) /\ //O /\
(@] NH + COZ + PhSIH3 0O N—C\ + 0O N—CH3
(1 -2 equiv) MeCN, H
23-60 °C, CO, (1.8 bar)
18 26 24 48
1.0 - . . .
] « °® ° ® o
s 08 °
R e ¢t e e R . *
= 0.6 *
o lamg
c
§ 0.4-3¢%
S ™ o o o © ¢ o o
0.2
(o
00proR o § 0 o o o o = o
0 60 120 180 240 300 360
Time / min
e 23°C, 1 equiv PhSiH,
60 °C, 1 equiv PhSiH, Filled -24 Hollow - 48

¢ 60°C, 2 equiv PhSiH,
Figure 5.1: Reaction kinetics of 24 and 48 formation. Reaction Conditions: 18 (2 mmol), PhSiH; (2 — 4

mmol), TMG (0.1 mmol), MeCN (2 mL), biphenyl (0.1 mmol), CO, (1.8 bar), 23 — 60 °C.
Concentrations calculated by GC relative to an internal standard.
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The reaction kinetics of methylmorpholine formation were also affected by the choice of
catalyst. When butyl TMG 64 was used, a faster formation of methylmorpholine within 60
minutes was observed, compared to with TMG, Figure 5.2. With Butyl TMG as the catalyst,
formation of the aminal, dimorpholinomethane 57 was also observed.

/,
M Byt N-¢ + d N-CHs
N R ' __/
—\ | | 64 (5 mol%)
(0] NH + CO, + PhSiH; 24 48
— (1 equiv) MeCN, 22
18 26 60 °C, CO, (1.8 bar) (\N N/\
o J L o
57
104 Filled - 24 Hollow - 48
= 084
- | A AL A& A A A A A
S N
w 0.6
= la 5 mol% TMG
8 04- A 5mol% Butyl TMG
S ]
© 024 Ad A & A A a A A
A A
0 60 120 180 240 300 360
Time / min

Figure 5.2: Effect of catalyst on reaction kinetics at 60 °C, reaction Conditions: 18 (2 mmol), PhSiHs;
(2 mmol), catalyst (0.1 mmol), MeCN (2 mL), biphenyl (0.1 mmol), CO; (1.8 bar), 60 °C

During investigations into the different roles of intermediates in formylmorpholine synthesis, it
was found that changing the order of addition of reagents also led to a change in product
distribution of the methylmorpholine, Table 5.1. When phenylsilane or TMG were added as the
final reagent at 60 °C, 12 — 14 % conversion to methylmorpholine was observed; however, when
morpholine was added last < 1% of methylmorpholine was observed and the aminal 57 was
instead formed in 24 %, Table 5.1. These results highlight that catalyst loading and reaction
conditions influence the different pathways and understanding this interaction may enable

improved rational targeting of each product.
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Table 5.1: Table comparing effect of order of addition on product distribution

i 24 48 57
Entry Order of Addition % % %
—\ + PhSiH;
1 0 NH + CO, + TMG 88 12 0
___/ 15 mins
/\ TMG
2 0 NH + CO, + PhSiH; * 86 14 0
___/ 15 mins
+0 NH
3 Ny 75 1 24

PhSiH3 + CO, + TMG

15 mins

Reaction conditions: 18 (2 mmol), CO; (1.8 bar), TMG (0.1 mmol), PhSiH3; (2 mmol), 60 °C, 1,3,5-
trimethoxybenzene as internal standard. Conversions calculated by *H NMR

5.3 Role of Aminal Intermediate

It has been suggested that N-methylation of amines in the reductive functionalisation of CO;
may be derived from the reduction of an aminal intermediate.®” Early kinetic monitoring of our
reaction system by GC did not identify any of the corresponding aminal species. However, once
the authentic compound was prepared from morpholine and paraformaldehyde, based on a
procedure reported by Huang (Scheme 5.4),'*° it was found that aminal 57 decomposed on the
GC column and significantly overlapped with the morpholine signal. Thus alternative

monitoring techniques were applied.

H;
7\ Dioxane C.
o NH + HOJ(\O]LH . NN (59 %)
p— n 85°C,8h o\) K/o
18 57

Scheme 5.4: Synthesis of dimorpholinomethane 57 from morpholine and paraformaldehyde!4®

When the reductive functionalisation of CO, with morpholine at 60 °C was monitored by 'H
NMR, the presence of aminal 57 was observed, Figure 5.3 & Figure 5.4. Dimorpholinomethane
57 is produced from the start of reaction, reaching a maximum conversion of morpholine to 57
at 20 % by 120 minutes, before decreasing as the reaction progresses, Figure 5.4a & b.
Methylmorpholine is only observed after 40 minutes of reaction, after 57 has begun to form,
Figure 5.4b. At room temperature, a maximum of 4 % conversion to aminal 57 is observed

before formation of methylmorpholine to 3 % by 6 h, Figure 5.4c & d.
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These results indicate that aminal 57 is a significant species in reaction conditions when
methylmorpholine is produced, and hence the mechanism for formation of 57 and its reactivity
were further investigated.

_______ 4
\ / \
MeO OMe d \Nié/olf SN Q" @ | d  N-CH
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Figure 5.3: Example 'H NMR spectra of reaction monitoring at 60 °C with aminal 57 intermediate.
Highlighted peaks were used for conversion calculations
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Figure 5.4: Kinetic profiles (*H NMR) of reaction of morpholine, CO; and PhSiHz showing
involvement of aminal 57 intermediate. Reaction conditions: 18 (2 mmol), PhSiH3z (2 mmol), TMG (5
mol%), CO, (1.8 bar), CDsCN (2 mL), 23-60 °C, 1,3,5-trimethoxybenzene (5 mol%), 23-60 °C.

a) 60 °C, b) 60 °C zoomed in for low concentration region, c¢) 23 °C, d) 23 °C zoomed in
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5.3.1 Routes to Aminal Intermediate

There are two main routes to the aminal product that can be thought of as likely to occur: firstly,
via the reaction of morpholine with a bis(silyl)acetal species 80,%” and secondly via the reduction
of a urea species 81, Scheme 5.5. The feasibility of both of these routes were investigated.

R
|
TMG (5 mol%) ~ Ph—Si—O R o/ \NH
PhSiH; + COp  ------------- > RH/CI:*O—SIi—Ph oo\ /
26 H R .18

80 h (\N/E\N/\

s con e Pyt
18 + PhSiH;

26

Scheme 5.5: Proposed routes to aminal intermediate via either a silylacetal species or a urea
intermediate

5311 Through a Silylacetal Intermediate

To probe the involvement of the bis(silyl)acetal species, the reduction of CO, with phenylsilane
in the absence of morpholine was investigated. Based on earlier work reported in Chapter 3, it
was found that the reduction of CO; with phenylsilane requires high temperatures (60 °C) and
a catalyst (5 mol% TMG). Monitoring this reaction by *H NMR showed the formation of a
number of silyl species, including formoxysilane 61, methoxysilanes 82 and silylacetal 80
species. The bis(silyl)acetal 80 species was assigned due to a broad band that was present at
(5.6 — 4.9 ppm), based on reported shifts at 4.5-5.0 ppm in d’-DMF by Ying.®” The broad band
is to be expected due to number of species which may incorporate the silylacetal group, with a
number of R substituents, including: -H, -OH, -OC(O)H, -OCHs; or other -O-[Si] species.
Attempts to monitor the reaction by 2*Si NMR to probe the speciation of the bis(silyl)acetal
species were unsuccessful due to the low concentrations of the species and low sensitivity of

the technique.

The formation of the bis(silyl)acetal species 80 under these conditions may explain why the
aminal 57 was observed when morpholine was added as the last component after a 15 minute
pre reaction between PhSiHz; and CO; at 60 °C in the presence of TMG, Table 5.1 & Table 5.2.
Further investigation showed that if morpholine was added after 60 mins of pre reaction
between PhSiH; and CO», then 32 % conversion to the aminal species was observed, Table 5.2.
This further supports that the formoxysilane is reduced to the bis(silyl)acetal species which can

then subsequently undergo nucleophilic addition of morpholine, Scheme 5.6.
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Table 5.2: Ratio of products after addition of morpholine to pre reaction of PhSiHz and CO; at 60 °C
with 5 mol% TMG, determined by *H NMR

Ha
Ph—Si -0 /N 18
C—H O NH ,
TMG (5 mol%) 61 & __/ (1 equiv)
PhSiH; + CO, .
26 CD3CN, 60°C R CD3CN, 60°C
15 - 60 min Ph—Si-0 R 360 min
| N .
R, -¢-O-§i—Ph
H
80
% Conversion
Entry Time / min Morpholine Formyl- Methyl- Aminal
18 24 48 57
1 15 0 75 1 24
2 60 28 38 1 32
3* 60 + N flush 51 26 0 23

Reaction conditions: 18 (2 mmol), CO; (1.8 bar), TMG (0.1 mmol), PhSiHs (2 mmol), 60 °C, 1,3,5-
trimethoxybenzene as internal standard. Conversions calculated by *H NMR

* After 60 mins reaction was flushed with N, for 60 mins before addition of morpholine

R
H Y
TMG (5 mol%)  pp—s7-0 phsiH, Ph—$i-0_ R
PhSiH; + CO, ey ————= R,.C-O-Si-Ph
/7
61 80
O NH
__/
H H o} NH R
N/ Ph—Si-0

c
PN /_\
(\N N/\ &k Cc-N O
o] HL

Scheme 5.6: Proposed route to aminal species via bis(silyl)acetal species
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5.3.1.2 Through a Urea Intermediate

An alternative pathway to aminal 57 is via the formation and subsequent reduction of a urea
intermediate 81, Scheme 5.7.

0 Ha
/N L . NN _.PhSiHs NN
O\_/NH + CO, + PhSiH;3 @ K/O O(\\) @
18 81 57

Scheme 5.7: Possible involvement of a urea intermediate 81 in the formation of the aminal
intermediate 57

The formation of ureas is known to occur from the reaction of amines and CO. and from the
decomposition of silylcarbamates; however, these transformations typically require either high
temperatures and pressures or the use of a catalyst.!'* 118 150-152 The reduction of dialkylureas to
aminals with a silane reducing agent has been reported using a Ru catalyst,®® however previous
attempts to reduce 1,3-dimethyl-1,3-diphenylurea 84 with phenylsilane using an organocatalyst

have been unsuccessful.%”

To probe the possible involvement of urea 81 in the formation of aminal 57, urea 81 was
prepared by reaction of morpholine 18 with morpholine-4-carbonyl chloride 85 following a
modified procedure reported by Albericio.’>* Comparing analytical data to results of NMR, IR

and GC monitoring confirmed no build-up of urea 81 was observed during the reaction.

Furthermore, when urea 81 was subjected to reaction conditions at 60 °C with 5 mol% TMG;
no conversion was observed after 27 h, Scheme 5.8. Thus, the reduction of a urea is not a
feasible pathway to either aminal 57 or methylmorpholine 48 under these reaction conditions.
This corresponds with similar studies reported by Cantat®” and Liu.%> Conversely, during
substrate scope investigations (reported in Chapter 4) it was found that reaction of primary

amine benzylamine 77, gave N,N’-dibenzylurea 79 in 10 % yield after 22 h.

M T™MG 9 /\
(5 mol%) =
(\N N/\ + PhSiH; e (\N N/\ or QO N—
O\) K/O MeCN, 60 °C O\) K/o -
1 equiv 2 equiv CO, (1.8 bar)
81 27h 57 48
0% 0%

Scheme 5.8: Reaction of urea 81 with CO, and PhSiH3 at 60 °C with 5 mol% TMG led to no
conversion
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This difference in reactivity could be accounted for by the necessary involvement of an
isocyanate intermediate for urea formation. For example, for the formation of a urea from
monoalklylated O-silylcarbamates the proposed route involves loss of CO, to yield a N,O-bis-
silylcarbamate intermediate 87 and free amine 88. Intermediate 87 can then be converted into
an isocyanate 89 which subsequently reacts with the free amine 88 to give the dialkylurea 90,
Scheme 5.9.11% 118 151 \When silyldialkylcarbamates were investigated no decomposition to the

corresponding tetraalkylurea was observed.®!

a) From O-silylcarbamates:

_ o _ _ _
~ A
R. _Si I 1l 2 . R _R
SUNTTOTNS T T Sives S NN
H 2 87 - (SiMeg3), NR VR
L+ NH.,R L N
86 88 89 20
. ) - NH,R
b) From di(carbamoyloxy)silanes: R
- R-Si
OR. R O "R \
A L, 2 AN
_Sig _Si.
RHN™ "077°0" "NHR  _cp, RHN” O™ "NHR
91 92

Scheme 5.9: Proposed route from a) mono alkylated O-silylcarbamates 86 to urea 90 via N,O-bis-
silylcarbamate 87 and isocyanate 89 intermediates, and b) from mono alkylated dialkylsilylcarbamates
91 to urea 90 via 1% 118 151

Similarly with urea formation from amines and CO, routes via an isocyanate intermediate were
found to be favoured;'*? however isocyanate intermediates are only feasible with primary
amines. With secondary amines, urea formation instead requires the dehydration of a diol
species, however this pathway was found to be unfavourable and thus the use of dehydrating

agents, such as PPhs, were typically required.5? 154 15

Based on the above results, the involvement of a urea in the synthesis of aminals from secondary
amines was deemed to be unlikely, and instead aminal 57 is more likely to be formed via a
bis(silyl)acetal intermediate 80. However, the involvement of a urea intermediate in reactions

with primary amines cannot be discounted without further investigation.
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5.3.2  Reactivity of Aminal to Methylmorpholine and Formylmorpholine

To investigate the reactivity of aminal 57, the authentic compound was prepared from
morpholine and paraformaldehyde based on a procedure reported by Huang**° and subjected to
typical reaction conditions, Scheme 5.10. Catalyst loadings and equivalents of PhSiHs; were
selected relative to the number of morpholine fragments in order replicate the comparative
reaction with morpholine as the substrate.

PN O
TMG (10 mol% /\ / N\
@ "O + CO, + PhSiH ( LA N-C + O N-CHy
© © MeCN (2 mL) o
23-60 °C
(1 mmol) (1.8 bar) (2 mmol) Biphenyl (10 mol%)
57 24 48

Scheme 5.10: Standard reaction conditions for reaction of aminal 57 to give formylmorpholine 24 and
N-methylmorpholine 48
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Figure 5.5: Kinetic profiles (GC) of products 24 and 48 from reaction of 57 under standard reaction
conditions at a) 23 °C and b) 60 °C

Initial reactions found that both formylmorpholine and methylmorpholine were formed from
the reaction of aminal 57. The formation of formylmorpholine highlights another route to the
formylamide product which was not previously found in mechanistic insights developed in
Chapter 3. The ratio of products from reaction of aminal 57 with PhSiH3 and CO: is dependent
upon the reaction temperature. After 6 hours at 23 °C 49 % formylmorpholine and 51 % N-
methylmorpholine is formed, whereas at 60 °C methylmorpholine is favoured over
formylmorpholine giving product ratios 61 % and 39 % respectively, Figure 5.5. Interestingly
methylmorpholine is produced at a faster rate than formylmorpholine in both reaction profiles
suggesting that a stepwise mechanism may be involved.
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Performing the reaction under N led to no conversion of aminal 57 suggesting that CO- is
required for the breakdown of this species, in agreement with preliminary work reported by
Cantat.®” Uncatalysed, the reaction proceeds at 60 °C to give products 24 and 48 in yields of 5
% and 24 % respectively after 6 hours (i.e. ratio 17:83 24:48) (Figure 5.6b) suggesting the
catalyst is more essential for the formylmorpholine than methylmorpholine, further suggesting
a second step to the formylmorpholine product. Use of TBD as the catalyst at 23 °C interestingly
favours methylmorpholine over formylmorpholine with yields of 55 % and 40 % (Figure 5.6a),
compared to the reaction at 23 °C with TMG where equal ratios of the product were formed,
Figure 5.5a. Both the addition of water (40 mol%) and reducing the amount of PhSiH; to 1
mmol (1 equiv) at 23 °C made no significant change to the reaction product ratios or rate of
reaction, Figure 5.6¢ & d. Lowering the pressure of CO, to 1.2 and 1 bar at 23 °C led to a slight
reduction in reaction rate and overall conversion, having a larger effect on formylmorpholine

conversion than methylmorpholine, Figure 5.6e & f.
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Figure 5.6: Kinetic profiles (GC) of reaction of 57 to give 24 and 48 under various conditions.
Standard conditions: 57 (1 mmol), PhSiH3 (2 mmol), TMG (0.1 mmol, 10 mol%), CHsCN (2 mL), CO;
(1.8 bar), biphenyl (0.1 mmol, 10 mol%), 23 °C. Product concentrations calculated by GC relative to
internal standard. Variations: a) 10 mol% TBD, 23 °C; b) no catalyst, 23 °C; c) 1 equiv. PhSiH; (1
mmol), 23 °C; d) 0.4 mmol H,0, 23 °C; e) 1.2 bar CO;, 23 °C; f) 1 bar CO,, 23 °C.
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5.3.3 Mechanistic Considerations

Although the reduction of an aminal species to methylamines in the presence of CO; has
previously been reported, the mechanism for its transformation is still unclear.®” In particular
the transformation into formylamide has not been reported. Initial screening by GC suggested
that methylmorpholine is formed before formylmorpholine, suggesting an intermediate species

may be formed, thus further spectroscopic monitoring of the reaction was performed.

Monitoring the reaction by 'H NMR spectroscopy showed a kinetic profile corresponding well
with that determined by GC, Figure 5.7. During the first 20 mins of the reaction, new species
(approximately 2 %) were observed with signals at 2.56, 3.05, 3.64 and 4.04 ppm along with
new Si-H signals between 5 and 5.2 ppm, however the identity of these species were unknown,
Figure 5.8.

N o,
O '\@ + CO, + PhSiH; TMG (10 mol%) o/\:/\N—C/\/O + OCN_CHs
CD5CN (2 mL) H
(1 mmol) (1.8 bar) (2 mmol) 23°C,6h
57 1,3,5-trimethoxybenzene 24 48
(10 mol%)

o1

= 0.8+
= { =
- |
g 06 J = e Methylmorpholine
Ju 0.4 3 ¢ Aminal
o044, . 8 .
Q ] . = Phenylsilane
€ 02- “ ® e Formylmorpholine
O

0o
RSN B B B B B
0 60 120 180 240 300 360
Time / min

Figure 5.7: *H NMR monitoring of reaction of aminal 57 with CO, and PhSiHs to give 24 and 48.
Concentrations determined by *H NMR relative to 1,3,5-trimethoxybenzene internal standard
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Figure 5.8: Example *H NMR spectra of aminal reaction with new observed species highlighted

Control NMR experiments were performed to determine the origin of the new species, Table
5.3. Reaction of aminal 57 with CO; and aminal 57 with TMG in CDs;CN led to no change in
the *H NMR spectra. Reaction of aminal 57 with PhSiHz however, led to a small shift downfield
for the (CHy). protons of the aminal (by 0.02 ppm) suggesting an interaction between the aminal
and PhSiH3; maybe occurring. However, this still does not account for the new species observed.
Reaction of aminal 57 with TMG and CO- led to the formation of a white precipitate, which
was found to be the guanidinium bicarbonate. This was thought to be formed due to trace
amounts of water in CD3CN, as the white precipitate was not observed when the reaction was
carried out in anhydrous CH3CN, nor were any new species observed when the reaction was

monitored by in situ IR spectroscopy in anhydrous acetonitrile.

Table 5.3: Results of interaction study between 57, TMG, CO; and PhSiH3z at RT in
CH3CN/CDsCN by NMR and IR studies

Experiment Outcome
57 + CO; No reaction
57 + TMG No reaction
57 + CO, + TMG White ppt with water: TMGH* CHO3"
No reaction under anhydrous conditions
57 + PhSiH; Interaction — upfield shift of aminal protons
57 + PhSiH; + TMG (10 mol%) Interaction — upfield shift of aminal protons
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Monitoring the reaction of aminal 57 by IR showed that in the first 15 mins before PhSiHs was
added, no significant changes were observed, i.e. the aminal is stable in the presence of TMG
and CO». On addition of PhSiH3 the reaction commenced with formation of 24 and 48. An
intermediate species was also observed with absorption bands at 1245 and 1258 cm, Figure
5.9. This suggests the formation of new C-O bonds and corresponds with the silylcarbamate
intermediate previously observed in reactions of morpholine (Section 3.4, Chapter 3), however
it could not be isolated and thus no definite characterisation can be applied. Formoxysilane was
also observed by an absorption at 1725 cm, the species slowly increased over the course of the
reaction, Figure 5.9. Monitoring the reaction by HRMS confirmed formation of 24 and 48;
however, no other significant species were observed that could be assigned, except for the

deactivated catalyst species formylITMG 62 and the transamination product 63 (Chapter 4).
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N~ N . TMG (10 mol%) / N\ /N
OK\\) @ + CO, + PhSiHg o N—C/\/ + 0 N—CHs
MeCN (2 mL) ~—/  H N/
23°C,6h
(1 mmol) (1.8 bar) (2 mmol) Biphenyl (10 mol%)
57 24 48
b) 0.4 - c)
0.3 1258 cm? 1245 cm?
S
©
2 0.2+ 0.08 1
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Figure 5.9: IR monitoring of aminal reaction. a) reaction scheme, b) Reaction trends by peak height of
IR absorption, c) 3D plot showing possible silylcarbamate intermediate

Aminals are known to react with strong electrophiles as a means to generate iminium ions. For
example, in the Mannich reaction, aminals have been reacted with acylchlorides to generate the
corresponding iminium®®® in situ which can then react with a nucleophile, producing amides 95
as a side product, Scheme 5.11.%%" 158 Chloromethylsilanes have also been used in place of

acylchlorides to generate the iminium species. % 1
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N" N 9 MeCN NZ NJ\

57 93 95

Scheme 5.11: Example reaction of aminals with acyl chlorides to generate an iminium species for
use in a Mannich reaction®®

Based on experimental studies and previous studies on the reactivity of aminals, a tentative
mechanism has been proposed, Scheme 5.12. Aminal 57 and CO; lie in equilibrium with the
corresponding carbamate species A, however this was found to be unfavourable by NMR
studies. Addition of PhSiH3 adds to the carbamate yielding unstable silylcarbamate species B.
Hydrogen may also be released during the synthesis of this silylcarbamate which would account
for a small amount of gas evolution observed on the addition of PhSiH; at the beginning of the

reaction.

Species B may then break down to give the silylcarbamate species 50 and N-
methylenemorpholinium 96, this is promoted by the catalyst (TMG) which can stabilise 96 to
give the iminium 97. In step C the hydrosilane is activated by formate which promotes reduction
of the iminium species 96 to give methylmorpholine 48 and formation of a formoxysilane
species. The silylcarbamate species 50 reacts to give formylmorpholine 24 via a formoxysilane
species — as discussed in Chapter 3. At room temperature this favours formation of the
formylmorpholine 24, whereas at higher temperatures methylmorpholine 48 is also produced
via regeneration of the aminal species 57 and subsequent reduction. Thus explaining why higher

temperatures see a shift in ratio of products 24 and 48.

This proposed mechanism supports experimental results that show that CO; is required for
reduction of aminal 57 and that higher temperatures favour the methylmorpholine 48 product.
The observed preference for methylmorpholine 48 in the uncatalysed reaction supports that the
silylcarbamate may be an intermediate in the reaction, as this was previously found to require
TMG to proceed to formylmorpholine 24. A silylcarbamate type species is also supported by
the formation of new Si-H peaks in the 'H NMR spectra of the catalysed and uncatalysed
reaction between 5.2-5.1 ppm. In the uncatalysed reaction the iminium 96 could not be stabilised
by the TMG, in this case it may be that cation B is directly reduced to 48, or that the produced
formate stabilises 96 instead of TMG. To confirm this 'H NMR monitoring of the uncatalysed
reaction would enable identification of the silylcarbamate 50 which would be expected to
accumulate. ?H and *C labelling experiments of aminal 57 would also help to confirm the

reactivity of the iminium species.
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Scheme 5.12: Tentative proposed mechanism for reduction of aminal 57 to methylmorpholine 48 and
formylmorpholine 24. Inset: proposed stabilisation of iminium species by TMG
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54 Reduction of Formylmorpholine to Methylmorpholine

The results presented so far have indicated that the aminal species formed in the reaction is a
viable pathway for formation of methylmorpholine. However, other possible routes to the
methylmorpholine product must still be considered. The reduction of formylamides with
hydrosilanes to give methylamines has been reported using organocatalysts TBAF’’ and
B(CeFs)3.%

Subjecting formylmorpholine to reaction conditions with 5 mol% TMG, 1 equiv. PhSiH; at 60
°C and 1.8 bar CO,, led to no conversion after 8 hours, Scheme 5.13. Even when the reaction

was performed at 100 °C under N in a sealed tube, no conversion was observed after 18 hours.

/\ (0] TMG (5 mol%) / N\
0 N—< + CO, + PhSiH; 0O N—
__/ H Biphenyl (5 mol%) __/
MeCN (1 mL), 60 °C
1 mmol (1.8 bar) 1 mmol 8h 0 %
24 48

Scheme 5.13: Reaction of 24 under reaction conditions at 60 °C gave 0 % conversion

During the investigation of the formylation reaction (as discussed in Chapter 3), it was
suggested that the formation of a carbamate species is important in activating the PhSiH; for
reaction. Thus the reduction of formylmorpholine was investigated in the presence of

morpholine at 60 °C, Figure 5.10.

I\ —\ 0 TMG (5 mol%) /\ o /\
S NH+ d N4 + CO,+ PhSiH; d N-¢ + 0  N-CH
__/ __/ H Biphenyl (5 mol%) \—/ H f—

2 mmol MeCN (2 mL), 60 °C

1 mmol 1 mmol (1.8 bar)

6 h
18 24 24 48
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Figure 5.10: Kinetic profile (GC) of reaction of 18 and 24 in 1:1 ratio with PhSiH3 and CO; at 60 °C
with 5 mol% TMG. Reaction conditions: 18 (1 mmol), 24 (1 mmol), PhSiH3 (2 mmol), TMG (0.1
mmol), Biphenyl (0.1 mmol), MeCN (2 mL), CO, (1.8 bar), 60 °C
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Reaction of 18 and 24 in a 50:50 ratio (1 mmol each) under standard reaction conditions at 60
°C gave a final product ratio of 7 % methylmorpholine to 93 % formylmorpholine after 6 hours,
Figure 5.10. These results suggest no significant increase in the amount of morpholine
converted to N-methylmorpholine occurs in the presence of formylmorpholine. However,
monitoring the reaction kinetics by GC showed interesting behaviour. When 100 % of the
starting material is morpholine, methylmorpholine is normally only observed after 60 minutes;
however, in the presence of formylmorpholine, methylmorpholine is observed from the
beginning of reaction and reaches maximum conversion by 30 minutes. This rate enhancement
may suggest that product catalysis is occurring. A weak product catalysis effect has previously
been proposed by Dyson and co-workers in the formylation reaction with formylanilide,
however no kinetic data was presented.”

To ensure that the change in kinetics is due to product catalysis, rather than promoted reduction
of the formylmorpholine, crossover experiments with piperidine 31 and formylpiperidine 32 as
the substrates were performed. In these experiments, if the formylmorpholine was reduced in
the presence of a different amine substrate (i.e. piperidine 31), the reduced formylmorpholine
to methylmorpholine would be distinguishable from the product of piperidine methyl- or
formylation. The reaction of piperidine 31 was first studied to ensure that similar reactivity

occurs to when morpholine is used as the substrate, Figure 5.11.
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Figure 5.11: Reaction kinetics (GC) of piperidine with CO2 and PhSiHs. Conditions: 31 (2 mmol),
PhSiH3 (2 mmol), TMG (0.1 mmol), Biphenyl (0.1 mmol), MeCN (2 mL), CO- (1.8 bar), a) 23 °C, b)
60 °C
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Under comparable reaction conditions it was found that, similarly to morpholine, the reaction
to formylpiperidine 32 proceeded faster at 23 °C than 60 °C, and that formation of
methylpiperidine 98 formed in the later stages of the reaction in 14 % after 6 h, Figure 5.11.

As piperidine reactivity was found to be comparable to morpholine, cross over experiments
were performed. Piperidine 31 and formylmorpholine 24 were reacted in a 50:50 ratio with CO-
and PhSiHs at 60 °C, Figure 5.12a. After 6 hours no reduction of formylmorpholine 24 to
methylmorpholine 48 was observed, and piperidine 31 was converted to formylpiperidine 32
and methylpiperidine 98 in 86 and 12 % vyields respectively, relative to the piperidine starting

material.

To ensure that the increased pKa and nucleophilicity of piperidine over morpholine (Table 5.4)
was not effecting the reactivity, morpholine 18 and formylpiperidine 32 were also reacted in a
50:50 ratio with CO, and PhSiH; at 60 °C, Figure 5.12b. No reduction to methylpiperidine 98
was observed after 6 hours, and morpholine 18 was converted to formylmorpholine 24 and
methylmorpholine 48 in 68 and 30 % yields respectively, relative to the morpholine starting

material.

Table 5.4: pKa and nucleophilicity values of substrates in acetonitrile

pKa Nucleophilicity
(in MeCN) (in MeCN)
Morpholine 16.6114° 15.6542
Piperidine 18.92140 17.35142

Considering the kinetics of these reactions, formylpiperidine 32 has no rate enhancement effect
on methylmorpholine 48 formation (Figure 5.12d), however formylmorpholine 24 appears to
have a slight rate enhancement effect on methylpiperidine 98 formation (Figure 5.12c). The
reason for this is not clear, however it has been reported that the formylamide DMF, and
valerolactone can promote the reductive functionalisation of CO, with hydrosilanes when used
as a solvent due to changes in solvation and polarisation.” % Thus, it could be expected that
significant amounts of formylmorpholine may affect hydrogen bonding interactions and

promote the reaction.

In summary, both reactions show that the formylamide cannot be reduced to the corresponding

methylamine under these reaction conditions, and is thus not a viable pathway.
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Figure 5.12: Crossover experiments of formylamide and amines. a & c) Reaction of piperidine 31 and

formylmorpholine 24, b & d) Reaction of morpholine 18 and formylpiperidine 32 Reaction conditions:

Amines 31 or 18 (1 mmol), Formylamides 24 or 32 (1 mmol), PhSiHz (2 mmol), CO; (1.8 bar), TMG
(0.1 mmol), Biphenyl (1 mmol), MeCN (2 mL), 60 °C, 6 h. Concentrations determined by GC

113



55 Involvement of Methoxysilane Species

An alternative route to methylmorpholine 48 is via the reduction of CO; to a methoxysilane
species 82 which could react with morpholine to give 48, Scheme 5.14. The reduction of CO,
to methoxysilane species has been reported with organocatalysts such as NHCs* and
subsequent nucleophilic attack of an amine on the methoxysilane was proposed to be the

mechanism to methylamines in the DMF promoted reaction reported by Lei.%

ﬁ)h E).h Ph / \
H-Si—H ] H_S]I_H . . (@] NH
PhSiH; TMG PhSiHg HH\C/O PhSiH3 O/SI‘;H /4 N—CH,
~c” R O > [ R >
+ CO, Cl: 6 _C. 18
H i H |l| H 48
Ph 82
80

Scheme 5.14: Alternative route to methylmorpholine 48 via reduction of CO, to methoxysilane species

The formation of methoxysilane species 82 was observed during 'H NMR monitoring of
reduction of CO, with PhSiHz; and TMG (5 mol%) at 60 °C by a broad band at 3.7 — 3.1 ppm,
(Chapter 3, Figure 3.27). However, when morpholine was added to the reaction no conversion
to methylmorpholine was observed and instead aminal 57 and formylmorpholine products were
observed. To further investigate the reactivity of the methoxysilane species, CO, was reacted
with PhSiH3; with 5 mol% TMG at 60 °C for 60 minutes, following this the reaction was flushed
with N for 60 minutes to remove any unreacted CO; and a second equivalent of PhSiH; was
added to further reduce any CO.-silane species, Scheme 5.15. On addition of morpholine, no
methylmorpholine was formed. This result suggests that either methoxysilane species were not
formed under the reaction conditions or it is unreactive to morpholine. However, to further
confirm this, a reaction between independently prepared Si(OMe)sPh or SiH,(OMe)Ph and

morpholine is required.

T™G 1) N, flush
(5 mol%) o gg o (60 min) H,
—ol - h
PhSiH; + CO, c—n T > Ph—Si-OCH;z
CD;CN, /7 2) PhSiH;
(2 mmol) 60°C (2 mmol) d
60 min + others 60 °C, 60 min ' \ /
6h ! 18

y (2mmol)
18 24 48 57
Conversion® 63% 14% 0% 10%

Scheme 5.15: Reduction of silylacetal and formoxysilane intermediates to investigate possible
formation of Si-OMe species and its subsequent reaction with morpholine 18.  Conversions
determined by *H NMR relative to 18 substrate. 13 % unidentified morpholine species
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5.6 Rate Enhancement with Alkylated TMG Catalysts

The faster formation of methylmorpholine when alkylated catalysts butyITMG 64 and
methylTMG 65 were used as the catalyst compared to with TMG was further investigated,
Figure 5.13.
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Figure 5.13: Comparison of rate of methylmorpholine formation (by GC) with TMG and butylTMG as
the catalyst at 60 °C. Reaction Conditions: 18 (2 mmol), PhSiHs; (2 mmol), catalyst (0.1 mmol), MeCN
(2 mL), biphenyl (0.1 mmol), CO, (1.8 bar), 60 °C.

Filled: 24, Hollow: 48

Firstly, the possibility that butyITMG can promote the reduction of formylmorpholine to
methylmorpholine was studied. However, reaction of formylmorpholine under standard
reaction conditions at 60 °C with 5 mol% butylTMG, led to no conversion to methylmorpholine,

indicating this is not a feasible pathway, Scheme 5.15.

/S \ 9 ButylTMG (5 mol%) S\
g N4 + co, + PhSiH, g N—
" Biphenyl (5 mol%) p—
MeCN (2 mL) .
2 mmol (1.8 bar) 2 mmol 60 °C. 6 h 0%
24 48

Scheme 5.16: Attempted reduction of formylmorpholine 24 with CO, and PhSiH; using ButylTMG
as the catalyst led to no conversion

Mechanistic investigation with TMG have so far suggested that the dominant pathway to

methylmorpholine formation is via an aminal 57 intermediate. Therefore the effect of

butylTMG on aminal 57 reactivity was studied. Reaction of aminal 57 with CO, and PhSiH;

with butyl TMG showed a slight decrease in rate of formation of 24 and 48 compared to TMG,
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Figure 5.14. Thus suggesting that the rate enhancement of butylTMG is due to an increased rate

of formation of the aminal, rather than the reaction of aminal 57 to methylmorpholine 48.

PN (0]
Catalyst (10 mol% /\ /\
O ’\Q + CO, + PhSiH; yst( ) o N—C/\/ + 0 N—CHj
MeCN (2 mL) " H N/
23°C
(1 mmol) (1.8 bar) (2 mmol) Biphenyl (10 mol%)
57 24 48
1.0 4 1.0 §
TMG . ButylITMG
§08— §0.8—
c c
2 0.6 1 8 0.6 1 o
£ - 3 £ °2, ¢ 8 ¢
8044 ,° S044 ©° e @
g o ® g loe®
o [ ] o Py
©02-e 00242
o |®
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Time / min Time / min

e Formylmorpholine
o N-Methylmorpholine

Figure 5.14: Kinetic profiles (GC) of products 24 and 48 from reaction of 57 under standard reaction
conditions at 23 °C a) TMG and b) ButylITMG

The rate of formation of the aminal in the reaction of morpholine with CO, with butylTMG was
investigated at 60 °C by *H NMR monitoring, Figure 5.15. The aminal 57 rapidly forms and
reaches a maximum of 32 % after 6 minutes, before being partially consumed to give a final
yield of 10 % 57 and 22 % 24 after 6 hours. This is contrasting to the corresponding reaction
with TMG whereby the maximum concentration of aminal 57 at 20 % was only reached after
120 minutes, Figure 5.4. As the reaction with butylTMG at 60 °C also gave aminal 57 as the

final product, this further suggests that PhSiHs is consumed faster in the reaction and is thus
unavailable to reduce the aminal 57 to 48 and 24.
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Figure 5.15: *H NMR kinetics of morpholine reaction at 60 °C. Reaction conditions: 18 (2 mmol),
PhSiHz (2 mmol), CDsCN (2 mL), ButylTMG (0.1 mmol), 1,3,5-trimethoxybenzene (0.1 mmol),
CO; (1.8 bar), 60 °C a) full reaction profile b) enlarged region displaying aminal and
methylmorpholine trends only

These results suggest that as well as preventing catalyst deactivation, alkylating TMG also
promotes the reduction of CO; to the bis(silyl)acetal species 80, which can react with
morpholine to give aminal 57. The mechanism by which the alkylated catalyst promotes the
rate of CO; reduction to the bis(silyl)acetal species is unclear. However, earlier proposals
(Chapter 3) led to the suggestion that at high temperatures TMG promotes the reduction by co-
ordination of the TMG to the Si species to form a hypervalent species, activating the Si-H bond
for reaction with CO», Figure 5.16. Thus alkylating TMG with electron donating groups may
increase the nucleophilicity of the catalyst and promote this activation mode. However, the
nucleophilicity of alkylated TMGs has not been reported and further investigation is required

to determine if this is the cause for increased rate of reduction.

Ph H
R\ \ 7/ O
N S‘i**H/\é’
/ il
MeZN/< H ¢
NM62

Figure 5.16: Proposed activation of Si-H by nucleophilic attack from catalyst
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5.7 Summary of Pathways to Methylmorpholine

The results of the mechanistic study suggest that in the guanidine catalysed reductive
functionalisation of CO, with morpholine and hydrosilane, the dominant pathway to
methylmorpholine is via the formation of an aminal intermediate. The potential reduction of
formylmorpholine 24 to methylmorpholine 48 was found not be feasible under the reaction
conditions, (Pathway a, Scheme 5.17), contrasting to similar studies with fluoride and borane
catalysts.”” °2 Similarly, the involvement of a methoxysilane species 82 (Pathway g),% or the

involvement of a urea intermediate 81 (Pathways b & €), can also be discounted.

a) I\ PhSiH;
o) N— —X—
Yy
24
— b PhSiH;
O\—/NH + + PhSiH; %ﬁ N/\ ]
o)
18 81 b A
O  N—CHs3
__/
H . 48
o (\ C2 PhSiH5
o/ o g8
57
H
‘.
f| 18 Ph—Si—OCH3
H
P Ph . 82
Phing, H-8i-0 H-Si-O A
CO, HoCH Hy G O7S7Ph
H
61 80

Scheme 5.17: Pathways investigated for the production of methylmorpholine in the reductive
functionalisation of CO, with morpholine and phenylsilane — dominant pathway in bold

The proposed pathway to methylmorpholine involves reduction of CO, with phenylsilane to
give formoxysilanes 61 and subsequent reductive coupling to yield bis(silyl)acetals 80. This
reduction was only found to occur at high temperatures, consistent with the observation that
methylmorpholine is produced in larger yields at 60 °C than at 23 °C. Sequential nucleophilic
attack of morpholine on silylacetal 80 yields the aminal species 57. The aminal 57 was shown
to be reduced to give methylmorpholine 48 and formylmorpholine 24 as the products and
occurred rapidly at 23 and 60 °C. To proceed, the reaction required CO,, PhSiH; and TMG. A
mechanism for reduction of aminal 57 was proposed which involves activation of the aminal

through reaction with CO, and PhSiHs, the formed iminium species is stabilised by TMG,
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enabling reduction by the hydrosilane to give 48. The silylcarbamate species is also formed in
a 50:50 ratio with 48, which can then undergo subsequent reaction to give either
formylmorpholine 24 at low temperatures, or a mixture of formyl- 24 and methylmorpholine
48 at high temperatures as discussed in Chapter 3, Scheme 5.18.

5.8 Summary of Product Selectivity

The guanidine catalysed reductive functionalisation of CO, with morpholine and phenylsilane
has been shown to produce three main products: formylmorpholine 24, methylmorpholine 48
and the aminal, dimorpholinomethane 57. The results of the mechanistic study discussed in
Chapters 3 — 5, have shown that the pathways to these products are all closely linked and

intertwined, as summarised in Scheme 5.18.

The product ratio of 24, 48 and 57 is dependent upon which pathway is favoured and this can
be effected by reaction temperature, stoichiometry and order of reagent addition. At low
temperatures the formylmorpholine 24 product can be formed with high selectivity (98 %), the
pathway involves activation of PhSiHs via a silylcarbamate species to formoxysilane 61, which
undergoes transformylation with morpholine to yield 24. At higher temperatures an alternative
activation mode to formoxysilane 61 can operate, this leads to further reduction of
formoxysilane 61 to bis(silyl)acetal 80, reaction with morpholine can lead to aminal 57, and if
unreacted silane is still present this can be further reduced to give either 24 or 48 products, and
hence may explain the second stage increase in formylmorpholine 24 in some kinetic profiles

at higher temperatures.

Higher equivalents of PhSiH; have been shown to increase formation of methylmorpholine 48.
Based on the proposed mechanism, this is due to a higher proportion of PhSiH; being able to
react with CO- via the high temperature pathway to give more of the bis(silyl)acetal species,
this then competes with the formoxysilane 61 for reaction with morpholine to give aminal 57.
This also explains why the addition of morpholine added last gives formation of aminal 57
rather than methylmorpholine 48. In this case, with no morpholine to react with, more of the
formoxysilane 61 species is reduced to the bis(silyl)acetal 80, addition of morpholine after
completion leads to aminal 57; as all of the silane has been consumed by this point, the aminal

cannot be reacted further to give either 24 or 48 and is hence a stable product.
Alkylated catalysts have been shown to promote formation of methylmorpholine 48 and aminal

57 compared to use of TMG as the catalyst. This again is proposed to be due to the promoted

reduction of formoxysilane 61 to bis(silyl)acetal species 80.
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Scheme 5.18: Summary of proposed active pathways in the guanidine catalysed reductive functionalisation of CO, with morpholine and phenylsilane to formylmorpholine,
methylmorpholine and aminal products. Low and high temperature activation modes are highlighted
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The highest product selectivity achieved for each product reported so far and the corresponding
reaction conditions are given in Table 5.5. Whilst high selectivity for formylmorpholine 48 (98
%) has been achieved, the selectivity for aminal 57 and methylmorpholine 48 are low at 32 %
and 28 % respectively. However, these results do not represent optimised conditions. On the
basis of the mechanistic study it is proposed that yields of aminal 57 could be improved by
optimising the length of pre-reaction time between PhSiHs, CO, and catalyst, as well as
increasing the reaction temperature and using methylITMG 65 as the catalyst. Similarly, to gain
high selectivity for methylmorpholine 48, higher reaction temperatures, increased equivalents

of PhSiH; and use of butylTMG would be expected to favour methylmorpholine.

Table 5.5: Reaction conditions that have led to the highest selectivity reported for each product

. . Yield
Reaction condition Product
(%)
— o)
/\ 15 mins  + PhSiH; g N— 4
O NH + C02 + TMG \_/ \H 98
/ (5 mol%) 23°C
24
/ \ PN
somins *Q_ M O O 32
PhSiH; + CO, + TMG
(5 mol%) 60°C 57
/T \ 15 mins 2 x PhSiH; o N—CH,
0 NH + CO, + TMG __/ 28
/ 60 °C 48

A recent study by He on the reductive functionalisation of CO, with amines and hydrosilanes
with glycine betaine as the organocatalyst has reported the ability to control the product ratios
between formamides, aminals, and methylamines.'®* By increasing the reaction temperature and
reducing the amount of CO,, methylamines and aminals were produced with high selectivity.
However, aromatic substrates were found to favour methylation compared to aliphatic amines,
and similarly when aminals were targeted, the maximum reported yield for aliphatic amines
was 43 %, compared 90% for some anilines. This is in line with observations from the substrate
scope investigations for the guanidine catalysed process reported in Chapter 4, whereby higher
yields of the methylamine products were observed with anilines with electron withdrawing
substituents. These observations may suggest that the lower nucleophilicity of aromatic amines
leads to a lower rate of transformylation of the amine with formoxysilane 61 and thus more of
the formoxysilane 61 is reduced to the bis(silyl)acetal species 80, enabling subsequent reaction

to the corresponding aminal and methylamine product.
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5.9 Conclusions and Future Work

In conclusion, guanidine catalysts have been shown to be highly efficient catalysts for the
reductive functionalisation of CO with morpholine and phenylsilane. Experimental evidence
has supported that multiple, intertwined pathways can operate to produce methylamines,
formylamides and aminal products. Silylcarbamates, formoxysilanes and bis(silyl)acetals were
shown to all be important intermediates in the reaction, and experimental evidence has been
provided to support previously computationally proposed activation modes.®* Through
understanding the factors affecting each of these activation modes at high and low temperatures,
the different product ratios observed can be explained. These results are important to guide the
future rational development of reductive functionalisation reactions with high product

selectivity.

Whilst a broad substrate scope has been demonstrated for the amine formylation reaction with
PhSiHs, the mechanistic study has only been focussed on the aliphatic amine, morpholine.
Previous studies have suggested that aliphatic and aromatic amines display different reactivity
and may alter product selectivity.> 7 61 Therefore the reactivity of aromatic amines in the
pathways proposed in Scheme 5.18 should be investigated. In particular the lower
nucleophilicity of aniline may alter the equilibrium between the amine and CO; as well as
affecting silylcarbamate formation. Furthermore, the primary amine benzylamine was shown to
form the corresponding urea under standard formylation reaction conditions. This highlights
that other reaction pathways may be feasible for primary amines, in particular the formation of

isocyanate intermediates may be involved and as such needs to be investigated further.

Phenylsilane has been shown to be an active reductant for this transformation; however, it is
relatively expensive compared to other hydrosilanes and its moisture sensitivity make it less
favourable for use in CO; utilisation reactions due to the requirement for dry CO,. Alternatively,
the mechanistic investigation could be extended to encompass PMHS as a reductant, to enable
the development of a more sustainable process. This was demonstrated to work with guanidine
catalysts in Chapter 4, however with a lower activity and methylamine and aminal products

were not observed.

The guanidine catalyst can have a large effect on the reactivity and selectivity of the reaction.
However it is not always clear as to how the structure relates to the activity of the catalyst, as it
does not appear to be a linear relationship with pKa. To further investigate this the effect of a
series of substituted phenylTMG catalysts (suggestion by Matthew Hughes, Syngenta) for
which the pKas in acetonitrile have been well studied, would enable a direct comparison

between the effect of pKa and catalyst activity.!°?
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Chapter 6
Developing a Process for Reaction of CO> with Biomass Derived

Compounds

6.1 Introduction to Hydroacylation Reactions

Hydroacylation reactions typically involve the addition of an aldehyde into a C=C double bond
in both intra- and intermolecular reactions and are highly atom-economical transformations. 63
The first example of a hydroacylation reaction was reported by Sakai in 1972, whereby the
synthesis of cyclopentanone 100 was achieved by intramolecular hydroacylation using

stoichiometric amounts of rhodium to promote the reaction, Scheme 6.1.164

0 0
H;COC(H,C)g H RhCI(PPhs)s H3COC(H2C)e
HaC(H2C)s | CHClg, t HaC(HC)7
99 100

Scheme 6.1: First reported Rh catalysed intramolecular hydroacylation reaction by Sakai®*

The subsequent development of intermolecular versions posed a challenge due to the instability
of the intermediates leading to irreversible decarbonylation of the aldehyde once bound to the
catalyst. This is a predominant problem in Rh and Ir catalysis, leading to decomposition of the
substrate and deactivation of the catalyst.’®> Rhodium complexes are the most commonly used
catalysts for hydroacylation reactions, although other transition metal complexes including

Co, 166167 | 168,169 R 170.171 and Ni 172 have been reported.

6.1.1 Mechanistic Overview

The first step in the hydroacylation reaction is oxidative addition of the aldehyde 101 across the
C-H bond to the Rh catalyst, generating an acyl metal hydride complex 102, identified by NMR
spectroscopy.t’® 174 Following this, the alkene component coordinates and the hydride is
inserted into the unsaturated C-C bond. The ketone product 106 is released via reductive

elimination which is the turnover limiting step and the catalyst is reformed, Scheme 6.2.174177

A significant side reaction in the intermolecular hydroacylation reaction is decarbonylation of
the aldehyde from the acyl metal hydride 102 to form a carbonyl complex 108 and the
corresponding alkane 109, Scheme 6.2. The formed metal carbonyl complexes are stable and

reduce catalytic reactivity.'® 17
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Scheme 6.2: General proposed catalytic cycle for alkene hydroacylation with a Rh catalyst,
including completing decarbonylation pathway

A variety of approaches have been used to inhibit the decarbonylation pathway, to be discussed,
which is thought to occur through a coordinatively unsaturated metal centre and an unstabilised
aldehyde substrate.'®

6.1.2  Substrate Control

One approach to reduce decarbonylation has been modification of the substrate. Intramolecular
hydroacylation reactions were found to be more successful due to coordination of the internal
alkene to the catalyst, preventing decarbonylation. This led to the development of substrates
with heteroatom chelating groups that can coordinate to the metal, forming a five membered

ring, such as nitrogen, phosphorus, sulfur and oxygen.'”

6.1.2.1 N-Chelation

Suggs initially proposed using quinoline-8-carbaldehyde 110, which has a coordinating
nitrogen atom, to enable an acyl rhodium(l11) hydride intermediate to be isolated from reaction
with Wilkinson’s complex [RhCI(PPhs)s], Scheme 6.3.178 The isolation and characterisation of
this complex demonstrated that a five-membered acylmetallacycle was formed which prevented
decarbonylation of the aldehyde due to the formation of an 18-electron complex inhibiting acyl
to alkyl rearrangement.!”® The five-membered ring 111 is further thought to disfavour
decarbonylation, as the decarbonylation pathway would require a strained four-membered ring
to be formed in the process.!’® This would inhibit the reverse reaction, preventing reductive

elimination of the original aldehyde.'’®
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Scheme 6.3: Isolation of acylrhodium(l11) hydride intermediate and subsequent hydroacylation reaction
on introduction of alkene & 20

The addition of AgBF4 generates a catalytically active, coordinatively unsaturated complex 112
which does not undergo decarbonylation, demonstrating the stability of this coordinating
aldehyde.'’® On addition of an alkene, the ketone hydroacylation product 113 is produced and

released via reductive elimination, Scheme 6.3.178 180

Jun further developed the use of quinoline-8-carbaldehdye 110 to demonstrate a broader variety
of alkene substrates, e.g. styrene and vinylcyclohexane, with Wilkinson’s complex. Use of
[RhCI(COE)]. trimethylphosphite (COE: cyclooctene) to promote reductive elimination also
led to an increased range of alkenes that could be used.*®* While this method has been successful
in isolating the reaction intermediates and demonstrating the advantages of coordinating
substrates, the product has limited synthetic applications due to the challenges associated with

converting the coordinating nitrogen into synthetically useful functional groups.*”™

6.1.2.2 S-Chelation

The use of S-chelation in intermolecular hydroacylation reactions was first developed by
Willis.182 B-Methylsulfide propanal 114 was initially investigated with [Rh(dppe)]CIO4, which
was successful in the hydroacylation reaction with electron-poor alkenes, Scheme 6.4.182 The
methyl sulfide substituent was proposed to coordinate to the rhodium, forming a five-membered
intermediate 116, which prevented decarbonylation through stabilisation; whilst still enabling

hydroacylation to occur.? 18

[Rh(dppe)]CIO, O
SMe O O (5 mol%) SMe O
I\/U\ + \)‘I\ Rh-Hf ——— > OMe
H OMe g
(CHLCI),, Me o
70 °C, 45 min (100 %)
114 115 116 117

Scheme 6.4: Example of optimal sulfur coordinating substrate and hydroacylation conditions
developed by Willis 182
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However, key limitations were the requirement for electron-poor alkenes and the limited
synthetic application of the products.!”” Use of [Rh(COD)CI)], and DPEphos ligand, eliminated
the requirement for electron poor alkenes and use of 2-methylthiobenzaldehdye 118 further
increased substrate scope.'’ " B-Thioacetal-substituted aldehyde 119 (Scheme 6.5) enabled a
broader scope of product functionalization, as the thioacetal could readily be transformed to

ketones, alcohols, carboxylic acids or alkanes.'8

(@]
NN
N S

S S S S
OMe
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acetone, 50 °C (6]
119 121

Scheme 6.5: Improved B-thioacetal-substituted aldehyde to enable greater synthetic scope from the
hydroacylation product!8

6.1.2.3 P- and O- Chelation

P-chelating aldehydes such as 2-(diphenylphosphino)benzaldehyde 122 are also successful in
preventing decarbonylation and form the corresponding ketone product 124, Scheme 6.6.18
Tanaka demonstrated the success of salicylaldehydes 125 in comparison to benzaldehdye in

work with dienes and showed that the OH group is required for chelation to the rhodium.8

Q [Rh(CgH14),Cll,
H (5 mol%)
NN
@EJ\ XN ©\)\/\/\ (76 %)
PPh, THF, 90 °C, 4 h PPh,
122 123

o RhCI(PPhs)s

(20 mol%) W\A
dLH + NN
OH DCM, rt, 24-72 h
125 126 ©\)\/\/\/ (20 %

Scheme 6.6: Further chelation control of substrate: a) use of 2-(diphenylphosphino)benzaldehyde as
a P- chelating aldehyde,® b) use of salicylaldehydes as a O- chelating substrate!8

(80 %)
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6.1.2.4 Via Imine Formation

An alternative approach to widen the synthetic scope of aldehydes has been developed by Jun.
It was reported that by using amines, such as 2-amino-3-picoline 131, the picolyl imine can be
formed from the aldehyde 130 which then acts to stabilise the substrate through chelation to the

rhodium, Scheme 6.7.18

[RhCI(PPh3z)3] (5 mol%),
2-amino-3-picoline 131

(@]
(20 mol%)
xR R'CHO
N + R')J\/\R
Toluene, 150 °C, 24 h
129 130 132
N CHs3
| 131
~
N NH,

Scheme 6.7: Use of picolyl imines in promoting hydroacylation reactions8é

6.1.3  Additive Control

An alternative approach to preventing decarbonylation by creating a coordinatively saturated
metal intermediate is through the use of an ethene or carbon monoxide atmosphere at high
pressure.8 170171 The ethene and carbon monoxide ligands are proposed to be labile, enabling
exchange with the aldehyde while maintaining coordinative saturation to limit the

decarbonylation pathway.65 170 171

6.1.4  Catalyst Control

The initial catalysts used in hydroacylation reactions, e.g. [RhCI(PPhs)s] and [Rh(dppe)-
acetone]2]Cl04, have many limitations including a limited substrate scope and the requirement
for in situ hydrogenation. This provided a need for an improved and easily accessible catalyst
system.!’® 182 [Rh(COD)ClI]., DPEphos (2 equiv) and Ag(ClO.) (1 equiv), was highlighted by

Weller and Willis as an improved system for use with B-substituted aldehydes.*’

The hemi-labile ligand, DPEphos 133, was compared to similar, more rigid, ligands such as
Xanphos 134, Figure 6.1. DPEphos showed significant catalytic activity over Xanphos,
indicating that flexibility in the conformation of the ligand is important to enable the rhodium
centre to progress through different geometries and oxidations states during the catalytic
cycle.r’ The use of a chelating aldehyde also ensured that hydrogenation was not required for
the reaction. DPEphos is thought to be a successful ligand due to temporarily binding to vacant
sites on the Rh, this limits their availability for decarbonylation of the aldehyde; however, the

oxygen coordination site is labile enough to still enable the hydroacylation reaction to occur.”’
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Similar comparisons with thioether ligands 135 indicated that the sulfur bound too strongly to
the rhodium, resulting in a permanently coordinatively saturated complex, preventing the
hydroacylation reaction.*’

PPh, PPh2 PPh, PPh2 PPh, PPh, PPh,
DPEphos Xanphos SP PCP
133 134 135 136

Figure 6.1: Ligands investigated by Willis and Weller: DPEphos 133, Xanphos 134, PSP 135, PCP
136 176

After initial suggestions that the large bite angle of the DPEphos contributed to promoting
reductive elimination,'’® a broader investigation into the effects of bite angles was conducted.®
Using [Rh(Ph.P(CH2).PPh;)(H)2(acetone)][Bar™s] (Ar": 3,5-(CF3).CsHs) complexes, where
(n=2-5), the effect of the bite angle was investigated, Figure 6.2.

Ph,P  PPh, PPh, PPh, PPh,  PPh, PPh, PPh,
DPPE DPPP DPPB
137 138 139 140

Figure 6.2: Ligands Ph,P(CH2).PPhs where: n=2, DPPE 137; n=3, DPPP 138; n=4, DPPB 139; n=5
140

It was shown that small bite angles, e.g. n=2 137 (Figure 6.2), successfully catalyse the alkene
hydroacylation reaction and produce more effective catalysts. It is speculated that these
complexes promote reductive elimination of the product.’® As the bite angle is increased
however, i.e. n=5 140, there is reduced access to the rhodium; therefore, the coordination of the
alkene is disfavoured and aldehyde hydroacylation reaction occurs to give the Tischenko

product.’®” If acetone is used as the solvent, acetone adducts may also be observed.®

6.1.5 Carbonyl Hydroacylation Reactions

Further interesting developments to hydroacylation reactions is work by Dong et al. who have
developed intramolecular ketone hydroacylation methodology.'®® ** The methodology was
developed to provide an alternative approach to lactonisation, with the key advantage of

developing a regio- and enantio-selective method.*#
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The ketone hydroacylation has the potential to react in two pathways to produce Tishchenko
products 146, via hydrometalation, or benzoin products 144, via acylmetalation, Scheme 6.8.
The development was focused on the Tischenko reaction to form the ester for use in lactone
synthesis and no benzoin products were observed under the selected conditions.*®® A catalyst
system of 5 mol% [Rh(ligand)]BF. was selected and a range of phosphine ligands were
examined. It was generally observed that the greater the basisicity of the phosphine, the more

selective the catalyst is for hydroacylation over competing decarbonylation. %

Rh”' o) )L o
RII RII
)J\/R“ )J\( )J\ )L$h|||—> R)J\o
Benzoin product R Tischenko product
144 143 142 145 146

Scheme 6.8: Proposed hydrometalation and acylmetalation routes during ketone hydroacylation

Subsequent work demonstrated that an intermolecular ketone hydroacylation reaction could be
achieved when a ketone bearing a directing group (an amide) was employed, Scheme 6.9, 192
The reaction proceeded with use of a rhodium catalyst and bidentate phosphine ligands,

preferentially when m-accepting groups and c-donating groups were present on the ligand.

R [Rh(cod),]BF4 (10 mol% o O Neg
JOL O N Ligand (10 mol%) Je IN
R™>H 7 R” S0 H
07 DAr DCE, 23 °C, 24 h
141 147 148

Scheme 6.9: First reported intermolecular ketone hydroacylation reaction %2

6.1.6  Reaction of CO; with Aldehydes

There are currently very few examples for catalytic reactions of CO, with aldehydes. One of
the few examples involving insertion of CO; into the C-H bond of an aldehyde is demonstrated

by nature in enzyme catalysis.'®* ¥ Pyruvic acid 150, a a-ketoacid, was synthesised from
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ethanal 149 and CO- using pyruvate decarboxylase enzyme in the presence of supercritical CO,
Scheme 6.10.1%

(0]
pyruvate
\n/ H decarboxylase \H)'LOH
+ CO,
(0] 0]
149 150

Scheme 6.10: Synthesis of pyruvic acid 150 from CO; and ethanal 149

A key example of the reaction of aldehydes with CO; at a transition metal centre was first
reported by Walther et al.?® 1% and further developed by Geyer et al. during their study of
nickel(0) centres.®” It was shown that using [Ni(bipy)(COD)], aldehydes such as benzaldehyde
and propionaldehyde react reversibly with the Ni complex.t*” When CO, was introduced into
the system it reacted with the nickel propionaldehyde complex 153 undergoing insertion into
the Ni-O bond, rather than directly with the [Ni(bipy)(COD)] complex, Scheme 6.11.%%

Et
| 0 | | H
/N\ Y, HL N \ o CO, /N\NXO
Ni + H—— i— i
T Lo, X R
“~ | | |
+ COD
151 152 153 154

Scheme 6.11: Insertion of CO; into Ni-O bond of aldehyde-Nickel complex %

Following CO; insertion, the carbonate complex could not be eliminated from the nickel
complex, as is similar with the oxidative coupling of CO- and olefins, which requires an aqueous
workup to extract the product, deactivating the metal complexes.?® The release of the product is

noted as one of the main limitations of using transition metal complexes in CO, reactions.?
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6.2 Aims of Study and Previous Work

This project aimed to design a novel catalytic process to react CO, with biomass platform
chemicals to develop products of interest to the chemical industry, using conditions accessible
for industrial scale synthesis. The overall aim is to devise a catalytic synthesis for the conversion
of an alcohol to an a-hydroxycarboxylic acid through reaction with CO,, Scheme 6.12. For
example, using bioethanol as the substrate would lead to formation of lactic acid which is of

interest to industry due to its role in polyacetic acid synthesis.

To achieve this conversion an initial hydrogen borrowing approach could enable conversion of
the alcohol 155 to an aldehyde 156 (Step A, Scheme 6.12), typically transition metal complexes
such as Ir, Ru or Rh are reported for similar reactions. Step B would involve insertion of CO;
into the aldehyde CH bond to produce an a-ketocarboxylic acid 157; again this approach is most
likely to be successful through use of a transition metal complex. The final step (Step C) would
involve reduction of the a-ketocarboxylic acid 157 to the corresponding a-hydroxycarboxylic
acid 158, through reversal of the initial hydrogen borrowing stage (Scheme 6.12).

OH
R OH
R™ OOH
o)
155 158
X] [X]
A (
[XH2 [XH,
0 0
J B o
R™ "H R ‘ “H
co, 0
156 + catalyst 157

Scheme 6.12: Proposed reaction of biomass derived alcohol to the corresponding a-
hydroxycarboxylic acid. X = transition metal catalyst, e.g. Rh, Ru or Ir
This chapter reports initial investigations into the insertion of CO; into the aldehyde C-H bond
(highlighted box, Scheme 6.12). The reaction conditions screened will be focussed on the
hydroacylation reactions of aldehydes with alkenes and alkynes using Rh catalysts and chelating
substrates. Previous attempts within the Nguyen group to develop this reaction were
unsuccessful using low pressures of CO, and mild temperatures,'®® 1% thus higher temperatures

and pressures along with alternative catalysts and substrates will be investigated.
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6.3 Selection of Reaction Screening Conditions

To commence the study, a number of potential substrates and catalysts were identified for initial
investigation. Successful substrates require a chelating group which can form a secondary
binding site to the rhodium. This would prevent decarbonylation of the aldehyde, a common
problem in hydroacylation reactions, by stabilising the metalacyl complex.%® 17 Consequently
substrates quinoline-8-carbaldehyde 110 and biomass derived furfural 159 were selected for

initial study, Figure 6.3.

O H
(@)
N AN
B O
/ (0]
110 159

Figure 6.3: Initial substrates selected for testing the insertion of CO- into the aldehyde CH bond

Initial  catalysts selected for investigation were [Rh(NBD)DPPP]CIOs 160,
[Rh(NBD)DPEphos]CIO, 161 and [Rh(NBD)DPPM]CIO4 162. These catalysts were selected
based on their performance in hydroacylation reactions. [Rh(NBD)DPPM]CIO. 162 possesses
a small bite angle phosphine ligand which has been demonstrated to be selective for

hydroacylation reactions.88 20

Catalysts 160 and 161 were synthesised from the catalyst precursor [Rh(NBD)CI]. 164 complex
in 50 % and 87 % vyield respectively. However, attempts to synthesise [Rh(NBD)(DPPM)]CIO,
162 from [Rh(NBD)CI]. 164 and DPPM, following the same procedure was unsuccessful;
therefore, an alternative small bite-angle ligand, [Rh(NBD)DPPE]CIO4 165, was selected for
study.

EtOH (90 %)

RhCI3H,O + NBD [Rh(NBD)CI],
163 64 h, rt, N2 164 (29 %)
AgCIO,, EtOH / DCM
[Rh(NBD)CI],* P*P [Rh(NBD)P*P]CIO,4
164 rt, Np 160 (50 %)
161 (87 %)
162 (0 %)
160 where P*P: 161 where P*P: 162 where P P:
PN
PPh, PPh, o Ph,P” “PPh,
PPh, PPh,
DPPP DPEphos DPPM

Scheme 6.13: Synthetic route to Rh catalysts with bidentate phosphorus ligands from [Rh(NBD)CI].
precursor
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6.4 Reactions of Quinoline-8-carbaldehyde 110 and CO:

Quinoline-8-carbaldehyde 110 was selected as the initial substrate for reaction with CO, to form

the corresponding a-ketocarboxylic acid 166, Scheme 6.14.

0
O<__H o
Rh catalyst (5 / 10 mol%) OH
N\ Base (0-1 equiv.) N\
| + COZ """"""""""""""""""" - |
= CO, (40 bar) =
110 Solvent 166

50-100 °C, 15 h +

Scheme 6.14: Target reaction for investigation

Catalyst loadings of 5 and 10 mol% were selected and the reaction performed at a substrate
concentration of 0.1 M at 100 °C and 40 bar CO.. The first solvents selected for investigation
were toluene and acetonitrile due to their success in alkene hydroacylation. The effect of bases,
such as TMG and triethylamine, were also tested. Catalysts and other solid reagents were added
to the reaction vessel, sealed and then flushed with nitrogen before solvent or liquid reagents
were added. Once the reaction was complete, the products were isolated by evaporating the

reaction solvent.

6.4.1  Preliminary ldentification of Products

The initial reactions performed with aldehyde 110 and CO; at 40 bar and 100 °C were analysed
by LC-MS and *H NMR spectroscopy, Figure 6.5 & Figure 6.6. Initial analysis suggested no
obvious formation of the target keto acid 166 had occurred, however a number of quinoline
related products were observed, some of which corresponded with those observed in previous

experiments within the group.'®°

Each compound was identified using one or two characteristic peaks in *H NMR spectra and
corresponding LC-MS data, compared to the NMR spectra of the authentic compound or in
cases of overlapping peaks, through spiking of the NMR sample with the authentic compound,
Figure 6.5 & Table 6.1.
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Figure 6.4: Products identified from reactions of aldehyde 110 and CO, at 100 °C, 40 bar CO, with Rh
catalysts
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Figure 6.5: Example *H NMR from Entry 7 (Table 6.2) used for identification of reaction products
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Table 6.1: Diagnostic 'H NMR peaks for product identification

1 R
2 N\ " 8
D)
4 6
110 16720 168 169 170 171202
R: C(O)H H CH2(OH) C(O)OH C(0)COCH2C1oHeN  C(O)OEt
H2 9.07 (dd) 8.94 (d) 8.88(dd)  8.94(dd)  9.08 (dd) 8.98 (dd) 9.05 (dd)
H3 753(dd)  7.43(dd) 745(dd)  7.63(dd)  7.45(dd) 7.43 (dd) 7.45 (dd)
H4 8.27 (dd) 8.14 (d) 820(dd)  843(dd)  8.18(dd) 8.16 (dd) 8.02 (dd)
H6 8.11 (dd) 7.84 (d) 776 (dd)  8.12(dd)  7.92(dd) 7.79 (dd) 7.93 (dd)
H7 770 (dd)  7.61-7.52 750 (dd)  7.78 (dd) 7.58-7.52 (m) 7.56 (dd)
H8 8.35(dd)  7.79-7.70 759(dd)  883(dd)  8.10(dd) 8.06 (dd) 8.18 (dd)
R 11.48 (s) 8.19 (d) 5.21 (s) 16.52 (s) 6.27 (5) 4.55 ()
5.06 (s) 1.45 (1)

H (@) HO HO (@] O (0] (@] (@)
N N N N N N\l N
| | | | | > |

— — = / — /

110 167 168 169 170 171

Intens.g
x1099
1.004
0.753
0.507
0.257
0.001

168

169

RN-01-062a_94965_1-E,8_01_96356.D: BPC 50.0-1300.0 +All MS
170
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.1‘0.
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Figure 6.6: Example LC-MS traces to analyse reaction products: 110, 167, 168, 169, 170, 171
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Unreacted aldehyde 110 was identified in the *H NMR spectrum as a double of doublets at 9.07
ppm. Quinoline 167, the decarbonylation product, was identified from a double of doublets at
7.83 ppm. A doublet of doublets at 8.88 ppm and a singlet peak at 5.21 ppm, was found to
correspond to 8-hydroxymethylquinoline 168; this was confirmed through synthesis of alcohol
168 following a literature procedure?®® from the reduction of aldehyde 110 with sodium

borohydride to give the corresponding alcohol in 46 % yield after purification, Scheme 6.15.

Quinoline-8-carboxylic acid 169 was identified by a doublet of doublets at 8.43 ppm and by a
singlet peak at 16.52 ppm. This was also confirmed by spiking experiments with the compound
prepared from 8-bromoquinoline 172 following a literature procedure, Scheme 6.16.2%
Lithium-halogen exchange using n-BuLi produced compound 173, following which, reaction

with dry ice and an acidic work up to pH 5 gave the product 169 in 26 % yield after purification.

_O OH
Ns 1) NaBH,, MeOH Ny
| = 2) NH,CI | =
110 168

(46 % vield)
Scheme 6.15: Synthetic route to 8-hydroxymethylquinoline 168 20

Br Li HO 0
| AN n-BuLi, | AN 1) COz | AN
= 78 °C, THF = 2) HCl(aq) =
172 173 169

(26 % yield)

Scheme 6.16: Synthetic route to quinoline-8-carboxylic acid 169 204

A singlet peak at 6.27 ppm in some reactions was observed to correlate with an m/z ratio of
315.1 [M+H]* Two products potentially corresponded to this signal: either hydroxyketone 174
or ester 170, Figure 6.7, however the NMR spectra were not available for either compound. The
hydroxyketone 174 was prepared from a benzoin condensation reaction of 110 using a
thiazolium catalyst and triethylamine, following a modified procedure for a similar substrate,
Scheme 6.17.2% Analysis of compound 174 by *H NMR showed a singlet in the *H NMR
spectrum at 6.88 ppm, indicating this product was not the product formed in the catalytic

reaction.
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170 174

Figure 6.7: Possible products with m/z ratio 315.1

av,

N+
H._O HO /Y
s

N« (20 mol %)

Cl

Triethylamine (30 mol%)
EtOH, reflux, 22 h

110 174

(50 % yield)

Scheme 6.17: Synthetic route to 174 via a benzoin reaction from quinoline-8-carbaldehyde 110

To confirm the identify of product with m/z 315.1 the products from the reaction of quinoline-
8-carbaldehyde 110 with CO- and a Rh catalyst, given in Entry 16 of Table 6.2, were separated
by column chromatography. The isolated product corresponding to m/z 315.1 and the singlet in

the *H NMR spectrum at 6.27 ppm was confirmed to be the ester 170.

The ethyl ester 171 was characterised by a triplet at 1.46 ppm and a quartet at 4.55 ppm, based

on literature NMR data.202

6.4.2 Reaction Outcome

o)
O<__H o
Rh catalyst (5 / 10 mol%) OH
S - Base Qo) S
= CO, (40 bar) =
110 Solvent 166

50-100 °C, 15 h +

Scheme 6.18: Reaction conditions investigated
The results of reaction screening of aldehyde 110 with CO; under selected conditions (Scheme
6.18) are given in Table 6.2. Approximate conversions to each product were calculated using

integration of the *H NMR peaks described; however, the yields do not take into account for

current unidentified products, however these typically account for <1 % of conversion.
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Table 6.2: Results for reaction of quinoline-8-carbaldehyde 110 with CO,. Conversions calculated from *H NMR spectra (continued over page)

O~__H HO HO.__O o) o\/% Oy O~
N Rh catalyst, CO, N Ny Ny Ny Nx | E\‘;\é
110 167 168 169 170 71
Pressure Loading Tem Relative Conversion (%

Entry Catalyst System Gas (bar) (mol %(‘; R C)p Solvent Base 110 167 168 169 ( 17)0 171
1 [Rh(NBD),]CIO, + DPPM CO; 40 5 100  Toluene - 85.3 - 44 06 89 29
2 [Rh(NBD);]CIO4 + DPEphos  CO» 40 5 100  Toluene - 88.3 - 4.2 0.9 6.5 -
3 [Rh(NBD);]CIO4 + DPEphos  CO» 40 5 100  Toluene TMG 97.6 - 2.4 - 0.3 -
4 [Rh(NBD);]CIO; + DPEphos CO; 40 5 100  Toluene TEA 955 - 24 18 06 -
5  [Rh(NBD);JCIO, + DPEphos CO; 40 5 100  Toluene TEA 537 411 16 36 - -
6 [Rh(NBD)DPEphos]CIO4 CO; 40 10 100  Toluene - 98.3 - 0.6 1.1 - -
7@ [Rh(NBD)DPEphos]ClO, CO; 40 10 100  Toluene - 820 117 41 23 - -
8 [Rh(NBD)DPPE]CIO, CO; 40 10 100  Toluene - - 211 437 352 - -
9 [Rh(NBD)DPEphos]CIO4 CO; 40 10 100 MeCN - - 544 256 20.0 - -
10  [Rh(NBD)DPEphos]ClO, CO; 40 10 100 MeCN TEA 814 - 126 59 - -
112 [Rh(NBD)DPEphos]CIO, CO; 40 10 100 MeCN - - 211 437 352 - -
12 [Rh(NBD)DPEphos]ClO, CO; 40 10 100 TEA TEA 909 - 9.1 - - -
13 [Rh(NBD),]CIO. + DPEphos N> 1 5 100 Toluene - 97.2 - 1.2 1.3 0.3 -
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Table 6.2 continued...

O~__H HO HO._O 0._0 O NG N
N\ Rh catalyst, CO, N\ C;\gj Cjé C;\é Nx AN
l Pz @ l = l = l = l =
110 167 168 169 170 171
Entry Catalyst System Gas Pressure L oading Tfmp Solvent Base Relative Conversion (%)
(bar)  (mol%) (°C) 110 167 168 169 170 171
14 [Rh(NBD)DPPE]CIO4 CO; 5 10 50 MeCN - - - 40.7 220 374 -
15 [Rh(NBD)DPPE]CIO4 N> 1 10 50 MeCN - - - 299 153 548 -
16 [Rh(NBD)DPPB]CIO, CO; 5 10 50 MeCN - - - 457 369 174 -
17 [Rh(NBD)DPPB]CIO, N> 1 10 50 MeCN - - - 380 27.8 342 -

Reaction conditions: quinoline-8-carbaldehyde 110 (0.25 mmol), Rh catalyst (5-10 mol%) solvent (2.5 mL), base (0-1 equiv), 50 - 100 °C, overnight,
& _ reaction ran in presence of water (1 mL, degassed)
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Reactions carried out in toluene (Entries 1-7, Table 6.2) with DPPM and DPEphos as the ligand
generally resulted in low conversion of the starting material. The exception occurred when
quinoline 167 was formed as the major product, e.g. Entry 5 and 7. Quinoline 167 is produced
by decarbonylation of the aldehyde 110 and is a major side reaction in hydroacylation reactions
when the Rh centre is coordinatively unsaturated, Scheme 6.19.1%° Use of DPEphos should
ensure a coordinatively saturated complex. Therefore, for quinoline to be formed either the
catalyst was not formed before introduction of the aldehyde, or air was introduced to the system

causing decomposition of the complex.

(0]

o CcO (of0]
[Rh] R)L — A R—(Rh]

R” [Rh] [Rh] + H-R
H 0 o

Scheme 6.19: Proposed decarbonylation pathway of quinoline-8-carbaldehyde 110 to quinoline 167
with a Rh catalyst, where R = quinoline ring

Conversion of aldehyde 110 to the alcohol 168 and carboxylic acid 169 was observed to occur
when Rh catalyst when Rh catalyst [Rh(NBD)DPPE]CIO, was used (Entry 8), and when
preformed catalyst [Rh(NBD)DPEphos]CIO4 was used in acetonitrile. The presence of water
also appeared to favour the formation of these products (Entry 7 and 11) and reaction in the
absence of CO; also gave products 168 and 169, (Entry 15, Table 6.2). Conversion of aldehyde
110 to the alcohol 168 and carboxylic acid 169 are thought to occur via a Cannizzaro type
reaction mechanism.'*® Traditionally this would require a base to proceed; however, a rhodium
catalyst in the presence of water has previously been demonstrated to facilitate this type of

conversion.20®

Ethyl ester 171 is thought to be produced from contamination of the equipment with ethanol
used to clean the system, (Entry 1, Table 6.2). Once ethanol was not used as a cleaning solvent,

and the equipment dried thoroughly, no conversion to the ester was observed.

Conducting the reactions in acetonitrile (Entries 9-11, Table 6.2) rather than toluene led to an
increased conversion of aldehyde 110. This may be due to increased catalytic activity due to

increased solubility of the Rh catalyst in acetonitrile over toluene.

Use of TMG or triethylamine as a base was proposed to encourage the formation of product 166
both by deprotonating the formed product and through their potential to form complexes with
CO.. Results show that use of either base (Entry 3, 4 and 10, Table 6.2) led to reduced
conversion, as observed in the previous study where TBD was used.'®® The use of neat

triethylamine and triethylamine in toluene led to the formation of an orange/red precipitate on
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the walls of the reaction flask. By *H NMR spectroscopy the precipitate appears to have a
different composition to the main solution, in particular the presence of peaks at 9.27, 8.65, 7.92
and 7.32 ppm in the *H NMR spectra. These could either be a new quinoline based species or
the effect of either rhodium or triethylamine bound to a quinoline derivative. These results were
not observed in the previous study. A 3P NMR spectrum showed the presence of phosphorous
in the sample (Figure 6.8); suggesting that either the ligand or a Rh complex is present in the
precipitate. As the peaks do not correspond with those of free DPEphos or the
[Rh(NBD)DPEphos]CIO4 161 catalyst, the phosphorous present may either have been oxidised

during the work up or exist as an alternate Rh complex formed during the reaction.
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Figure 6.8: 3P NMR spectrum of red/orange precipitate formed in Entry 12 of Table 6.2

Ester 170 was formed in small quantities (<10 %) in toluene when [Rh(NBD)2]CIO4 164 was
used as the catalyst precursor with either DPPM or DPEphos as the ligand (Entries 1-5).
However, no conversion to 170 was observed when the pre-prepared catalysts
[Rh(NBD)DPEphos]CIO4 and [Rh(NBD)DPPE]CIO4 were used instead.

The use of ligands DPPE and DPPB in acetonitrile at lower temperatures and pressures (Entries
14 & 16, Table 6.2) led to increased conversion of 110 to the ester 170, with relative conversions
of 37 & 17 %. Repeating both reactions at atmospheric pressure under N, in the absence of
CO,, again led to complete conversion of 110 giving the ester 170 in 55 & 34 % vyields, Entries
15 & 17, Table 6.2. This indicated that CO, is not incorporated into the product and actually
reduces the formation of the ester product 170 favouring the Cannizzaro products 168 & 169

instead.

Ester 170 is proposed to form from aldehyde 110 via a Tischenko reaction, which has been

shown to occur via rhodium catalysis?®’- 2% and has previously been observed in hydroacylation
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studies by Weller and Willis with comparable chelating substrates and rhodium catalysts,
Scheme 6.20.%%

Rh catalyst o
H O. 10 mol% (0]
Ay T o 0
SMe O (0] Acetone SMe O SMe O SMe
175 176 177 178
alkene hydroacylation Tischenko product
product

Scheme 6.20: Hydroacylation reaction with previously observed hydroacylation and Tischenko
products, reported by Weller and Willis'®”

The proposed mechanism for formation of 170, Scheme 6.21, involves initial addition of the
quinoline-8-carbaldehyde 110 to give acyl-hydride complex 180 followed by coordination of a
second equivalent of 110 through the oxygen. Hydride transfer occurs to give complex 182,

from which the product 170 is released.

Os_H
Ph, N
( P”'-. +. \\\\\ W | N
LN P
Ph, ‘
179 110

182
H
e Ph,
N ( ﬁ:P”
n
R= =]
Z Ph,

181

Scheme 6.21: Proposed reaction pathway for Tischenko reaction for product 170 from 110 &

This proposed mechanism accounts for the increased formation of 170 when DPPE and DPPB

are used as the ligand compared to DPEphos. DPEphos is hemi-labile and has a third
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coordination site, this would hinder the formation of 181 by restricting coordination of the
second aldehyde and therefore reduce conversion to the ester. This is in agreement with work
by Weller and Willis who found that hemilabile ligands significantly reduced the formation of
the Tischenko product 178 and instead favoured the hydroacylation product 177, Scheme 6.20.
The reduced conversion to 170 at high pressures of CO; could therefore be explained by
coordination of CO; to the rhodium, preventing coordination of a second equivalent of 110,

therefore hindering the ester 170 forming.

Performing the reaction under the same conditions (Entry 15, Table 6.2) with benzaldehyde 183
gave no conversion to the corresponding ester 184, Scheme 6.22, indicating the importance of

the nitrogen chelation group in the quinoline ring 110 for the conversion to occur.

o)
Q [Rh(NBD)DPPE]CIO, (10 mol%)
O —E— 07T

50 °C, N,
183 184

Scheme 6.22: Reaction of benzaldehyde 183 under comparable reactions conditions led to no
conversion to ester 184

A major limitation of the study so far is the identification of reaction products and identifying
an appropriate reaction work up. Currently *H and COSY NMR spectroscopy have been
employed; however, as previously discussed the overlapping region of quinoline protons makes
analysis challenging. There was therefore a need to synthesise the authentic a-ketocarboxylic
acids to enable their stability under the reaction conditions and characteristic *H or *C NMR

chemical shifts to be identified.

6.4.3  Synthesis of Target Product 166

To synthesise the target product 166, the keto ester equivalent 185 was first synthesised
following a literature procedure.?®® 8-Bromoquinoline 172 was lithiated and reacted with
diethyloxalate to produce the keto ester 185, Scheme 6.23. A variety of approaches were
attempted to hydrolyse the ester 185 to give the product 166. Hydrolysis with LiCl in pyridine
under reflux gave no conversion to the ketoacid, although this method is more well known for
methyl esters. Hydrolysis was successful with NaOH in H,O/MeOH. The reaction solution was
washed with ethylacetate and extraction at a range of pH 2-6 into organic solvents were
attempted. It was found that the product was present in the aqueous layer and was isolated at
pH 5. pH control of the isolated product is essential to prevent the formation of a zwitterionic
species due to the basic quinoline group and the acidic carboxylic acid group. After purification

of the keto acid 166 by crystallisation, colourless needles were produced, which analysis by x-
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ray crystallography demonstrated it to exist as a sodium acetate salt, Figure 6.9. The presence
of the acetate group arose from reaction with ethylacetate used in attempt to extract the product

during hydrolysis.

o
O /\
i Et
Br Li EtO o)
EN;\© n-Buli, K;@ | N«
= 78 °C, THF 78 °C, THF =
NH,C liaq)
172 173 185
1) NaOH (2 N),
MeOH
2) HCl(aq)
0
0
OH
N
| N
=
166

Scheme 6.23: Synthetic route to authentic reaction product 166

Each unit of the crystal consists of two molecules of the keto acid 166, one acetate anion and
three sodium cations, giving the molecular formula: Ci11HsNO3-0.5(C2H302)-1.5Na. Each
sodium is bound to the oxygen with bond lengths between 2.3-2.6 A. A weak bond between the

sodium and the nitrogen atom of the quinoline was also observed, Figure 6.9.

Figure 6.9: Crystal structure of authentic a-ketocarboxylic acid 166, the target product from the
reaction of CO with quinoline-8-carbaldehyde 110
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Although ketoacid 166 was not isolated as the free acid, NMR spectra were studied for
characteristic chemical shifts that could be used to identify the target product. Firstly NMR
spectra were run in deuterated DMSO due to poor solubility in CDCls. Characteristic carbonyl
shifts were identified in the *C spectrum representing the ketone and carboxylic carbonyl at
199.5 and 168.7 ppm. Previously any reactions with CO, were analysed through evaporation of
the solvent and NMR analysis in CDCls. As the isolated product was found to be insoluble in
CDCls, but soluble in MeOH, water and DMSO, a small selection of the reactions were re run.
13C NMR spectra were run in DMSO in case the formed product was previously not observed

due to poor solubility. However, no new products were observed.

As the alpha-keto acid has not yet been isolated in its pure form, an alternative approach was to
trap the product as a sodium salt at the end of the CO, reaction, thus allowing direct comparison
with the synthesised product. However, addition of NaOH to the NMR sample of the keto acid
resulted in decomposition of the product, as observed by the loss in carbonyl peaks at 199.5 and
168.7 ppm in the °C spectrum, Figure 6.10. Although it is also possible that hydration of the
ketoacid occurred to give the corresponding gem-diol, this is unlikely to have occurred as the
carbonyl peaks would still be present — but have shifted to a lower chemical shift.?1
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Figure 6.10: 3C NMR spectra of a) a-ketoacid 166, b) o-ketoacid 166 + 2N NaOH
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The hydrolysis was also repeated using NaOH, a wash of diethyl ether to prevent formation of
the acetate and acidification to pH 3 resulted in a yellow solid. However, differences in the
NMR spectra suggested that the protonated quinoline may have been formed.

Due to difficulties isolating the product and its questionable stability under strongly basic
conditions,?! it was decided to focus on an alternative target, which is known in the literature,

for initial investigations.

6.5 Reactions of Furfural and CO:>

As no incorporation of CO, was observed in reactions with quinoline-8-carbaldehyde 110, a
second substrate was investigated. Furfural 159 was selected to study its reactions with CO; to
give the target product 186, Scheme 6.24. Furfural was proposed to be a suitable substrate due
its potential to stabilise the hydro-acyl rhodium intermediate by coordination of the furyl
oxygen, preventing decarbonylation from occurring. Furthermore, furfural is derived from

biomass and its electron rich nature would match the electron poor coupling partner CO».

Rh catalyst
W + COp e - |/
H OH
(0]
159 186

Scheme 6.24: Target reaction of furfural 159 with CO; to give a-ketoacid 186

6.5.1  Preliminary Results and Comparison with Authentic Product 186

Two preliminary reactions of furfural 159 with [Rh(DPEphos)NBD]CIO, in toluene were
carried out both in the presence of CO, (40 bar) and under a N, atmosphere and analysed by *H
NMR spectroscopy (Figure 6.11b & c). Both reactions showed the presence of furfural 159 at
the end (Figure 6.11a), suggesting that decarbonylation is not a significant reaction under these
conditions. Of great interest were the new peaks observed when the reaction was carried out in
CO-, (red highlight, Figure 6.11b), which were not observed when carried out under nitrogen

(Figure 6.11c), suggesting that a reaction with CO, may have taken place.
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Scheme 6.25: Synthetic route to authentic a-ketoacid target product 186 212

Comparison of the NMR spectra of the reaction of furfural with CO, (Figure 6.11b) to the *H
NMR spectrum of the target keto acid 186, synthesised by an alternative route, (Scheme 6.25)
indicated that the target compound 186 was not formed, Figure 6.11d. The keto acid 186 would
be identified by doublets at 8.19, 7.86 and a doublet of doublets at 6.70 ppm in the *H NMR
spectrum, Figure 6.11d. Other characteristic signals used to identify the keto acid 186 from the
reaction mixture would be signals at 169.9 and 159.1 ppm in the ¥C NMR spectra —

characteristic of the a-keto carboxylic acid group, Figure 6.11e.

The new chemical shifts in the *H NMR spectrum observed after the reaction of furfural with
CO- (Figure 6.11b) were observed at 7.60 ppm and a series of doublets and multiplets between
7.8 and 8.3 ppm. If the compounds were furan derived, the furan ring must be more electron
deficient than furfural 159 as demonstrated by the higher chemical shifts. The reaction was
repeated to enable further characterisation of the products derived from the reaction of 159 with
CO.; however the same results could not be reproduced despite multiple attempts (Table 6.3,

Entries 6-9). Therefore the identity of the new signals remains unknown.
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Figure 6.11: *H NMR spectra of: a) Furfural 159, b&c) reaction product under b) CO; (40 bar), c) N,
(1 bar) (blue highlight — furfural, red highlight — new signals seen only under CO5); d) Target keto acid
186 €) *C NMR of target keto acid 186
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6.5.2  Reaction Screening

Initially reactions of furfural with CO; were investigated under similar conditions as were used
with quinoline-8-carbaldehyde 110. Reactions using NBD derived rhodium catalysts with either
DPPP, DPPE or DPEphos as the ligand (Entries 1 - 12, Table 6.3), did not show any significant
conversion of furfural 159 into other products. This is contrasting to the case with quinoline-8-
carbaldehyde 110 where many of the same reaction conditions led to significant and clean

conversion of the substrate into clearly identifiable products.

Due to a lack of conversion an alternative catalyst system and the use of a range of bases was
investigated. Cyclooctadiene (COD) complexes were used instead of NBD complexes due to
their more widely use in hydroacylation reactions and are proposed to be more active than the
corresponding NBD derived catalysts in the hydroacylation reactions. Bases investigated
included organic bases such as triethylamine (TEA) and 1,1,3,3-tetramethylguanidine (TMG)
and inorganic lithium salts such as Lil, LiCl and Li>COs. Lithium bases were selected based on
their success in promoting the catalytic synthesis of lithium acrylate 190 from ethene and CO,,
Scheme 6.26.%3

[Ni(cod),], Ligand

Lil, Red., EtsN OLi
co, + “r
PhCI, 50 °C, 72 h 0
189 190

Scheme 6.26: Example of use of lithium salts to promote synthesis of catalytic lithium acrylate?®

In all cases with COD based complexes, (Entries 13- 24, Table 6.3) only a small amount of
conversion of furfural was observed. The use of lithium bases did not lead to any significant
difference in conversion of the furfural (Entries 22- 24, Table 6.3); however the use of
triethylamine with 1,4-dioxane as the solvent (Entry 18, Table 6.3) resulted in new peaks in the
'H NMR spectrum, Figure 6.12a. Any changes in the *H NMR spectra after reaction with CO>
(Figure 6.12a) were also observed when the reaction was performed under N (Figure 6.12b)
suggesting that no CO; has been incorporated into the reaction products (Entries 18-19, Table
6.3).

Despite any observed reaction products being independent of CO,, they were investigated to
understand the processes that are occurring in the reaction and to attempt to identify the reasons
for the lack of reaction with CO.. Three regions of interest were identified as potential products

of the reaction, Figure 6.12c.
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Table 6.3: Reaction conditions trialled for reaction of furfural 159 with CO;

Catalyst (10 mol%)

Solvent

Base ( 0 - 1 equiv)

CO5 (40 bar),

159 18 h, 90-100 °C
Entry Catalyst System Solvent Base
1 [Rh(NBD)DPPP]CIO, Toluene -
2 [Rh(NBD)DPPP]CIO,4 1,4-Dioxane -
3 [Rh(NBD)DPPP]CIO,4 Acetonitrile TEA
4 [Rh(NBD)DPPE]CIO4 Toluene -
5 [Rh(NBD)DPPE]CIO4 DME -
6 [Rh(NBD)DPEphos]CIO4 Toluene -
T* [Rh(NBD)DPEphos]CIO,4 Toluene - N2
8 [Rh(NBD)DPEphos]CIO4 Toluene -
9 [Rh(NBD)DPEphos]CIO4 Toluene -
10 [Rh(NBD)DPEphos]CIO,4 Toluene -
11 [Rh(NBD)DPEphos]ClO4 Acetonitrile -
12 [Rh(NBD)DPEphos]ClO4 1,4-Dioxane TEA
13 [Rh(COD)DPEphos]CIO4 Toluene -
14 [Rh(COD)DPEphos]ClO. 1,4-Dioxane -
15 [Rh(COD),]CIO, + DPPF 1,4-Dioxane -
16 [Rh(COD),]CIO, + DPPE 1,4-Dioxane -
17 [Rh(COD),]CIOs + DPPM  1,4-Dioxane -
18 [Rh(COD)DPEphos]CIO4 1,4-Dioxane TEA
19* [Rh(COD)DPEphos]CIO4 1,4-Dioxane TEA N2
20 [Rh(COD)DPEphos]CIO, DCE TEA
21 [Rh(COD)DPEphos]ClOs 1,4-Dioxane TMG
22 [Rh(COD)DPEphos]ClOa4 1,4-Dioxane Lil + TEA
23 [Rh(COD)DPEphos]ClOs 1,4-Dioxane LiCl
24 [Rh(COD)DPEphos]ClO4 1,4-Dioxane Li»COs
25* - 1,4-Dioxane TEA N,

Reaction conditions: Furfural 159 (0.6 mmol), Rh catalyst (0.06 mmol), solvent (3 mL), CO;
(40 bar), 100 °C, 15h +
* Reaction under N, at atmospheric pressure
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Figure 6.12: *H NMR spectra of an example reaction of furfural, [Rh(COD)DPEphos]CIO4, dioxane
and triethylamine with a) CO (40 bar) Entry 18, b) N2 Entry 19, ¢) expanded spectrum with key regions
of interest highlighted

6.5.3 Identification of Reaction Products

Identifying the compounds by analysis of the reaction mixture by NMR has been unsuccessful.
Attempts to resolve the compounds present by DOSY also failed to give any further

understanding of the components present.

Analysis by mass spectrometry proved challenging due to overwhelming ions from
fragmentation of the oxidised phosphine ligands used in reaction. For example, when DPEphos
was used as a ligand the dominant signals observed where at m/z 371.1183 and 571.1662
corresponding to compounds 191 and 192 respectively (calculated: 371.1195 and 571.1586),
Figure 6.13. The presence of these compounds was also confirmed by peaks in 3'P NMR spectra
at 24-30 ppm, (3P NMR chemical shift of triphenylphosphine oxide in CDClj is 29.3 ppm).?4
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Similarly, in reactions where DPPE or DPPF ligands were used, the dominant ions in the mass

spectra were again due to the oxidised ligands.

191 192
[M+H]* m/z 371.1183 [M+H]* m/z 571.1662

Figure 6.13: Dominant ions in mass spectra of reaction mixtures arisen due to oxidised ligands of
the catalyst

Due to the above described limitations in identifying the products of the reaction while still as
a mixture; column chromatography was performed on one reaction of key interest (Entry 14,
Table 6.3), at a larger scale, to enable isolation of some of the minor components, Figure 6.14.
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Figure 6.14: Example *H NMR spectra from furfural reaction with [Rh(COD)DPEphos]CIO4 and CO;
in dioxane, b) *H NMR spectra of component A, ¢) 'H NMR spectra of component B

The structure of component A, 193 was assigned by 'H & *C NMR spectroscopy along with
corresponding 2D experiments, Figure 6.14b (see Appendix 5 for 2D spectra). Stereochemistry
around the double bond was confirmed through coupling constants and correlations between Hs
& Hg and between Hs & Hy in the NOE spectrum.

Figure 6.15: Structure of isolated compound, component A, 193
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Two characteristic singlet peaks in *H NMR at 9.55 and 4.03 ppm enabled identification of 193
in the reaction mixtures and was observed in entries 18, and 19, Table 6.3. In all cases
[Rh(COD)DPEphos]CIO4 was used as the catalyst, 1,4-dioxane as the solvent and triethylamine

was present, however its formation was independent on the presence of CO..

Currently the mechanism of formation of 193 under reaction conditions is unclear and further
control reactions are required to determine the conditions required for formation. For example,
the reaction should be repeated in different solvents to see if 1,4-dioxane has an effect on the
products formation and other organic bases should be investigated. Alternatively, an isotopic
labelling experiment using furan-2-[**C]carboxaldehyde 195 under reaction conditions would
enable the origin of the connecting carbons between the two furan rings to be determined. They
may either originate from a fragmented and rearranged furan ring, the carbonyl of furfural, or
from an external carbon source, e.g. solvent or catalyst. The labelled substrate 195 could be
synthesised by a Vilsmeier-Haack reaction from N,N-dimethyl[*3*C]formamide 194, Scheme
6.27.215

o}
o i) POCl, 136
\N@C\H " ""H
| ii) (/ \5 \ o)
0
194 iii) HO 195

Scheme 6.27: Proposed synthesis of furan-2-[**C]carboxaldehyde 195 via a Vilsmeier-Haack
reaction?®

The identity of component B is unclear; however, more insights into its structure are known
from the *H NMR spectrum, Figure 6.14c. Peaks at 7.33, 6.28 and 6.07 ppm suggest a furan
ring is present with a relatively electron donating substituent on the C-2 position. A multiplet at
2.65 — 2.9 ppm further suggests that diastereomers are also present; however analysis by. LC-
MS and HR-MS data is inconclusive as the dominant ions are again those of the fragmented

DPEphos ligand 191 and 192. Further work is still required to identify this product.
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6.6 Conclusions and Further Work

In summary, this chapter has discussed initial investigations into the insertion of CO- into an
aldehyde to give a-ketocarboxylic acids. The selected substrates and catalysts for screening

were selected based on well-known analogous hydroacylation chemistry.

The reaction of quinoline-8-carboxaldehyde 110 with CO, under a range of conditions was
screened at high pressure of CO- (40 bar) and high temperatures. Conversion of aldehyde 110
was seen; however in no cases was CO; incorporated into the final product. Instead the
decarbonylation product 167 was formed and carboxylic acids 169 and alcohol 168 were
formed, proposed to be via a Cannizzaro type reaction. Ester 170 was also formed by a
Tischenko reaction when non hemilabile ligands were used. The target product, an a-ketoacid
166, was not observed under any of the reaction conditions. To assist in identifying reaction
products and identifying potential reaction conditions the authentic product was targeted for
synthesis. The product was produced as a sodium acetate salt, as confirmed by x-ray
crystallography with the molecular formula: C11HsNO3:0.5(C2H302)-1.5Na. Although the
product was not isolated in its free acid form, the species isolated has enabled characteristic
peaks in the *C NMR spectrum of a ketoacid at 199.5 and 168.7 ppm to be identified. These

may allow for improved identification of the products after reaction of the substrate with CO..

A second substrate, furfural 159, was also investigated under similar hydroacylation conditions.
In this case only a small conversion of the substrate was observed and only one product derived
from furfural was identified 193. As with the quinoline-8-carbaldehdye 110 substrate, no

incorporation of CO,was observed.

The lack of CO; incorporation into either substrate suggests that either harsher reaction
conditions or alternative catalysts should to be investigated. For example hydroacylation
reactions are also known to occur with Ru, Co, Ni and Ir catalysts.’®® To develop this further
the reaction of furfural under the above conditions needs to be well understood. The
coordination of quinoline-8-carbaldehyde 110 to rhodium complexes has been well
characterised and it is known that the nitrogen group in the quinoline ring is paramount for
stabilising the hydro-acyl rhodium intermediate.}’® 18 181 Without this stabilisation effect
decarbonylation would occur and the reaction would not proceed to give the hydroacylation
products. In this study quinoline-8-carbaldehyde 110 gave high conversion to products, whereas
the furfural substrate did not. This may suggest that furfural is less effective at stabilising the
hydro-acyl intermediate, preventing a hydroacylation reaction from occurring. To overcome
this, additives may be used to assist in providing an additional coordination site to stabilise the

complex. For example, in a previous hydroacylation study of furfural with an alkene, the use of
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2-amino-3-picoline with either Cp,ZrCl, or Cp.TiCl, led to a much increased conversion of
furfural to the hydroacylation product.?!® This may result in increased use of furfural in
hydroacylations which could be an important method to utilise biomass, even if reaction with
CO: is not achieved.

To further progress this project, further understanding of the catalyst speciation during the
reaction is required. For example, currently it is not known how, or even if, CO; binds to the
metal catalyst under these conditions. To address this, sequential, stoichiometric reaction should
be carried out, with the catalyst structure and binding studied at each stage. Furthermore, the
stability of the target keto acid under reaction conditions needs to be further examined.
Ketoacids are known to regularly undergo hydration under agueous conditions, and have a large
number of decomposition pathways.?'! By controlling the form of the final product, they may

be more easily extracted and isolated from solution.
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Chapter 7 Experimental

7.1 General Considerations

All reactions were carried out under N, atmosphere in oven dried glassware unless otherwise
stated. For moisture sensitive reactions standard Schlenk line techniques were used and all
glassware was cooled under vacuum and backfilled with nitrogen three times before use.
Anhydrous solvents were obtained via a Dow-Grubbs type system (Pure Solv MD - Innovative
Technology) or were obtained from Sigma-Aldrich.

TLC was performed using silica gel 60 backed aluminium plates and visualised under UV light
or stained using potassium permanganate solution. Column chromatography was performed

using silica gel (40-60 um) in glass columns.

'H, 3C NMR spectra were recorded on Bruker Avance 500, Bruker AV3 400 or Bruker Avance
300 spectrometers at 25 °C. 2°Si NMR spectra were recorded on Bruker Avance 500 or Bruker
AV3 400 spectrometers. Chemical shifts (6w and dc) are referenced to the deuterated solvent
peak and are reported in parts per million (ppm). Coupling constants (J) are given in Hertz (Hz)
and multiplicities are reported as: s — singlet, d — doublet, t — triplet, q — quartet, dd — doublet of
doublets, dt — doublet of triplets, ddd — doublet of doublet of doublets, td — triplet of doublets
or m — multiplet. CDCIls; was stored over molecular sieves and deuterated acetonitrile was

distilled over CaH; and stored over molecular sieves before use.

Mass spectra were obtained from a Bruker maXis impact instrument by Electron Spray
lonisation. FT-IR spectra were recorded on a Bruker Alpha Platinum instrument with ATR
attachment. X-ray structure measurements were carried out at 120K on an Agilent SuperNova
diffractometer equipped with an Atlas CCD detector and connected to an Oxford Cryostream
low temperature device using mirror monochromated Cu K, radiation (A = 1.54184 A) from a
Microfocus Nova X-ray source. The structure was solved by direct methods using SHELXS?Y

and refined by a full matrix least squares technique based on F2 using SHELXL97.2%

Gas chromatography was performed on an Agilent HP 6890 Series Gas Chromatography system
fitted with a FID detector and an Agilent DB-624 column (30 m x 250 um x 1.4 pm). GC/MS
data was obtained using Agilent HP6890 series GC system, fitted with an Agilent HP-5MS
column (30 m x 0.32 mm x 0.25 pum) and an Agilent HP5973 mass selective detector in El

mode.
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7.2 Chapter 2: Role of Guanidine Catalysts in the Reaction of

Propargylamines and CO:

7.2.1  General Procedures

General procedure for reaction testing with propargylamine 40:

A solution of benzyl-(1,1-dimethylprop-2-ynyl)amine (0.15 g, 0.866 mmol, 1 equiv.) in the
selected solvent (3 mL) was prepared in a vial under nitrogen. The catalyst (0.0868 mmol, 0.1
equiv. / 0.00868 mmol, 0.01 equiv.) was added to the reaction. A stainless steel high pressure
reaction vessel was flushed with CO. and the solution injected into the cell. The vessel was
further flushed with CO; and heated to 75 °C. After thermal equilibrium was reached the vessel
was pressurised to 5 bar and stirred for 18 h. The vessel was cooled, vented through solvent and
reaction solvent removed under vacuum. Conversions were calculated from *H NMR spectra of
the crude reaction. Reactions in DMSO required an extraction: reaction mixture was diluted
with H-O (30 mL) washed with diethyl ether (3 x 40 mL) ether and washed with water (70 mL).
The organic solution was dried over MgSOy, filtered and the solvent evaporated under vacuum.

General procedure for reaction testing with 2-methyl-3-butyn-2-ol 44:

A solution of 2-methyl-3-butyn-2-ol (97 uL, 1 mmol, 1 equiv.) in the selected solvent (3 mL)
was prepared in a vial under nitrogen. The catalyst (0.1 mmol, 0.1 equiv. / 0.01 mmol, 0.01
equiv.) was added to the reaction. A stainless steel high pressure reaction vessel was flushed
with CO; and the solution injected into the cell. The vessel was further flushed with COs,
pressurised to 40 bar, heated to 100 °C and stirred for 23 h. The vessel was cooled, vented
through solvent and reaction solvent removed under vacuum. Reactions in DMSO required an
extraction: reaction mixture was diluted with H,O (30 mL), washed with diethyl ether (3 x 40
mL) and washed with brine (100 mL). The organic solution was dried over MgSO., filtered and

the solvent evaporated under vacuum.

7.2.2  Substrate Synthesis

Benzyl-(1,1-dimethylprop-2-ynyl)amine 40:28

6 0 NH2 6 5
PPN S
~ 2 12
%OH /)< OAc = *N s
= Et;N, DMAP, DCM =~ CuCl, THF 1 H .
4

17 h, RT, N, 3 h, reflux, N,
44 196 40

Triethylamine (23.7 mL, 170 mmol, 1.1 equiv) and dimethylaminopyridine (0.472 g, 3.87
mmol, 0.025 equiv.) were added to a solution of 2-methyl-3-butyn-2-ol (15 mL, 155 mmol, 1
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equiv) in DCM (110 mL). The solution was cooled to 0 °C and acetic anhydride (17.7 mL, 186
mmol, 1.2 equiv) was added dropwise over 25 min. A yellow solution formed which was stirred
for 17 h until the reaction was complete. The solution was diluted with an aqueous NH4CI
solution (100 mL) and extracted with DCM (3 x 100 mL). The organic solution was dried over
MgSQO., filtered and the solvent evaporated. The product was purified by column
chromatography (7:1, pentane-EtOAc, Ry: 0.57) to give 1,1-dimethyl-2-propynyl acetate 196 as
a yellow oil (13.5 g, 69 %).

1,1-Dimethyl-2-propynyl acetate 196 (13.5 g, 107 mmol, 1 equiv) and CuCl (0.529 g, 5.35
mmol, 0.05 equiv) were added to a solution of benzylamine (23.3 ml, 213 mmol, 2 equiv.) in
degassed THF (200 mL), upon which the reaction turned turquoise. The reaction was stirred
and heated under reflux for 3 h until complete. The navy solution was cooled to rt and the
solvent evaporated. Product was purified by column chromatography, (DCM, Rr. 0.16) and
further purified through distillation of remaining benzylamine to yield a yellow solid 40 (5.17
g, 32 %).

'H NMR (500 MHz, CDCls) &: 7.40-7.23 (5H, m, ArH), 3.88 (2H, s, Hv), 2.36 (1H, s, H1), 1.43
(6H, s, Hs,He), 1.30 (1H, s, Hz); *C NMR (125 MHz, CDCls) &: 140.76 (Ar), 128.57 (Ar),
128.55 (Ar), 127.07 (Ar), 89.17 (Cy), 69.97 (Cz), 50.15 (Cs), 49.11 (C7), 29.69 (Cs/Ce); MS
(ESI): found [M+H]*: 174.1279 (calculated: 174.1277); M.p.: 45.5-49 °C; ATR-FT-IR (cm™):
3301, 3123, 2979, 2832, 2080, 1457, 1438, 1380, 1362, 1188, 750, 701, 548, 504. Spectral data

are consistent with the literature.?8

7.2.3 Product Characterisation

N-benzyl-4,4-dimethyl-5-methylen-2-oxazolidinone 41:

IH NMR (500 MHz, CDCls) §: 7.33-7.27 (5H, m, ArH), 4.67 (1H, d, J= 3.3 Hz, Hs), 4.45 (2H,
s, H7), 4.21 (1H, s, = 3.3 Hz, Hs), 1.30 (6H, s, Hs/Hs). *C NMR (125 MHz, CDCls) §: 160.93
(C1), 154.98 (Cy), 137.74 (Cs), 128.81 (Ar), 127.91 (Ar), 127.88 (Ar), 84.28 (C3), 61.69 (Ca),
44.24 (Cy), 27.77 (Css). MS (ESI): found [M+H]": 218.1173 (calculated: 218.1176). Mp: 74.5-
75.3 °C; ATR-FT-IR (cm™?): 3031 (w, CH stretch), 2980 (w, CH stretch), 2919 (w), 1771 (s,
C=0 stretch), 1664 (m), 1397 (m). Spectral data are consistent with the literature?'®
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7.3 Chapters 3-5: Guanidine Catalysed Reductive Functionalisation of CO2

7.3.1  General Considerations

Pharmaceutical grade CO, was purchased from BOC and handled on a Schlenk line.
Morpholine (99.5 %) was purchased from Acros Organics, phenylsilane (97 %) was purchased
from Acros Organics and Sigma Aldrich and 1,1,3,3-tetramethylguanidine (99 %) purchased
from Alfa Aesar. All other reagents were obtained from commercial sources and used without

further purification unless otherwise stated.

For entire reaction monitoring, ATR-IR spectra were collected using a AgX DiComp fiber optic
probe connected to a ReactIR 15 system (Mettler Toledo). Spectra were collected every 15-30 s
over range of 650 - 2500 cm™ at 8 cm™ resolution. Data analysis was performed using a
combination of iC IR 4.3 (Mettler Toledo) or MATLAB software.

Further IR probe studies for individual pathways were studied using an MB3000 FTIR

spectrometer (ABB Bomem Inc.) connected to a diamond tip ATR probe. Data analysis and
processing performed using Horizon MB (ABB Bohem Inc.) and MATLAB.

7.3.2  Standard Reaction Procedure

/\ Catalyst (0 - 5 mol%) /\ o /\
O NH + CO, + PhSiHs o N—Cf\/ + O  N—CHs
p— Biphenyl (5 mol%) ~— H p—
MeCN (2 mL)
2 mmol 2 mmol o
18 % 23 - 60 °C, CO, (1.8 bar) 24 48

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO,. A solution of morpholine (175 ul, 2 mmol, 1 equiv), biphenyl (15.4 mg,
0.1 mmol, 5 mol%) and guanidine catalyst (0.002 - 0.1 mmol, 0.1 - 5 mol%) in acetonitrile (2
mL) was prepared under a N, atmosphere and added to the CO, flushed Schlenk tube. The
solution was stirred at 1000 rpm at reaction temperature, 1.8 bar CO,, for 15 mins. Phenylsilane

(247 pl, 2 mmol, 1 equiv) was added to commence the reaction.

The reaction was monitored by either NMR, IR, GC or HRMS, the details of which can be

found in relevant sections.

N-Formylmorpholine 24:
'H NMR (300 MHz, CDCls) : 8.06 (1H, s, CHO), 3.72-3.65 (4H, m, O(CH>),), 3.60-3.56 (2H,
m, N(CH)2), 3.41-3.38 (2H, m, N(CH.)2); *C NMR (126 MHz, CDCls) 8: 161.0 (CHO), 67.4
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(O(CHz)2), 66.6 (O(CH.)z), 45.9 (N(CH,)2), 40.8 (N(CH,)2); EI-MS (rel. int.) m/z = 115.1 (M",
100 %), 100.1 (56), 86.1, (37), 57.1 (45), 56.1 (49)

N-Methylmorpholine 48:

'H NMR (400 MHz, CDCls) &: 3.72 (4H, m, O(CHy)2), 2.40 (4H, m, N(CH>).), 2.29 (3H, s,
NCHs); C NMR (126 MHz, CDCls) &8: 67.1 (O(CH,)2), 55.6 (N(CHa)2, 46.6 (NCHs); EI-MS
(rel. int.) m/z = 101.1 (M*, 100 %), 100.1 (34), 71.1 (47), 70.1 (11), 56.1 (9)

7.3.3  Synthesis of Organic Compounds

7.3.3.1 Synthesis of Aminal - Dimorpholinomethane 57

Prepared following a procedure reported by Huang.'*® Morpholine (8.7 mL, 100 mmol, 1 equiv)
was added to a solution of paraformaldehyde (3.00 g, 100 mmol, 1 equiv) in anhydrous dioxane
(20 mL) and heated at 85 °C for 8 h. After cooling to RT the solvent was removed under reduced
pressure, to give a pale yellow oil. The product was purified by reduced pressure distillation
(<0.1 mmHg, 58-60 °C) to yield a colourless oil (5.51 g, 59 %).

'H NMR (400 MHz, CDCls) 5: 3.69 (8 H, t, J = 4.6 Hz, O(CHa)2), 2.90 (2 H, s, NCH,N), 2.49
(8 H, t, J = 4.6 Hz, N(CH,)2); *C NMR (101 MHz, CDCl3) 5: 81.8 (NCH.N), 67.2 (O(CH2)2),
52.2 (N(CH,)2); EI-MS (rel. int.) m/z = 186.1 (M*, 0.4 %), 100.1 (100), 87.1 (7), 56.1 (11).

Spectral data are consistent with the literature??

7.3.3.2 Synthesis of Urea — Dimorpholinomethanone 81

(0]

NJJ\N
SR

Prepared following a modified procedure reported by Albericio.'®® Triethylamine (2.8 mL, 20
mmol, 1 equiv.) was added slowly to a solution of morpholine (1.75 mL, 20 mmol, 1 equiv.) in
anhydrous DCM at 0 °C. Morpholine-4-carbonyl chloride (2.8 mL, 24 mmol, 1.2 equiv) was
added dropwise and the solution slowly warmed to RT and stirred for 5 h to give a pale
yellow/orange solution and precipitate. The solution was cooled to 0 °C and an aqueous NaOH
solution (20 mL, 10 %) was added and the resulting layers separated. The aqueous layer was
washed with DCM (2 x 20 mL), the organics combined and washed with water (2 x 20 mL),

brine (2 x 20 mL) and dried over MgSOa. The solution was filtered and the solvent removed
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under reduced pressure to give a yellow solid (3.92 g) which was purified by recrystallisation

in ethanol to yield the product as a pure white solid (2.62 g, 65 %).

'H NMR (500 MHz, CDCls) &: 3.68 (8H, t,J =4.7 Hz, O(CH,)2), 3.27 (8H, 1, J = 4.7 N(CH,),**C
NMR (500 MHz, CDCls) 3: 163.8 (C=0), 66.6 (O(CH)2), 47.3 (N(CH.);); HRMS (ESI):
[M+H]" m/z = found: 201.1246. Calculated: 201.1234. Spectral data are consistent with the

literature??!: 222

7.3.3.3 2-Butyl-1,1,3,3-tetramethylguanidine 64
NN
oy

Prepared following a modified procedure reported by Hodson.2*¢ Oxalyl chloride (4.8 mL, 56.6
mmol, 1.7 equiv) was added dropwise to a stirred solution of tetramethylurea (4.0 mL, 33.3
mmol, 1 equiv) in anhydrous dichloroethane (38 mL). The resulting yellow/green solution was
heated to 60 °C for 2 h, cooled to RT and the solvent removed under vacuum. The yellow solid
was dissolved in anhydrous acetonitrile (27 mL), cooled to 0 °C and a solution of butylamine
(9.9 mL, 100 mmol, 3 equiv) in acetonitrile (30 mL) was added dropwise. The solution was
slowly warmed to RT and heated under reflux for 4 h. After cooling to RT the solvent was
removed under vacuum yielding a green oil to which diethyl ether (100 mL) was added and
cooled to 0 °C. A solution of sodium hydroxide (6.5 g, 163 mmol) in water (40 mL) saturated
with potassium carbonate was added and the two phases separated. The aqueous layer was
washed with diethyl ether (2 x 50 mL), the organics were combined, dried over MgSQy, filtered
and the solvent removed under vacuum. The product was purified by Kugelrohr distillation (0.1
mbar, 23 — 40 °C) to yield a colourless oil (1.63 g, 29 %).

IH NMR (300 MHz, CDCls) &: 3.09 (2H, t, J = 6.9 Hz, NCHy), 2.72 (6H, s, N(CH3)2), 2.63 (6H,
s, N(CHs)y), 1.54-1.44 (2H, m, CH,CH2CHy), 1.39 — 1.26 (2H, m, CH,CHs), 0.89 (3H, t, J =
7.2 Hz, CH,CHs); *C NMR (101 MHz, CDCls) 8: 160.0 (C=N), 49.3 (NCH;), 39.8 (N(CHs),),
39.0 (N(CHs)2), 35.1 (CH;CH;CHy), 20.7 (CH,CHs), 14.1 (CH,CHs); HRMS (ESI): [M+H]*
m/z = Found: 172.1809. Calculated: 172.1808. Spectral data are consistent with the literature.??

7.3.34 Pentamethylguanidine 65
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Prepared following a procedure reported by Elabd.'*” Oxalyl chloride (5.65 mL, 64.8 mmol, 1.6
equiv) was added dropwise to a stirred solution of tetramethylurea (4.8 mL, 40 mmol, 1 equiv)
in anhydrous dichloroethane (50 mL). The resulting yellow/green solution was heated to 60 °C
for 2.5 h, cooled to RT and the solvent removed under vacuum. The yellow solid was dissolved
in anhydrous ethanol (27 mL), stirred and cooled to 0 °C. A solution of methylamine in ethanol
(33 mL, 33 wt%, 355 mmol, 8.9 equiv) was added dropwise over 30 mins, slowly warmed to
RT, heated under reflux for 4 h and stirred overnight at RT to give a yellow/brown solution.
The solvent was evaporated under reduced pressure to yield a yellow oil/solid to which diethyl
ether (120 mL) was added, cooled to 0 °C. A solution of NaOH (8.15 g, 204 mmol) in water
(50 mL) saturated with potassium carbonate was added and the two layers separated. The
aqueous layer was extracted with diethylether (2 x 80 mL), the organics were combined, dried
over MgSQq, filtered and solvent evaporated under reduced pressure. The product was purified
by Kugelrohr distillation (0.2 mbar, 23 °C) to yield a colourless oil (0.97 g, 19 %).

'H NMR (400 MHz, CDCls) 8: 2.90 (3H, s, NCH3), 2.73 (6H, s, N(CHs)2), 2.61 (6H, s, N(CH3),)
13C NMR (101 MHz, CDCls) 8: 161.7 (C=N), 39.7 (N(CHz)2), 39.0 (N(CHa)), 37.2 (NCHs3);
HRMS (ESI): [M+H]" m/z = found: 130.1341. Calculated: 130.1339. Spectral data are

consistent with the literature?

7.3.35 N-Phenylsilylmorpholine 53

()
(0] N—-Si
VAN

A modified protocol reported by Ripoll was followed.'® Under an N, atmosphere, triethylamine
(1.4 mL, 10 mmol, 1 equiv) was added to a solution of morpholine (875 pl, 10 mmol, 1 equiv)
in anhydrous, degassed DCM (10 mL). After cooling to -40 °C, chlorophenylsilane (1.36 ml,
10 mmol, 1 equiv) was added dropwise over 15 mins leading to the formation of a white
precipitate. The solution was stirred at -40 °C for 60 mins before slowly warming to RT and
stirred overnight. Degassed, anhydrous hexane (10 mL) was added to the solution and filtered
via filter paper and cannula and the solvent evaporated to give a yellow oil. Further hexane (25
mL) was added to the resulting oil, leading to further precipitation of a white solid which was
removed via cannula filtration, and the solvent removed under vacuum to give a yellow oil. The
resulting oil was purified by vacuum distillation (0.1 mbar, 53.5-54.5 °C) to yield a clear
colourless oil (1.24 g, 64 %).

'H NMR (400 MHz, CDsCN) &: 7.66-7.63 (2H, m, ArH), 7.49-7.41 (3H, m, ArH), 4.85 (2H, s,

SiH,), 3.52 (4H, t, J = 4.6 Hz, O(CHs)z), 2.92 (4H, t, J = 4.6 Hz, N(CH,)2); *C NMR (101 MHz,

CDsCN) &: 135.8 (Ar-C), 131.3 (Ar-C), 129.2 (Ar-C), 68.7 (O(CH,)2), 47.9 (N(CH,)z), (partial
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assignments due to overlap with decomposition product). 2Si NMR (79 MHz, CDsCN) &: - 23.3
(t, J=205.8 Hz). FTIR/ ATR (1 M solution in MeCN) (cm™): 1257, 1113, 968, 918, 877, 742,
703

The product was found to be very sensitive to moisture and on exposure to moisture in the air
or water would decompose to 1,3-diphenyldisiloxane 56 and morpholine 18 and thus was stored
under N at -18 °C.

1,3-Diphenyldisiloxane 56

HooH IH NMR (400 MHz, CDCls) &: 7.68 — 7.33 (10H, m, ArH), 5.13 (s,
@?_O'EO 4H): EI-MS (rel. int) m/z = 230.1 (M*,48 %), 152.0 (100), 151.0
(97), 107.0 (40), 105.0 (25), 74.0 (38). Spectral data are consistent

with the literature.’?®

56

7.3.3.6 Stabilisation of morpholine carbamate by diphenylthiourea 46

(Prepared by B.N. Nguyen)

A 14 mL vial with septum was charged with a solution of TMG (100 uL, 0.797 mmol),
diphenylthiourea 46 (182.0 mg, 0.797 mmol) and morpholine (69.7 uL, 0.797 mmol) in toluene
(8 mL) under nitrogen. A balloon of dried CO, with a 25G needle was introduced to the vial
without stirring. CO; was allowed to slowly diffuse into the solution at room temperature to

afford colourless cubic crystals overnight. For details of structure see Appendix 1.

7.3.4  Procedure for Reaction Monitoring by GC

7.34.1 Standard Procedure

/\ Catalyst (0 - 5 mol%) Vam\ //O /\
(@] NH + CO, + PhSiH; O N—C\ + O N—CHs
j— Biphenyl (5 mol%) " Y p—
MeCN (2 mL)
2 mmol 2 mmol o
18 26 0-60 °C, CO, (1.8 bar) 24 48

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO.. A solution of morpholine (175 pl, 2 mmol, 1 equiv), biphenyl (15.4 mg,
0.1 mmol, 5 mol%) and guanidine catalyst (0 - 0.1 mmol, 0 - 5 mol%) in acetonitrile (2 mL)
was prepared under a N2 atmosphere and added to the CO- flushed Schlenk tube. The solution
was stirred at 1000 rpm at reaction temperature, 1.8 bar CO», for 15 mins. Phenylsilane (247 pl,

2 mmol, 1 equiv) was added to commence the reaction and kinetic monitoring started. Regular

164



samples (approx. 0.02 mL) were taken and diluted in methanol to quench the reaction for

analysis by GC.

The reaction outcome was further confirmed by GCMS analysis (0.1 mL of reaction mixture in
1 mL DCM) and solvent evaporated from the remaining reaction mixture under reduced

pressure for analysis by NMR.

7.3.4.2 GC Analysis

GC samples were analysed on an Agilent HP 6890 Series Gas Chromatography system fitted
with a FID detector and an Agilent DB-624 column (30 m x 250 um x 1.4 um). Temperature
method: held for 3 mins 40 °C, increased to 140 °C at 12 °C / min, to 200 °C at 5 °C / min and
held at 200 °C for 15 mins. Gas flow rate of 3.0 mL/min at 15 psi.

To determine product yields calibration curves were prepared using commercial samples with
biphenyl as an internal standard (IS). Standard solutions of morpholine, N-formylmorpholine,
N-methylmorpholine and biphenyl in methanol from 0.0001 M — 0.04 M were prepared and

their response in peak area measured.

7.3.4.3 Calibration Curves

2500 -
© y = 100491x + 8.6117
© 2000 - RZ=1
x y = 380485x - 3.9046 y = 73277x - 28.343
8_1500 | R?=0.9998 R? =0.9999
9 .
g <76816x + 4.839 Morpholine
§1000 . R2=0.9999 Formylmorpholine
o
Q Biphenyl
O 500 -
Methylmorpholine
O T T T 1
0 0.01 0.02 0.03 0.04
Concentration (M)
Retention Time / ) Response Factor
Compound ) Gradient )
min relative to IS
Morpholine 18 8.0 73277 0.1926
Formylmorpholine 24 15.3 76816 0.2019
Methylmorpholine 48 7.6 100491 0.2641
Biphenyl 19.9 380485 1
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Concentration of reaction component calculated by:

gradient(component)
gradient (IS)

Response Factor =

response(component) [component]
= Response Factor X —————
response(lS) [1S]
Thus:
response(component) [1S]
[Component] =
response (IS) Response Factor
7.3.4.4 Example GC Traces: 15.7 min
_ PhSi(OMe);
Example GC Trace of reaction start (30 s): @\
pA éfé SI/OMe
1 ® MeG ©OMe
250 8.0 min
1 Morpholine 15.3 min
1 Formylmorpholi
200 O/_\NH ormylmorpho |nt(e) oo
] / \ .J min
1/ o} N—< -
] \ / iphenyl
150 . H
] N
4 ! N
100—: E@,@ o ‘\q:\'.‘
] e
50 I
;I | N
5 I I 1b I I 1‘5 I ‘ I 2‘0 I I 2|5 I mmI
Example GC Trace near reaction end (4 h):
pA 7.6 min =
1 N-Methylmorpholine ®
140 I\
] g  N—
120 N/
100 »//\(?u
] © 'Q’ ‘b%%
80 E?,}Q:b o &
4 b Q}’b...
60 ’ i & i
4 ™ o
] 5 T g o |
I - e I
5 S0 4 w23

The formation of dimorpholinomethane 57 in some reactions could be observed in the GC trace;
however due to its decomposition on the column and subsequent overlap with the morpholine
signal neither morpholine nor dimorpholinomethane 57 could be reliably quantified during

many cases of reaction monitoring where dimorpholinomethane 57 is a significant intermediate.
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7.345 Kinetic Experiments — reaction conditions used

Vam\ Catalyst (0 - 5 mol%) /\ (0] /\
O NH + CO, + PhSiH3 o N—é\/ + O  N—CH,
N/ Biphenyl (5 mol%) ~— p—
MeCN (2 mL)
2 mmol 2 mmol o
18 % 0 -60 °C, CO, (1.8 bar) o4 48

Reactions were performed using the standard procedure outlined in Section 7.3.4.1. Variations
to reagent conditions as outlined below:

Entry (mlriol) (Pr:ig:; Catalyst cI:oaatZIl :Zzt -I;S?)p PFSS(S)lj re
(mol%) (bar)
1 2 2 TMG 5 60 1.8
2 2 2 TMG 5 23 1.8
3 2 2 TMG 5 0 1.8
4 2 2 TMG / 46 5/5 60 1.8
5 2 2 TMG / 46 5/5 23 1.8
6 2 2 TBD 5 60 1.8
7 2 2 TBD 5 23 1.8
8 2 2 TMG 1 60 1.8
9 2 2 TMG 1 23 1.8
10 2 4 TMG 5 60 1.8
11 2 1 TMG 5 60 1.8
12 2 1 TMG 5 23 1.8
13 2 2 TMG 5 23 1.2
149 2 2 TMG 5 23 19
15 1 1 TMG 5 23 1.8
16 0.2 0.2 TMG 5 23 1.8
17 1 1 TMG 10 23 1.8
18 2 2 - 0 60 1.8
19 2 2 - 0 23 1.8
20 2 2 TMG 5 60 1.8

3 Reaction at 1 bar CO, performed on CO; line with bubbler open at 1-2 bubbles a second

b) 10 mol% water added

7.3.4.6 Kinetic Experiments — kinetic data:
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Entry 1

Time 18/M 24/M 48/ M
/ min

0.00 0.9794 0.0000 0.0000
0.17 0.9028 0.0499 0.0000
2.50 0.6781 0.3011 0.0000
5.00 0.5878 0.4131 0.0000
10.00 0.5078 0.4736 0.0021
20.00 0.4735 0.5121 0.0029
30.00 0.3988 0.5229 0.0035
45.00 0.3634 0.5861 0.0075
60.00 0.3058 0.6256 0.0132
90.00 0.1366 0.7309 0.0340
120.00 0.1892 0.7255 0.0568
150.00 0.0454 0.7818 0.0674
180.00 0.0456 0.7788 0.0801
240.00 0.0250 0.8214 0.0928
300.00 0.0023 0.8720 0.1156
360.00 0.0211 0.8902 0.1204

Entry 3

Time 18/ M 24| M 48/ M
/ min

0.00 1.0385 0.0000 0.0000
0.30 0.4547 0.0068 0.0000
2.67 0.7682 0.0149 0.0000
6.00 0.7532 0.0604 0.0000
11.00 0.7047 0.1279 0.0000
16.67 0.6867 0.1773 0.0000
25.18 0.6403 0.2887 0.0000
35.67 0.5907 0.3879 0.0000
45.25 0.5283 0.4640 0.0000
60.33 0.4501 0.5411 0.0000
90.67 0.4253 0.5871 0.0000
123.08 0.4017 0.6202 0.0000
153.33 0.3312 0.6202 0.0000
182.00 0.3623 0.6660 0.0000
215.00 0.2795 0.7436 0.0000
243.00 0.2361 0.7809 0.0000
361.50 0.0000 0.7528 0.0000
480.00 0.0000 0.8356 0.0000
1320.0 0.0000 1.0466 0.0000
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Entry 2

Time 18/M  24/M 48/ M
/ min

0.00 1.0357 0.0000 0.0000
0.17 0.9595 0.0180 0.0000
2.50 0.7581 0.2195 0.0000
5.00 0.5818 0.3657 0.0000
10.00 0.4123 0.4941 0.0000
20.00 0.2462 0.6542 0.0038
30.00 0.1868 0.7371 0.0071
45.00 0.1159 0.8381 0.0127
60.00 0.0000 0.8462 0.0142
90.00 0.0000 0.8781 0.0198
120.00 0.0000 0.8875 0.0231
150.00 0.0000 0.9091 0.0254
180.00 0.0000 0.8859 0.0277
240.00 0.0000 0.9424 0.0218
300.00 0.0000 0.9545 0.0250
360.00 0.0000 0.9737 0.0242

Entry 4

Time 18/ M 241 M 48 1 M
/ min

0.00 1.0006 0.0000 0.0000
0.33 0.9333 0.0157 0.0000
2.50 0.7867 0.1250 0.0000
5.08 0.7864 0.1913 0.0000
10.00 0.6761 0.2720 0.0000
20.08 0.5843 0.3155 0.0000
30.08 0.5851 0.3495 0.0031
45.00 0.6375 0.3701 0.0045
60.83 0.4937 0.4063 0.0055
90.17 0.3427 0.5575 0.0120
120.00 0.0000 0.6655 0.0387
183.08 0.0000 0.7603 0.0903
240.50 0.0000 0.8075 0.1239
364.00 0.0000 0.8309 0.1316




Entry 5
Time 18/M 24/M 48/ M
/ min
0.00 0.9842 0.0000 0.0000
0.33 0.9348 0.0006 0.0000
2.58 0.8758 0.0626 0.0000
5.08 0.8507 0.0996 0.0000
10.58 0.7189 0.2109 0.0000
20.08 0.6060 0.3354 0.0000
30.00 0.4961 0.4184 0.0000
45.17 0.3988 0.5188 0.0000
60.17 0.3122 0.6053 0.0023
90.08 0.2238 0.6988 0.0060
120.00 0.1432 0.8078 0.0107
180.00 0.1310 0.8352 0.0206
240.00 0.0000 0.8706 0.0198
360.00 0.0000 0.9326 0.0246
Entry 7
Time 18/M 24/M 48/ M
/ min
0.00 1.0688 0.0000 0.0000
0.33 0.7264 0.0000 0.0000
2.50 0.9016 0.0441 0.0000
5.00 0.7931 0.0743 0.0000
10.00 0.7833 0.1364 0.0000
20.00 0.7002 0.2196 0.0000
30.00 0.6761 0.3101 0.0000
45.00 0.5049 0.3445 0.0000
60.00 0.4425 0.4083 0.0000
90.00 0.4403 0.5560 0.0021
120.00 0.4055 0.5671 0.0045
150.00 0.3565 0.6400 0.0098
180.00 0.2425 0.7617 0.0155
241.00 0.1683 0.8247 0.0234
300.00 0.1357 0.8723 0.0313
360.00 0.0897 0.9287 0.0373
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Entry 6

Time 18/M 24/M 48/ M
/ min

0.00 1.0742 0.0000 0.0000
0.17 0.9551 0.0170 0.0000
2.50 0.8797 0.1165 0.0000
5.00 0.7550 0.2431 0.0000
10.00 0.5859 0.4038 0.0000
20.00 0.4489 0.4672 0.0000
30.00 0.4390 0.5198 0.0000
45.00 0.3991 0.5886 0.0079
60.00 0.2915 0.6863 0.0197
90.00 0.2260 0.7253 0.0559
120.00 0.1727 0.7642 0.0815
150.00 0.0965 0.8065 0.1202
180.00 0.0234 0.8657 0.1491
241.00 0.0000 0.9065 0.1623
300.00 0.0000 0.9146 0.1546
360.00 0.0000 0.9202 0.1657

Entry 8

Time 18/ M 24| M 48 1 M
/ min

0.50 0.8616 0.0394 0.0000
2.50 0.6450 0.2389 0.0000
5.33 0.5021 0.3537 0.0000
7.50 0.4749 0.3951 0.0000
10.00 0.4636 0.4106 0.0000
15.00 0.4605 0.4307 0.0000
20.17 0.4361 0.4432 0.0000
30.00 0.3887 0.4632 0.0000
45.00 0.3984 0.4766 0.0000
60.00 0.3798 0.4934 0.0000
90.00 0.3798 0.5133 0.0038
120.00 0.3656 0.5245 0.0064
152.66 0.2804 0.6143 0.0107
180.66 0.2782 0.6094 0.0157
240.00 0.2323 0.6106 0.0294
300.00 0.1861 0.6684 0.0430
360.00 0.2175 0.6485 0.0659
480.00 0.1717 0.6642 0.0082




Entry 9
Time 18/M 24/M 48/ M
/ min
0.33 1.0735 0.0047 0.0000
2.83 0.8722 0.0839 0.0000
5.00 0.7926 0.1629 0.0000
7.50 0.7410 0.2284 0.0000
10.00 0.6654 0.2524 0.0000
15.00 0.5887 0.3469 0.0000
20.00 0.5882 0.3836 0.0000
30.00 0.5185 0.4626 0.0000
45.25 0.4772 0.5023 0.0012
60.00 0.4771 0.5044 0.0020
90.00 0.4346 0.5549 0.0035
120.50 0.3405 0.5944 0.0049
150.50 0.3838 0.6030 0.0066
180.00 0.3551 0.6304 0.0083
240.00 0.3211 0.6659 0.0112
300.00 0.1597 0.8099 0.0162
360.00 0.1860 0.8423 0.0366
480.00 0.0000 0.8858 0.0382
Entry 11
Time 18/M 24/M 48/ M
/ min
0.18 0.0441 0.0000
2.68 0.4151 0.0000
5.00 0.4025 0.0000
7.50 0.4285 0.0000
10.00 0.4319 0.0000
15.00 0.4347 0.0000
20.00 0.4569 0.0000
30.00 0.4485 0.0000
90.50 0.4964 0.0000
120.33 0.5066 0.0000
301.00 0.5061 0.0000
365.50 0.5145 0.0000
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Entry 10

Time 18/M 24/M 48/ M
/ min
0.00 0.9708 0.0000 0.0000
0.17 0.8427 0.0511 0.0000
2.50 0.6439 0.2254 0.0000
5.00 0.5278 0.2806 0.0000
7.50 0.4845 0.3229 0.0035
10.00 0.4768 0.3421 0.0028
14.50 0.4338 0.3841 0.0037
20.00 0.4276 0.4269 0.0074
30.00 0.3396 0.4984 0.0108
45.17 0.2581 0.6015 0.0343
60.66 0.0000 0.6670 0.0890
90.00 0.0000 0.6879 0.2756
120.00 0.0000 0.6958 0.2687
150.00 0.0000 0.6952 0.2742
180.00 0.0000 0.6924 0.2806
241.43 0.0000 0.6773 0.3028
300.00 0.0000 0.6962 0.2690
361.00 0.0000 0.6910 0.2693
Entry 12
Time 18/M 24/M 48/ M
/ min
0.00 1.0726 0.0000 0.0000
0.30 1.0788 0.0021 0.0000
2.50 0.8865 0.1652 0.0000
10.00 0.5272 0.3818 0.0000
20.00 0.5005 0.4762 0.0000
40.00 0.4505 0.5393 0.0000
60.00 0.4813 0.5732 0.0000
120.00 0.4426 0.6110 0.0000
240.00 0.4011 0.6356 0.0000
360.00 0.4195 0.6393 0.0000




Entry 13
Time 18/M 24/M 48/ M
/ min
0.00 1.0379 0.0000 0.0000
0.33 0.8373 0.0033 0.0000
2.50 0.8127 0.1267 0.0000
10.00 0.6330 0.3433 0.0000
20.00 0.4949 0.4904 0.0000
40.00 0.3571 0.6231 0.0000
60.00 0.2625 0.6356 0.0055
120.00 0.2149 0.7853 0.0113
240.00  0.0000 0.8542 0.0217
360.00  0.0000 0.9184 0.0240
Entry 15

Time 18/M 24/M 48/ M
/ min

0.00 0.4923 0.0000 0.0000

0.33 0.3938 0.0000 0.0000

2.50 0.4091 0.0814 0.0000

5.08 0.3339 0.1579 0.0000
10.50 0.2542 0.2233 0.0000
20.00 0.1460 0.3057 0.0000
30.00 0.1137 0.3265 0.0000
60.00 0.0430 0.4194 0.0069
90.00 0.0027 0.4404 0.0101
121.00  0.0018 0.4589 0.0125
183.00 0.0000 0.4797 0.0134
242.50 0.0024 0.4709 0.0129
300.00 0.0015 0.4799 0.0125
360.00 0.0000 0.4866 0.0139
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Entry 14

Time 18/M 24/M 48/ M
/ min
0.00 1.0184 0.0000 0.0000
0.30 0.9495 0.0128 0.0000
2.58 0.9329 0.0855 0.0000
10.00 0.7365 0.1971 0.0000
20.00 0.6303 0.2584 0.0011
41.00 0.6018 0.4070 0.0023
60.00 0.4220 0.4006 0.0023
120.00 0.4023 0.5021 0.0027
240.00 0.0000 0.6029 0.0068
360.00 0.0000 0.6948 0.0134
532.00 0.0000 0.9004 0.0221
1320.0 0.0000 0.9941 0.0750
Entry 16
Time 18/M 24/M 48/ M
/ min
0.00 0.1142 0.0000 0.0000
2.50 0.1041 0.0015 0.0000
10.00 0.0785 0.0278 0.0000
20.00 0.0544 0.0499 0.0000
41.00 0.0289 0.0743 0.0000
60.00 0.0194 0.0839 0.0000
120.00 0.0079 0.0976 0.0000
240.00 0.0052 0.0992 0.0000
360.00 0.0000 0.1023 0.0000




Entry 17

Time 18/M 24/M 48/ M

/ min

0.33 0.4795 0.0041 0.0000

2.50 0.3553 0.1549 0.0000

10.00 0.1722 0.3306 0.0016

20.18 0.0747 0.4249 0.0040

40.18 0.0000 0.4823 0.0069

60.00 0.0000 0.5153 0.0132

120.00 0.0000 0.5331 0.0173

240.18 0.0000 0.5264 0.0173

360.00 0.0000 0.5421 0.0171
Entry 19

Time 18/M 24/M 48/ M

/ min

0.20 0.5572 0.0000

120.00 0.9993 0.0431

240.00 0.9167 0.0465

510.00 0.9698 0.0664

1170.0 0.8864 0.1164

1710.0 0.8589 0.1526

2730.0 0.7980 0.2227

3030.0 0.7503 0.2324

4560.0 0.6401 0.3424

5400.0 0.5899 0.4211

5880.0 0.5425 0.4548

6840.0 0.4312 0.4879

7320.0 0.4398 0.5328

8280.0 0.4068 0.6063
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Entry 18

Time 18/M 24/M 48/ M
/ min

0.5 0.6053 0.0081

30 0.0709 0.0396

60 0.5558 0.0516

120 0.5660 0.0569

240 0.6062 0.0728

1650 0.5141 0.2304

4128 0.4891 0.3647

5550 0.4880 0.3927

8430 0.4017 0.3971

11070 0.4523 0.4039

Entry 20

Time 18/M 24/M 48/ M
/ min

0.3 0.5281 0.0803 0.0000
15 0.2752 0.4824 0.0000
30 0.2393 0.5501 0.0000
45 0.1782 0.6305 0.0000
60 0.1588 0.7068 0.0112
92 0.0000 0.7424 0.0390
122 0.0000 0.7519 0.0697
152 0.0000 0.7716 0.0822
181 0.0000 0.7869 0.1034
244 0.0000 0.8619 0.1307
299 0.0000 0.8312 0.1846
368 0.0000 0.8928 0.1429




7.3.4.7 Error Calculation

To determine the error in kinetic measurements, two reactions (Entry 1 — 60 °C and Entry 2 —
23 °C) were repeated. Standard deviation from the two repeats for conversion to
formylmorpholine was used to calculate an average error of 9 % for reactions at 60 °C and 3 %
for reactions at 23 °C. As to be expected, the error in the first 20 minutes of the reaction is

greater, due to the faster rate of concentration change leading to error in sampling time.

Repeats at 60 °C

Time Repeat1 Repeat2 Standard % Error
/ min 24| M 24/ M Deviation

2.50 0.2533 0.3011 0.0338 13.33
5.00 0.3245 0.4131 0.0627 19.32
10.00 0.3980 0.4736 0.0535 13.44
20.17 0.4612 0.5121 0.0360 7.81
30.00 0.5096 0.5229 0.0094 1.84
45.00 0.5711 0.5861 0.0106 1.86
60.66 0.6216 0.6256 0.0028 0.45
90.83 0.6460 0.7309 0.0600 9.29
120.33 0.6579 0.7255 0.0478 7.26
151.00 0.6675 0.7818 0.0809 12.12
186.00 0.6936 0.7788 0.0603 8.69
241.50 0.7279 0.8214 0.0661 9.08
314.00 0.7725 0.8720 0.0704 9.11
362.66 0.7762 0.8902 0.0806 10.39
1 60 °C
1.0 1

Z 084 . .

% 064 ge * °° ) .

@ 17e” e Repeat1

§ 0'4__:. Repeat 2

I 024

0o+
0 60 120 180 240 300 360
Time / min
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24 Concentration / M

Repeats at 23 °C

Time Repeat1 Repeat2 Standard % Error
/ min 24| M 241 M Deviation

2.50 0.2398 0.2195 0.0144 6.55
5.00 0.3859 0.3657 0.0142 3.89
10.00 0.5550 0.4941 0.0431 8.72
20.00 0.7011 0.6542 0.0332 5.08
30.00 0.7839 0.7371 0.0331 4.50
45.00 0.8599 0.8381 0.0155 1.84
60.00 0.8826 0.8462 0.0257 3.04
90.00 0.9153 0.8781 0.0263 3.00
120.00 0.8621 0.8875 0.0180 2.02
150.00 0.8983 0.9091 0.0077 0.85
180.00 0.8820 0.8859 0.0027 0.31
240.00 0.9654 0.9424 0.0162 1.72
300.00 0.9588 0.9545 0.0030 0.32
360.00 0.9979 0.9737 0.0171 1.76

1 23°C
1.0 H - _ e

_ .o ° ' Y -

084 o

{ e

0.6
[ ]

1 e Repeat 1
0.4 Repeat 2
0.2
0.0 — T — T — T — T — T 1

0 60 120 180 240 300 360

Time / min
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7.3.5  Procedure for Reaction Monitoring by In Situ IR

/\ TMG (1 - 5 mol%) /\ O /\
O NH + CO, + PhSiHs 8 N-¢ + J  N-CHy
f— MeCN (2 mL), /" H N/

2 mmol 2 mmol 23 -60 °C, C02 (1 .8 bar)

A 50 mL oven dried Schlenk tube and stirrer bar fitted with an IR
probe was evacuated and backfilled with CO,. A solution of
morpholine (175 uL 2 mmol, 1 equiv) and TMG (0.02 - 0.1 mmol,
1 - 5 mol%) in acetonitrile (2 mL) was prepared under a N:
atmosphere and added to the CO. flushed Schlenk tube. The
solution was stirred at 1000 rpm at reaction temperature (23 or 60
°C), 1.8 bar CO, and monitored by IR for 5 — 15 mins until an
equilibrium was reached. Phenylsilane (247 pl, 2 mmol, 1 equiv)
was added to commence the reaction.

ATR-IR spectra were collected using a AgX DiComp fiber optic

probe connected to a ReactIR 15 system (Mettler Toledo). Spectra
were collected every 15-30 s over range of 650 - 2500 cm™ at 8 cm™ resolution. Data analysis
was performed using a combination of iC IR 4.3 (Mettler Toledo) or MATLAB software.

Trends are displayed based on the peak height with the solvent (MeCN) background subtracted

and displayed relative to the maximum intensity of each trend.
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7.3.6  Procedure for Reaction Monitoring by NMR

/\ TMG (5 mol%) /\
0 NH + CO, + PhSiH3 0 N-C + O N—CH3;
N/ CD4CN (2 mL) /
1,3,5-trimethoxybenzene (5 mol%)
23-60 °C, CO, (1.8 bar)

2 mmol 2 mmol

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO,. A solution of morpholine (175 pl, 2 mmol, 1 equiv), 1,3,5-
trimethoxybenzene (16.8 mg, 0.1 mmol, 5 mol%) and TMG (12.5 pl, 0.1 mmol, 5 mol%) in
CDsCN (2 mL) was prepared under a N, atmosphere and added to the CO; flushed Schlenk
tube. The solution was stirred at 2000 rpm at 23 / 60 °C, 1.8 bar CO,, for 15 mins. Phenylsilane
(247 ul, 2 mmol, 1 equiv) was added to commence the reaction and kinetic monitoring started.
Regular samples were taken and diluted in either CDs;CN or CDClsin a N2 flushed NMR tube.

'H NMR spectra were collected and referenced relative to the residual acetonitrile peak at 1.94

ppm.

Example *H NMR spectra and assignments used for yield calculation for reaction at 60 °C:

Ho
_______ _C. T T T T T TN
MeO OMe SN PN | hN N ! O/—\Nch
o N-C o) 0,1 31
\Qj PhsiHs | ' wi AT ~ iy
OMe /
360 7/"
l JM l L
| L J L N G
30 s 49
—7T T T T T T T T T T T T
6.2 6.0 42 40 38 36 34 32 30 28 26 24 ppm
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Results for reaction at 60 °C with *H NMR monitoring:

Time / min 18/ M [PhSiH3] / M 241 M 57/ M 48 /M
0.5 0.1876 0.4053 0.1488 0.0000 0.0000
10 0.1125 0.2589 0.3786 0.0168 0.0000
20 0.0857 0.2275 0.4282 0.0226 0.0000
40 0.1170 0.1682 0.5249 0.0388 0.0000
60 0.1160 0.1113 0.6041 0.0575 0.0127
91 0.0000 0.0314 0.5971 0.0835 0.0350
121 0.0000 0.0026 0.6225 0.0990 0.0811
180 0.0000 0.0000 0.6213 0.0688 0.1209
270 0.0000 0.0000 0.7091 0.0379 0.1545
360 0.0000 0.0000 0.7001 0.0088 0.1453

1.0 4
0.8 1
= . o
é 0.6 1 L T ¢ e Methylmorpholine
g 1 * Aminal
5 04,° = Phenylsilane
% Formylmorpholine
O o "®
_> - ] é ° ¢ ®
(YO VYU -
0 60 120 180 240 300 360
Time / min

Results for reaction at 23 °C with *H NMR monitoring:

Time/ min 18/ M [PhSiHz] /M 24/ M 57/M 48 | M
0.5 0.4173 0.3930 0.0554 0.0000 0.0000
2.5 0.0571 0.2796 0.2083 0.0028 0.0000
10 0.0247 0.2101 0.4794 0.0106 0.0000
20 0.0236 0.1795 0.5953 0.0157 0.0017
40 0.0167 0.1430 0.7084 0.0171 0.0058
60 0.0000 0.1231 0.7940 0.0147 0.0102
120 0.0000 0.0871 0.8268 0.0076 0.0190
240 0.0000 0.0258 0.8821 0.0041 0.0229
360 0.0000 0.0000 0.8959 0.0000 0.0228
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1.0
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0.8 1 . ¢
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O 02-pn,
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7.3.6.1  Reaction Monitoring by 2°Si NMR

—\ TMG (5 mol%) Ry —
G NH + CO, + PhSiHs 0 N-C +J  N-CH
~/ CD4CN (2 mL) p T

1,3,5-trimethoxybenzene (5 mol%)

2 mmol 2 mmol 23 -60 °C, CO, (1.8 bar)

Following the previously described standard reaction procedure, 0.5 mL samples of the reaction
were taken into a N flushed NMR tube. Non-decoupled 2°Si NMR spectra were collected.

Signals at -90 and -105 ppm are due to background signals.

Reaction at 60 °C (CDsCN, 99.4 MHz):
180 min

30 min

2 min

- T7r T Tt
50 0 -50 -100 -150 -200 ppm
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Phenylsilane spectra:

T
50 0 -50 -100 -150 -200 ppm
Reaction at 23 °C (CDsCN, 99.4 MHz):
30 min
90 s
" Tr T T
50 0 -50 -100 -150 -200 pPpm

7.3.7  Procedure for Reaction Monitoring by HRMS

/—\ TMG (5 mol%) /_\ O /_\
O NH + CO, + PhSiHs d N-¢ + O N-CH
N/ Bipheny! (5 mol%) H pa—
MeCN (2 mL)
2 mmol 2 mmol
o 18b
ot o 60 °C, CO, (1.8 bar) ” "

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO.. A solution of morpholine (175 pl, 2 mmol, 1 equiv), biphenyl (15.4 mg,
0.1 mmol, 5 mol%) and TMG (0.1 mmol, 5 mol%) in acetonitrile (2 mL) was prepared under a
N> atmosphere and added to the CO- flushed Schlenk tube. The solution was stirred at 1000
rpm at 60 °C, 1.8 bar CO, for 15 mins. Phenylsilane (247 ul, 2 mmol, 1 equiv) was added to
commence the reaction and kinetic monitoring started. Regular samples were taken and diluted
in methanol for analysis by mass spectrometry on a Bruker maXis impact instrument by

Electron Spray lonisation in positive ionisation mode.
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Example results:
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NH o) O +N \N
/ N\ / N\ /T N\ TN= o
O NH O  N—CH, AL o N-C N
/ / '|“ '|“ /Ty N—
/
[M+H]" [M+H]* [M+H]* [M+Na]* M

Calculated m/z:
88.0757 102.0913 116.1182 138.0531 213.1715

7.3.8  Relative Solubility of CO; in MeCN at 23 and 60 °C

A 50 mL oven dried Schlenk tube and stirrer bar fitted with an IR probe was evacuated and
backfilled with N,. Acetonitrile (2 mL) was added and a vacuum applied for 60 s, following

which CO; was introduced at 1.8 bar.

ATR-IR spectra were collected using a AgX SiComp fiber optic probe connected to a ReactIR
15 system (Mettler Toledo). Spectra were collected every 15 s over range of 650 - 3000 cm™* at
8 cm? resolution. Data analysis was performed using a combination of iC IR 4.3 (Mettler
Toledo) or MATLAB software. The peak height of the CO, band at 2342 cm™ (asymmetric CO-
stretch) was used to monitor the absorption of CO; into solution.

7.3.9  Procedures for Role of Silylcarbamate Intermediate Studies

All IR spectra discussed in this section were collected using an MB3000 FTIR spectrometer
(ABB Bomem Inc.) connected to a diamond tip ATR probe. Spectra were collected every 30 s
over range of 600 - 1900 cm™ at 4 cm™ resolution. Data analysis and processing performed
using Horizon MB (ABB Bohem Inc.) and MATLAB.

7.3.9.1 Formation kinetics of silylcarbamate by in situ IR

0
/N MeCN /Ny
0 NH + PhSiH3 + CO, o] N—-C R
/ 23/ 60 °C — O-si—R
(0.5 - 1 equiv) Ph
18
e.g. R = OC(O)N(CH,CH,),0

OSiPh
H

A 75 mL oven dried Schlenk tube and stirrer bar fitted with the IR probe was evacuated and
backfilled with CO. A solution of morpholine (175 pl, 2 mmol, 1 equiv.), and phenylsilane (1

—2 mmol, 0.5 -1 equiv.) in acetonitrile (2 mL) was prepared under a N, atmosphere and added
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to the CO- flushed Schlenk tube. The solution was stirred at 1000 rpm at reaction temperature

(23 or 60 °C) at 1.8 bar CO; and IR spectra recorded.

FTIR/ATR (1 M in MeCN) (cm™): 1697 (C=0 stretch), 1430 (Si-Ph ring stretch), 1253 (C-O
stretch), 1242 (C-O stretch), 866 cm™ (Si-H and Si-H stretch)

0.35 -
23°C (0.5 equiv PhSiH )
0.3 23°C (1 equiv PhSiH,) r
0.25 F 60°C (1 equiv PhSiH,) |
| |
4]
g 02f ’ |' I
%] |
o i it f (1
S 015 F i i ]
2 [ Ay J y Mol
< 01} I | f \II i | || | | . h
A C Al i [\ H |
|| I|I ¥ |I i [T || | b .I' |I| 1
005t | | y L LT W oA WL
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7.3.9.2 Characterisation by NMR

CD3CN /—\N Py o /™

o} NH + PhSiH; + CO, o} —-C l;l C-N o}
\__/ 23 °C — O—§i—0
(0.5 equiv) Ph

A solution of morpholine (52 ul, 0.6 mmol, 1 equiv), and phenylsilane (37 ul, 0.3 mmol, 0.5
equiv) in CDsCN (0.6 mL) was prepared under a N, atmosphere in a Young’s tap NMR tube.
Whilst under N, the solution was frozen using lig. N2 and evacuated and backfilled with CO,
at 1.1 bar for two cycles. The solution was slowly left to warm to RT and regularly shaken to

ensure adequate transfer of CO; into solution.

IH NMR (500 MHz, CDsCN) §: 7.87-7.78 (2 H, m, ArH), 7.57-7.44 (3 H, m, ArH), 5.47 (1 H,
s, Si-H), 3.62-3.58 (8 H, t, J = 4.8 Hz, O(CH3)2), 3.45-3.43 (8 H, t, J = 4.9 Hz, N(CH,)2); :*C
NMR (126 MHz, CDsCN) & 153.8 (NC(0)0), 135.1 (Ar-C), 132.6 (Ar-C), 131.5 (Ar-C), 67.0
(O(CH,)2), 45.3 (N(CHy>),) (partial assignment due to overlap of signals); 2Si NMR (99 MHz,
CDsCN) 6: - 31.18 ppm (td, J = 281.6, 6.3 Hz)
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7.3.9.3 Reaction under N to probe for silylmorpholine species 52

T\ TMG (5 mol%) Vam\ Ph
O  NH  + PhSiHg -oooommmmmmmemmmmoees - O  N-Si-H
—/ CD5CN, N, " R

18 60 °C, 6 h 52

A solution of morpholine (53 pl, 0.6 mmol, 1 equiv), phenylsilane (74 ul, 0.3 mmol, 0.5 equiv)
and TMG (3.8 uL, 0.03 mmol, 5 mol%) in CDsCN (0.6 mL) was prepared under a N2
atmosphere in a Young’s tap NMR tube. The solution was heated to 60 °C in an oil bath, and

removed briefly to collect NMR spectra at regular intervals.

7.3.94 Insertion of CO; into phenylsilylmorpholine 53

d o
major
/" o-si—H ’
/\ 'T' acetonitrile Ph
0 N-Si + CO, 50
\__/ |l| RT +
g N-¢ H c-N O mi
53 (1.1 bar) - | - minor
\_/ \O_§I_O/ \_/
Ph
49

Monitoring by NMR:

A solution of N-phenylsilylmorpholine (116 mg, 0.6 mmol) in CD3CN (0.6 mL) was prepared
under N2 in a Young’s tap NMR tube. The solution was frozen using lig. N2, evacuated and
backfilled with CO, at 1.1 bar. The solution was slowly warmed to RT and regularly shaken to

ensure adequate transfer of CO; into solution.

Monitoring by FT-IR:

A 75 mL oven dried Schlenk tube and stirrer bar fitted with the IR probe was evacuated and
backfilled with N. A solution of N-phenylsilylmorpholine (390 mg, 2 mmol) in MeCN (2 mL)
was prepared and added to the Schlenk tube at RT. IR spectra were recorded every 30 s, and the
Schlenk tube was flushed with CO, for 60 s, and then pressurised to 1.8 bar CO,. Insertion of

CO, was complete within 10 minutes.
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7.3.9.5 Reactivity of Silylcarbamate Intermediate

PhSiH; + CO,
MeCN /S 9 O //\ TMG(mol%) ,— 0
I\ Q NC H CcN 0 o N-C
+ 0 NH  co,(18bay 0-si—0 / (02mLMeCN) /W
23 /60 °C, 10 min Ph
18 49 24

A 75 mL oven dried Schlenk tube and stirrer bar fitted with the IR probe was evacuated and
backfilled with CO.. A solution of morpholine (175 pl, 2 mmol, 1 equiv.), and phenylsilane (1
—2 mmol, 0.5 -1 equiv.) in acetonitrile (2 mL) was prepared under a N, atmosphere and added
to the CO; flushed Schlenk tube. The solution was stirred at 1000 rpm at 23 or 60 °C at 1.8 bar
CO;, for 10 minutes until the silylcarbamate species had formed. After 10 mins a solution of
TMG (12.5 pl, 0.1 mmol, 5 mol%) in acetonitrile (0.2 mL) was added to the reaction and

reaction monitored for further 4 — 6 h.

Example IR spectra of reaction at 23 °C at the start of reaction, the silylcarbamate (before TMG

addition) and the end of the reaction:
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7.3.9.6 Reactivity of silylcarbamate intermediate with TMG after 60 mins N flush:

PhSiH; + CO, N, flush
(2 mmol) MeCN /\ //O O\\ —\ 2

TMG (5mol%) ~—— H

/ \ \ / \ /
+ 0 NH CO, (1.8 bar) 0-8i—0 (0.2 mL MeCN)
.2mL Me

23 °C, 10 min Ph
(2 mmol)
18 49 24

A 75 mL oven dried Schlenk tube and stirrer bar fitted with the IR probe was evacuated and
backfilled with CO,. A solution of morpholine (175 ul, 2 mmol, 1 equiv.), and phenylsilane
(247 ul, 2 mmol, 1 equiv.) in acetonitrile (2 mL) was prepared under a N2 atmosphere and added
to the CO; flushed Schlenk tube. The solution was stirred at 1000 rpm at 23 or 60 °C at 1.8 bar
CO- for 10 minutes until the silylcarbamate species had formed. After 10 min the reaction was
flushed with N for 60 mins to remove all CO, from solution and head space (Removal of CO;
was monitored by IR band at 660 cm™ until reached a stable level). Following this, a solution
of TMG (12.5 pl, 0.1 mmol, 5 mol%) in acetonitrile (0.2 mL) was added to the reaction and

reaction monitored for further 4 h.

7.3.9.7 Reaction of silylcarbamate intermediate with monitoring by GC:

To give accurate conversion data for the reactivity of the silylcarbamate intermediate, the above
reactions were repeated with sampling for GC analysis. Conversions calculated relative to

internal standard of biphenyl (5 mol%) using methods describe in Section 7.3.4.
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7.3.10 Procedures for Role of Formoxysilane Intermediate Studies
7.3.10.1  Monitoring reduction of CO with PhSiHs by in situ FT-IR

TMG (0 - 5 mol%)
MeCN H,
PhSiH; + CO, Ph—Si -O\
CO, (1.8 bar) //C—H
23 -60°C, 60 min

A 75 mL oven dried Schlenk tube and stirrer bar fitted with the IR probe was evacuated and
backfilled with CO.. A solution of TMG (0 - 0.1 mmol, 0 - 5 mol%) in acetonitrile (2 mL) was
prepared under a N2 atmosphere and added to the CO- flushed Schlenk tube. The solution was
stirred at 1000 rpm at 23 or 60 °C at 1.8 bar CO, for 15 minutes to allow for temperature
equilibration. Phenylsilane (247 ul, 2 mmol, 1 equiv) was added and spectra collected every 30

s for a further 60 mins.

7.3.10.2  Monitoring reduction of CO, with PhSiH; by *H NMR

TMG (5 mol%)

CD3CN H,
PhSiH; + CO, Ph—Si 'O\
CO, (1.8 bar) //C—H
60°C, 60 min

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a suba seal was evacuated and
backfilled with CO,. A solution of TMG (125 pl, 0.1 mmol, 5 mol%) and 1,3,5-
trimethoxybenzene (16.8 mg, 0.1 mol, 5 mol%) in acetonitrile (2 mL) was prepared under a N
atmosphere and added to the CO, flushed Schlenk tube. The solution was stirred at 1000 rpm
at 23 or 60 °C at 1.8 bar CO, for 15 minutes to allow for temperature equilibration. Phenylsilane
(247 pl, 2 mmol, 1 equiv) was added and regular samples (0.1 mL) taken and diluted in CDCl3
(0.5 mL) for *H & 3C NMR analysis.

7.3.10.3  Monitoring addition of morpholine to product of reduction between CO; and
PhSiH; by FT-IR

/N .
Ho (0] NH (1 equiv)
_ TMG (5 mol%) Ph—Si -O / e
PhSiH; + CO, : oty - o N-C
MeCN, 60°C % MeCN, 60°C /  H
60 min o 360 min

A 75 mL oven dried Schlenk tube and stirrer bar fitted with the IR probe was evacuated and
backfilled with CO,. A solution of TMG (12.5 pl, 0.1 mmol, 5 mol%) in acetonitrile (2 mL)
was prepared under a N2 atmosphere and added to the CO- flushed Schlenk tube. The solution
was stirred at 1000 rpm at 60 °C at 1.8 bar CO, for 15 minutes to allow for temperature

equilibration. Phenylsilane (247 ul, 2 mmol, 1 equiv) was added and spectra collected every 30
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s for a further 60 mins. After 60 mins morpholine (175 pl, 2 mmol, 1 equiv) in MeCN (0.2 mL)
was added to the reaction.

7.3.10.4  Monitoring addition of morpholine to product of reduction between CO, and
PhSiHs by FT-IR

o] NH (1 equiv)

H
st + cO TMG (5 mol%) ph—s’-0 Npflush S/ P
Ing + 2 M (0] N—C\
MeCN, 60°C FH 6omins  MeCN,60°C /|
60 min o 360 min

A 75 mL oven dried Schlenk tube and stirrer bar fitted with the IR probe was evacuated and
backfilled with CO,. A solution of TMG (12.5 pl, 0.1 mmol, 5 mol%) in acetonitrile (2 mL)
was prepared under a N2 atmosphere and added to the CO- flushed Schlenk tube. The solution
was stirred at 1000 rpm at 60 °C at 1.8 bar CO, for 15 minutes to allow for temperature
equilibration. Phenylsilane (247 ul, 2 mmol, 1 equiv) was added and spectra collected every 30
s for a further 60 mins. After 60 min the reaction was flushed with N for 60 mins to remove all
CO; from solution and head space (Removal of CO, was monitored by IR band at 660 cm™ until
reached a stable level). Following this, a solution of morpholine (175 pl, 2 mmol, 1 equiv) in
MeCN (0.2 mL) was added to the reaction.

7.3.10.5 Monitoring addition of morpholine to product of reduction between CO; and

PhSiHs; by GC
/N .
H, (0] NH (1 equiv)
. TMG (5 mol%) ph—si -0 N, flush ~/ S\ 9
\ —
PhSiH3; + CO, C—H : - (0] N—C
MeCN, 60°C O// 0 - 60 mins MeCN, 60°C / H
15 - 60 min 360 min

Biphenyl (5 mol%)
To give accurate rate of conversion for addition of morpholine to the formoxysilane
intermediate, the above reactions were repeated with sampling for GC analysis. Conversions

were calculated relative to internal standard of biphenyl (5 mol%) using method describe in
Section 7.3.4.

7.3.10.6  Monitoring addition of morpholine to product of reduction between CO, and
PhSiHs by NMR

Monitoring the reaction by GC and IR did not enable accurate conversion of the aminal 57
species, thus reactions were repeated using the procedure described above in CDsCN with
monitoring by *H NMR.
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S\ 18

O NH ,
TMG (5 mol%) pp—nZ.0 N flush s/ (Tequv)
PhSiH; + CO, Yoty
CD4CN, 60°C J 0 - 60 mins CD4CN, 60°C
15 - 60 min 360 min
1,3,5-trimethoxybenzene
(5 mol%) o
/Ny /\
o N-C O  N—CHs
~—~ H __/
24 H, 48
PN
N" N
SRY
57
% Conversion
Entr Time / min
y 18 24 48 57
1 15 0 75 1 24
2 60 28 38 1 32
3* 60 + N flush 51 26 0 23

Example *H NMR spectra for product ratio determination:

________________

T T T T T T T T T T T T T T T T T T
6.1 60 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20

The peaks highlighted represent those used for conversion calculation relative to integration of

the internal standard, 1,3,5-trimethoxybenzene. The multiplet at 3.59 ppm represents an overlap

of all four morpholine products (CH), in cases where the morpholine peak at 2.96 ppm

overlapped with other reaction components, the integration of the morpholine signal was

determined from the integration of the multiplet at 3.59 ppm with the other morpholine species

subtracted from it.
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7.3.11 Role of Morpholinium Carbamate 19 & 20

7.3.11.1  Preparation Lithium Morpholine Carbamate 58

/o L

Prepared using a modified procedure.*3” A solution of morpholine (1.75 mL, 20 mmol, 1 equiv)
in anhydrous, degassed diethylether was cooled to -78 °C and n-BuLi (13.3 mL, 1.5 M in
hexanes, 20 mmol, 1 equiv) added dropwise over 15 mins. The solution was stirred for 60 mins
and slowly warmed to RT. After cooling back to -78 °C, CO, was introduced via a balloon and
stirred for 2 h before slowly warming to RT. The solvent was removed by cannula filtration and
the white solid washed with hexane (3 x 15 mL) and dried under vacuum to give a white solid
(1.84 g, 67 %).

FTIR/ ATR (cm™): 2960, 2896, 2855, 1554 (NCO,), 1473, 1424, 1302, 1279, 1111, 811, 608,
567. Poor solubility prevented characterisation by NMR.

Literature for sodium morpholine carbamate:?? IR frequencies: 1570, 1432, 1280, 810 cm™*

7.3.11.2  Procedure for reaction of Lithium morpholine carbamate 58

Reaction under CO;:

o TMG (5 mol%) /. 9
g \N_/< L + CO, + PhSiH; O N_é\/
__/ o MeCN (2 mL), 21 h H
Biphenyl (5 mol%)
2 mmol 2 mmol 23 °C /60 °C, CO, (1.8 bar) 23 °C: 92%
60 °C: 69 %

Lithium morpholine carbamate (274 mg, 2 mmol, 1 equiv) was added to a 50 mL oven dried
Schlenk tube and stirrer bar which was evacuated and backfilled with CO.. A solution of
biphenyl (15.4 mg, 0.1 mmol, 5 mol%) and TMG (12.5 ul, 0.1 mmol, 5 mol%) in acetonitrile
(2 mL) was prepared under a N> atmosphere and added to the CO; flushed Schlenk tube. The
solution was stirred at 1000 rpm at 23 °C or 60 °C, 1.8 bar CO», for 15 mins. Phenylsilane (247
pl, 2 mmol, 1 equiv) was added to commence the reaction. Regular samples were taken and
filtered for analysis by GC. After 21 h the solvent was removed under vacuum for further

confirmation by NMR.
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= 1.04
. Formylmorpholine 2 e
Time/ y/Mp £ os- .
min g A =
23°C 60 °C S 06 :
O
1 0.0043 0.0077 2 04
60 01111  0.2263 £ 1, s o 60°C
5 0.2 e 23°C
180 0.2538 0.2928 £ oo °
360 0.8490 0.5673 E "0 200 400 600 800 1000 1200 1400
Time (min)
1260 0.9181 0.6922
Under N atmosphere:
0 N TMG (5 mol%) —\ 0
o N4 U+ PhsiH o N-C
o MeCN (2 mL), 24 h /W
Biphenyl (5 mol%)
2 mmol 2 mmol 23°C, N, 0%

Lithium morpholine carbamate (274 mg, 2 mmol, 1 equiv) was added to a 50 mL oven dried
Schlenk tube and stirrer bar which was evacuated and refilled with N. A solution of biphenyl
(15.4 mg, 0.1 mmol, 5 mol%) and TMG (12.5 pl, 0.1 mmol, 5 mol%) in acetonitrile (2 mL) was
prepared under a N, atmosphere and added to the CO; flushed Schlenk tube. The solution was
stirred at 1000 rpm at 23 °C for 15 mins. Phenylsilane (247 pl, 2 mmol, 1 equiv) was added to
commence the reaction. After stirring for 24 h at 23 °C, the reaction was filtered for analysis by

GC and solvent removed under vacuum for further confirmation by NMR.

7.3.11.3  Preparation of Morpholinium Hydrochloride 59
/o NH -
O +NI ClI
_/ H
Prepared following a procedure reported by List.**® Hydrogen chloride in diethyl ether (1.1 mL,
2 M, 2.2 mmol, 1.1 equiv.) was added dropwise to a solution of morpholine (175 pL, 2 mmol,
1 equiv) in diethylether (4 mL) at 0 °C and stirred at RT for 1 h yielding a white precipitate.
The solvent was removed by cannula filtration and the white solid washed with diethylether (3

x 4 mL) and pentane (2 x 4 mL) and dried under vacuum to give a white solid (207 mg, 84 %).
'H NMR (400 MHz, (CD3)2S0) 8: 9.56 (2H, s, *NH.), 3.79 (4H, t, J = 4.9 Hz, (CH,).0), 3.05

(4H, t, J = 4.9 Hz, (CH.):N); C NMR (101 MHz, (CDs);SO) &: 63.1 ((CH.).0), 42.6
((CH2)2N). Spectral data are consistent with the literature:*8
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7.3.11.4  Procedure for reaction of Morpholinium Hydrochloride 59

/ N\ H - TMG (5 mol%) /\ (0]
g +NI ' Cl + CO, + PhSiHs g N-C
N/ MeCN (2 mL), 24 h " H
Biphenyl (5 mol%)
2 mmol 2 mmol 23 °C, CO, (1.8 bar) 20,

Morpholinium hydrochloride (2 mmol) was prepared in situ in a 50 mL oven dried Schlenk tube
and stirrer bar, evacuated and backfilled with CO>. A solution of biphenyl (15.4 mg, 0.1 mmol,
5 mol%) and TMG (12.5 pl, 0.1 mmol, 5 mol%) in acetonitrile (2 mL) was prepared under a N
atmosphere and added to the CO, flushed Schlenk tube. The solution was stirred at 1000 rpm
at 23 °C, 1.8 bar CO,, for 15 mins. Phenylsilane (247 ul, 2 mmol, 1 equiv) was added to
commence the reaction. After stirring for 24 h at RT, the reaction was analysed by GC and

solvent removed under vacuum for further confirmation by NMR.

7.3.12 Role of TMG Studies

7.3.12.1  Stoichiometric reaction of Morpholine + TMG + CO;

NH H. M
CDsCN o
/ N\ S\ |
o NH + COZ + \NJ’I\N/ —_ e} N_C/ + \N)\N/
N | ~— o .
18 19 60

A solution of morpholine (26 ul, 0.3 mmol, 1 equiv), and 1,1,3,3-tetramethylguandinine (38 pl,
0.3 mmol, 1 equiv) in CDsCN (0.6 mL) was prepared under a N2 atmosphere in a Young’s tap
NMR tube. Whilst under N, the solution was frozen using lig. N2 and evacuated and backfilled
with CO- at 1.1 bar for two cycles. The solution was slowly left to warm to RT and regularly

shaken to ensure adequate transfer of CO; into solution.

'H NMR (500 MHz, CDsCN) &: 9.71 (2H, s, *NHy), 3.48 (4H, t, J = 4.8 Hz, O(CH,).), 3.27
(4H, t, J = 4.8 Hz, N(CH,)2), 2.88 (12H, s, N(CHs)2): *C NMR (126 MHz, CDsCN) &: 163.8,
162.4, 67.9 (O(CHy)2), 45.7 (N(CH>)2), 40.0 (N(CHa)2).

7.3.12.2 Role of TMG in activation of CO,

A 75 mL oven dried Schlenk tube and stirrer bar fitted with the IR probe was evacuated and
backfilled with N.. A solution of 1,1,3,3-tetramethylguanidine (250 ul, 2 mmol) in MeCN (2
mL) was prepared and added to the Schlenk tube at RT. IR spectra were recorded every 30 s,
and the Schlenk tube was flushed with CO- for 60 s, and then pressurised to 1.8 bar CO..
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7.3.12.3 Role of TMG in activation of phenylsilane

A solution of phenylsilane (62 ul, 0.5 mmol, 1 equiv), in CDsCN (0.6 mL) was prepared under
a N, atmosphere in a Young’s tap NMR tube. NMR spectra were recorded and 1,1,3,3-
tetramethylguandinine (63 pl, 0.5 mmol, 1 equiv) was then added to NMR tube and NMR

spectra measu red.

7.3.13 Stoichiometric Catalyst Deactivation Studies

7.3.13.1  Stoichiometric reaction of TMG with PhSiH3z and CO,

o)
1l
j\ﬂ* MeCN (1 mL), _C.
NN ONT f COz + PhsiHg )Nl\ H
| | 23/60 °C, CO, (1.8 bar) NN
1 mmol (1.8 bar) 1 mmol I

62

An oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and backfilled
with CO.. A solution of TMG (126 pl, 1 mmol, 1 equiv) and biphenyl (7.9 mg, 0.05 mmol, 5
mol%) in acetonitrile (2 mL) was prepared under a N, atmosphere and added to the Schlenk
tube. The solution was stirred at 2000 rpm at 23 / 60 °C, 1.8 bar CO-, for 15 mins. Phenylsilane
(124 pl, 1 mmol, 1 equiv) was added to commence the reaction and continued for 120 mins.
Regular samples were taken and diluted in methanol for analysis by MS. After completion, the
solvent was removed under vacuum, and analysed by NMR spectroscopy. The same reaction

procedure was also used to monitor the reaction with in situ IR.

Two species were observed in the *H and **C NMR species in approximate ratio 1:0.3.

Dominant species: *H NMR (400 MHz, CDCls) 8: 8.46 (1 H, s, CHO), 2.90 (12 H, s, N(CH3),);
13C NMR (101 MHz, CDCls) &: 170.1 (CHO), 163.0 (C=N), 40.5 (N(CHs).); HRMS (ESI):
[M+H]* m/z = found 144.1189. Calculated: 144.1131. FTIR/ ATR (in MeCN) v = 1664 (C=0),

1609 (C=N) cm*. Spectral data are consistent with the literature:'4*
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7.3.14 Evaluating Catalytic Activity of Alkylated Catalysts

7.3.14.1  General procedure:

/\ Catalyst (0.1 - 5 mol%) /\ //O /\
G NH + CO, + PhSiH; 6 N-C + O N-CH
p— Biphenyl (5 mol%) ' H N/
18 MeCN (2 mL) 24 48

23-60 °C, CO4 (1.8 bar)

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO,. A solution of morpholine (175 ul, 2 mmol, 1 equiv), biphenyl (15.4 mg,
0.1 mmol, 5 mol%) and guanidine catalyst (0.002 - 0.1 mmol, 0.1 - 5 mol%) in acetonitrile (2
mL) was prepared under a N, atmosphere and added to the CO, flushed Schlenk tube. The
solution was stirred at 1000 rpm at 23 / 60 °C, 1.8 bar CO., for 15 mins. Phenylsilane (247 pl,
2 mmol, 1 equiv) was added to commence the reaction and regular samples (approx. 0.02 mL)

were taken for analysis by GC.

Yields are given relative to the amine substrate and determined by GC analysis relative to
biphenyl as an internal standard using the method described in Section 7.3.4. For reactions

which resulted in aminal 57 the yield of 57 was determined by *H NMR.

Entry (mlriol) (thrsr:lc;:; Catalyst Cl:oaafgl :?:Sgt -Efgp Prfscs)s re
(mol%o) (bar)
1 2 2 Butyl TMG 5 60 1.8
2 2 2 Butyl TMG 5 23 1.8
3 2 2 Butyl TMG 1 60 1.8
4 2 2 Butyl TMG 1 23 1.8
5 2 2 Butyl TMG 0.1 23 1.8
6* 2 2 Butyl TMG 5 23 1.8
7 2 2 Methyl TMG 5 60 1.8
8 2 2 Methyl TMG 5 23 1.8
9 2 2 Methyl TMG 1 23 1.8

* With 40 mol% water present

7.3.14.2 Kinetic data:
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Entry 1
Time 18/M 24/M 48/ M
/ min
0.00 1.0007 0.0000 0.0000
0.33 0.7931 0.1133 0.0000
2.67 0.0000 0.4881 0.0078
5.08 0.0000 0.5861 0.0316
10.17 0.0000 0.5917 0.0395
20.17 0.0000 0.6268 0.0913
40.17 0.0000 0.6770 0.1382
60.33 0.0000 0.7104 0.1620
90.33 0.0000 0.7155 0.1615
120.17 0.0000 0.7262 0.1723
151.00  0.0000 0.7333 0.1769
184.83  0.0000 0.7337 0.1717
250.67 0.0000 0.7309 0.1766
305.75 0.0000 0.7278 0.1888
360.00 0.0000 0.7218 0.1883
Entry 3
Time 18/M 24/M 48/ M
/ min
0.00 0.9376 0.0000 0.0000
0.50 0.8951 0.0727 0.0000
2.50 0.5334 0.3755 0.0000
5.33 0.4750 0.5012 0.0016
10.00 0.3979 0.5218 0.0040
15.00 0.3917 0.5380 0.0054
20.00 0.3558 0.5695 0.0061
30.00 0.3879 0.5512 0.0091
45.00 0.3579 0.5848 0.0118
60.00 0.3386 0.5977 0.0161
90.00 0.2837 0.6500 0.0245
120.00  0.2577 0.6525 0.0286
150.00 0.2221 0.6905 0.0336
180.00 0.2303 0.7086 0.0385
240.00 0.1863 0.7159 0.0433
300.00 0.1770 0.7553 0.0479
360.00  0.2239 0.7019 0.0541
480.00 0.1192 0.8046 0.0598
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Entry 2

Time 18/M 24/M 48/ M
/ min
0.00 0.9934 0.0000 0.0000
0.30 0.9470 0.0208 0.0000
2.50 0.5659 0.3478 0.0000
5.00 0.4531 0.4882 0.0027
10.00 0.0000 0.6252 0.0049
15.00 0.0000 0.6935 0.0079
20.00 0.0000 0.7556 0.0109
30.00 0.1898 0.7853 0.0144
45.00 0.0000 0.8710 0.0236
60.00 0.0000 0.9119 0.0311
90.00 0.0000 0.9248 0.0409
120.00 0.0000 0.9624 0.0428
150.00 0.0000 0.9590 0.0476
180.00 0.0000 0.9752 0.0542
240.00 0.0000 0.9309 0.0523
300.00 0.0000 0.9893 0.0487
360.00 0.0000 0.9924 0.0575
480.00 0.0000 1.0080 0.0575
Entry 4
Time 18/ M 241 M 48 1 M
/ min
0.00 1.0941 0.0000 0.0000
0.30 0.9728 0.0101 0.0000
2.50 0.7106 0.1639 0.0000
5.25 0.7435 0.2820 0.0000
10.08 0.5578 0.3629 0.0000
15.00 0.0000 0.4192 0.0000
20.18 0.4815 0.4404 0.0000
30.00 0.4271 0.5489 0.0000
45.00 0.3753 0.6295 0.0054
60.00 0.3722 0.6123 0.0000
90.00 0.3147 0.7001 0.0175
120.00 0.2527 0.7546 0.0314
150.18 0.0000 0.9216 0.0345
180.50 0.0000 0.9060 0.0448
240.33 0.0000 0.9652 0.0532
314.00 0.0000 0.9783 0.0608
361.75 0.0000 0.9858 0.0657
482.58 0.0000 1.0073 0.0681




Entry 5

Time 18/M 24/M 48/M
/ min

0.00 0.7973 0.0000 0.0000
0.30 0.9345 0.0083 0.0000
5.00 0.8889 0.0525 0.0000
10.00 0.8624 0.0926 0.0000
20.00 0.8443 0.1392 0.0000
40.00 0.8198 0.1766 0.0000
60.00 0.7744 0.2150 0.0000
90.00 0.7542 0.2503 0.0000
120.00 0.7138 0.2583 0.0000
180.00  0.6945 0.2830 0.0000
240.00 0.6543 0.3317 0.0000
300.00  0.6157 0.3587 0.0000
360.00 0.5539 0.4208 0.0000
540.00 0.4534 0.5478 0.0060
1440.0 0.1732 0.8233 0.0266
1800.0 0.1656 0.8143 0.0425
2880.0  0.0000 0.8829 0.0723

Entry 7

Time 18/M 24/M 48/M
/ min

0.00 0.9921 0.0000 0.0046
0.58 0.7278 0.1562 0.0047
2.83 0.4135 0.4915 0.0027
5.08 0.3165 0.5814 0.0088
10.18 0.0000 0.6486 0.0129
20.25 0.0000 0.6651 0.0177
40.92 0.0000 0.7118 0.0242
60.00 0.0000 0.7421 0.0341
90.08 0.0000 0.7453 0.0426
120.00  0.0000 0.7549 0.0461
150.00  0.0000 0.7607 0.0521
182.00 0.0000 0.7646 0.0485
248.08 0.0000 0.7559 0.0566
302.00 0.0000 0.7594 0.0544
360.00 0.0000 0.7565 0.0548
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Entry 6

Time 18/M 24/M 48/ M
/ min
0.00 0.8488 0.0000 0.0000
0.33 0.9313 0.0000 0.0000
2.50 0.6782 0.2571 0.0000
5.00 0.5686 0.3422 0.0000
10.18 0.4530 0.4385 0.0000
20.00 0.3936 0.5263 0.0000
40.50 0.0000 0.6106 0.0000
60.50 0.0000 0.6564 0.0000
90.00 0.2347 0.7094 0.0000
122.75 0.2236 0.7437 0.0000
180.00 0.0000 0.7329 0.0000
285.00 0.0000 0.8294 0.0000
Entry 8
Time 18/M 24/M 48/ M
/ min
0.00 0.9961 0.0000 0.0000
0.33 0.8166 0.0116 0.0000
2.50 0.5637 0.3313 0.0000
5.08 0.4779 0.4551 0.0000
10.00 0.3261 0.6213 0.0046
15.17 0.2651 0.6913 0.0064
20.00 0.2269 0.7339 0.0103
30.00 0.0000 0.8134 0.0153
45.08 0.0000 0.8656 0.0199
60.00 0.0000 0.8782 0.0249
90.00 0.0000 0.9258 0.0374
120.00 0.0000 0.9372 0.0449
149.83 0.0000 0.9575 0.0468
179.18 0.0000 0.9946 0.0573
240.00 0.0000 0.9819 0.0526
360.00 0.0000 0.9956 0.0581
480.00 0.0000 0.9828 0.0583




Entry 9

Time 18/M 24/M 48/ M
/ min

0.00 0.2875 0.0000 0.0000
0.30 1.1404 0.0025 0.0000
2.50 0.8636 0.1261 0.0000
5.00 0.7481 0.2397 0.0000
10.00 0.6747 0.3279 0.0000
15.00 0.6561 0.3689 0.0000
20.00 0.6064 0.4026 0.0000
30.00 0.5654 0.4647 0.0000
45.00 0.5112 0.4947 0.0038
60.00 0.4106 0.5824 0.0060
90.00 0.4019 0.6030 0.0134
120.00 0.3459 0.6553 0.0212
150.18 0.0000 0.8793 0.0257
180.00 0.0000 0.8776 0.0333
240.00 0.0000 0.9323 0.0441
311.57 0.0000 0.9745 0.0510
360.00 0.0000 0.9512 0.0572
480.00 0.0000 0.9917 0.0709
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7.3.15 Procedure for Use of Alternative Reductants

7.3.15.1  General procedure

Catalyst (5 mol%)

/N MeCN (2 mL) N
O NH + CO, + PhSiH3/ PMHS/ TMDS o N-—C

/ 23-60°C,CO,(18ba) —/ H
(2 mmol) Biphenyl (5 mol%)

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO,. A solution of morpholine (175 ul, 2 mmol, 1 equiv), biphenyl (15.4 mg,
0.1 mmol, 5 mol%) and guanidine catalyst (0.1 mmol, 5 mol%) in acetonitrile (2 mL) was
prepared under a N2 atmosphere and added to the CO-, flushed Schlenk tube. The solution was
stirred at 1000 rpm at 23 / 60 °C, 1.8 bar CO,, for 15 mins. The reductant (3 Si-H equiv.) was
added to commence the reaction and regular samples (approx. 0.02 mL) were taken for analysis
by GC.

Yields are given relative to the amine substrate and determined by GC analysis relative to

biphenyl as an internal standard using the method described in Section 7.3.4.

7.3.15.2  Table of reactions with reagent quantities

18 Catalyst em
Entry y Reductant Reductant Catalyst  loading X Cp
(mmol) (uL) equiv. (mol%) (°C)
1 2 TMDS 530 3 Si-H eq T™MG 5 60
2 2 PMHS 359 3 Si-H eq T™MG 5 60
. Butyl
3 2 PMHS 359 3 Si-H eq ™G 5 60
4 2 PMHS 359  3SiHeg oM 5 23
9 T™G
5 2 PMHS 359 3 Si-H eq TBD 5 60

TMDS = Tetramethyldisiloxane
PMHS = Poly(methylhydrosilozane)
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7.3.16 Substrate Scope

7.3.16.1  General procedure

R ButyITMG (1 mol%) R 0 R
NH + CO, + PhSiH; _N—C\ + N—CHjs
R? 1,3,5-trimethoxybenzene (5 mol%) R2 H R?
2mmol  (1.8bar) 2 mmol MeCN (2 mL),

23 °C, CO; (1.8 bar)

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO,. A solution of amine (2 mmol, 1 equiv), 1,3,5-trimethoxybenzne (16.8 mg,
0.1 mmol, 5 mol%) and ButyITMG 64 (3.4 mg, 0.02, 1 mol%) in acetonitrile (2 mL) was
prepared under a N, atmosphere and added to the CO; flushed Schlenk tube. The solution was
stirred at 1000 rpm at 23 °C, 1.8 bar CO; for 15 mins. Phenylsilane (247 ul, 2 mmol, 1 equiv)
was added to commence the reaction. Reaction samples were analysed by GCMS at 8 and 22 h.
After completion, the solvent was removed under vacuum and conversions of the products were
calculated by *H NMR of the crude product mixture relative to 1,3,5-trimethoxybenzene.The
major formylamide products were purified by column chromatography (pentane:ethylacetate,

gradient 95:5 to 0:100, with <1 % triethylamine) to confirm identity of products.

7.3.16.2 Characterisation of Products

Characterisation data for the major isolated compounds are given below. The minor
methylamine side products were characterised by GC-MS data and comparison of the crude
NMR spectra to literature spectra. Literature spectral data are given along with the
corresponding peaks in the *H NMR spectra of the crude reaction mixture that were used to

calculate the yield.

7.3.16.3 Characterisation of all Isolated Products

N-Formylmorpholine 24

0
OCN—-/(H
IH NMR (300 MHz, CDCly) 8: 8.06 (1H, s, CHO), 3.72-3.65 (4H, m, O(CH?)2), 3.60-3.56 (2H,
m, N(CHz)2), 3.41-3.38 (2H, m, N(CHz)2); °C NMR (126 MHz, CDCls) 5: 161.0 (CHO), 67.4
(O(CH2)2), 66.6 (O(CH2)2), 45.9 (N(CH?2)2), 40.8 (N(CH_)2); EI-MS (rel. int.) m/z = 115.1 (M",
100 %), 100.1 (56), 86.1, (37), 57.1 (45), 56.1 (49)
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N-Methylmorpholine 48:
0 N—CHs
___/

NMR of commercial sample: *H NMR (400 MHz, CDCls) §: 3.72 (4H, m, O(CHy>)2), 2.40 (4H,
m, N(CH.)2), 2.29 (3H, s, NCHs); *C NMR (126 MHz, CDCl3) 6: 67.1 (O(CH,).), 55.6
(N(CHy>)2, 46.6 (NCHs); Crude mixture: EI-MS (rel. int.) m/z = 101.1 (M*, 100 %), 100.1 (34),
71.1(47),70.1 (11), 56.1 (9)

CH signal at 3.72 ppm used for yield calculation

N-Formylpiperidine 32

O

H
NMR of commercial sample: *H NMR (500 MHz, CDCls): 7.97 (1H, s), 3.45 — 3.43 (2H, m),
3.28 — 3.26 (2H, m), 1.67 — 1.62 (2H, m), 1.57 -1.48 (4H, m); *C NMR (126 MHz, CDCls):
160.9, 46.9, 40.7, 26.7, 25.1, 24.8; Crude mixture: EI-MS (rel. int.) m/z = 113.1 (M*, 100 %),

112.1 (30), 98.1 (30), 84.1 (36), 56.1 (30)
CH signal at 3.27 ppm used for yield calculation

N-Methylpiperidine 98

{  N—CH;,

NMR of commercial sample: *H NMR (500 MHz, CDCls): 2.32 (4H, br), 2.23 (3H, s), 1.60 —
1.56 (4H, m), 1.40 (2H, br); *C NMR (126 MHz, CDCls): 55.7, 47.0, 26.1, 23.9; Crude mixture:
EI-MS (rel. int.) m/z = 99.1 (M*, 39 %), 98.1 (100), 71.1 (7), 70.1 (15), 58.1 (8)

Yield determined by GC relative to internal standard calibration

N-Methyl-N-benzylformamide 69

o

Two rotamers observed (1:0.73). *H NMR (500 MHz, CDCls) 6: 8.29 (1H, s, CHO, major), 8.16
(1H, s, minor, CHO), 7.39-7.20 (5 H, m, major & minor, ArH), 4.52 (2H, s, minor, NCH), 4.39
(2H, s, major, NCH), 2.85 (3H, s, minor, NCHs), 2.78 (3H, s, major, NCHs); *C NMR (126
MHz, CDCls) &: 162.8 (CHO, major), 162.6 (CHO, minor), 136.1 (ArC), 135.8 (ArC), 128.9
(ArC), 128.7 (ArC), 128.3 (ArC), 128.1 (ArC), 127.7 (ArC), 127.4 (ArC), 53.5 (NCH_, major),
47.8 (NCHa, minor), 34.1 (NCHs, minor), 29.5 (NCHs, major); EI-MS (rel. int.) m/z = 149.1

199



(M*, 100 %), 120.1 (8), 106.1 (20), 91.1 (45), 79.1 (14). Spectral data are consistent with the

literature®®

N,N-Dimethyl-N-benzylamine 197
N/
I
Not isolated

Literature characterisation:?? *H NMR (400 MHz, CDCI3) &: 7.33-7.28 (m, 4 H), 7.26-7.21 (m,
1 H), 3.41 (s, 2 H), 2.23 (s, 6 H); **C NMR (100 MHz, CDCI3) §: 138.9, 129.1, 128.3, 127.1,
64.5, 45.4.; Crude mixture: EI-MS (rel. int.) m/z = 135.1 (M*, 100 %), 134.1 (74), 91.1 (78),
65.1 (17), 58.1 (82).

CH; and CHs signals at 4.02 ppm and 2.60 ppm used for yield calculation

N-Methyl-N-phenylformamide 70
Lfo
(]

Two rotamers observed (1:0.05). *H NMR (500 MHz, CDCl3) 3: 8.48 (1H, s, major, CHO), 8.67
(1H, s, minor, CHO), 7.43-7.40 (2H, m, Ar-Hs), 7.30-7.26 (1H, m, Ar-H,), 7.19-7.17 (2H, m,
Ar-H), 3.36 (3H, s, minor, NCHs) 3.33 (3H, s, major, NCHs); **C NMR (126 MHz, CDCls) &:
162.2 (major, CHO), 162.1 (minor, CHO), 142.1 (major, Ar-C1), 140.1 (minor, Ar-C1), 129.5
(major, Ar-Cs), 128.9 (minor, Ar-Cs), 126.3 (major, Ar-C,), 126.1 (minor, Ar-Cs4), 123.5 (minor,
Ar-C,), 122.2 (major, Ar-Cy), 36.7 (minor, NCHs), 31.9 (major, NCHz3); EI-MS (rel. int.) m/z =
135.1 (M*, 87 %), 106.1 (100), 107.1 (16), 77.1 (26). Spectral data are consistent with the

literature:"®

N,N-Dimethyl-N-phenylformamide 39
I

o
Not isolated

Literature characterisation:??’ *H NMR (400 MHz, CDCls): § 7.26 (m, 2H), 6.76 (m, 3H), 2.94
(s, 6H); 3C NMR (75 MHz, CDCls): 8 150.7, 129.1, 116.7, 112.7, 40.7. Crude mixture: EI-MS
(rel. int.) m/z = 121.1 (M*, 76 %), 120.1 (100), 105.1 (11), 104.1 (12), 77.1 (16)

CHjs signal at 2.96 ppm used for yield calculation
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N-(4-Chlorophenyl)-N-methylformamide 72

Two rotamers observed (1:0.08). *H NMR (500 MHz, CDCls) 8: 8.37 (1H, s, major, CHO), 8.35
(1H, s, minor, CHO), 7.30 (2H, m, Ar-Hs), 7.04 (2H, m, Ar-H), 3.34 (3H, s, minor, NCH3),
3.22 (3H, s, major, NCHs); 3C NMR (126 MHz, CDCls) &: 162.2 (minor, CHO), 162.0 (major,
CHO), 140.8 (major, Ar-Cs), 138.7 (minor, Ar-C1), 132.0 (major, Ar-Cy), 131.4 (minor, Ar-C.),
129.8 (major, Ar-Cs), 129.1 (minor, Ar-Cs), 124.6 (minor, Ar-Cy), 123.5 (major, Ar-Cy), 36.7
(minor, NCHs) 32.1 (major, NCHs); EI-MS (rel. int.) m/z=171.0 (}’Cl - M*, 25 %), 169.0 (**ClI
— M*, 74), 142.0 (32), 140.0 (100), 130.0 (8), 128.0 (27). Spectral data are consistent with the

literature™

N-(4-Chlorophenyl)-N,N-Dimethylformamide 198

O
Cl
Not isolated

Literature characterisation:® *H NMR (300 MHz, CDCls) §: 7.22 (2H, d, J = 8.4 Hz), 6.65 (2H,
d, J = 8.4 Hz), 2.95 (6H, s); 3C NMR (75 MHz, CDCls) &: 149.0, 128.8, 121.5, 113.9, 40.7;
Crude mixture: EI-MS (rel. int.) m/z = 157.1 (¥’Cl — M*, 24 %), 156.0 (38), 155.1 (76), 154.0
(100), 140.0 (7), 139.0 15), 138.0 (12).

CHjs signal at 2.92 ppm used for yield calculation

N-Phenylformamide 76

Two rotamers observed (1:0.98). *H NMR (500 MHz, CDCls) &: 8.69 (1H, d, J = 11.5 Hz,
major, CHO), 8.39 (1H, d, J = 1.3 Hz, minor, CHO), 7.75 (1H, br, NH), 7.54 (1H, m, Ar-Hy),
7.38 — 7.33 (2H, m, Ar-Hs), 7.22-7.13 (1H, m, Ar-H,), 7.09 (1H, m, Ar-H,); C NMR (126
MHz, CDCls) &: 163.0 (CHO), 159.4 (CHO), 137.0 (Ar-Cy), 136.9 (Ar-Cy), 129.8 (Ar-Cs),
129.2 (Ar-Cs), 125.4 (Ar-Cs), 124.9 (Ar-Cy), 120.2 (Ar-Cy), 118.9 (Ar-Cy); EI-MS (rel. int.) m/z
=121.0 (M*, 100 %), 93.0 (65), 66.1 (34). Spectral data are consistent with the literature®?
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N-Benzylformamide 78

Two rotamers observed (1:0.18). *H NMR (400 MHz, CDCls) 8: 8.27 (1H, s, major, CHO), 8.19
(1H, d, J = 11.8 Hz, minor, CHO), 7.39 — 7.25 (5H, m, Ar-H), 5.86 (1H, s, br, NH), 4.49 (2H,
d, J = 6.0 Hz, major, NCHy), 4.42 (2H, d, J = 6.5 Hz, minor, NCH); *C NMR (126 MHz,
CDCl3) &: 164.7 (minor, CHO), 161.1 (major, CHO), 137.7 (major, Ar-C4), 137.6 (minor, Ar-
Cy), 129.1 (Ar-C), 128.9 (Ar-C), 128.1 (Ar-C), 127.9 (Ar-C), 127.8 (Ar-C), 127.1 (Ar-C), 45.8
(minor, NCHy), 42.3 (major, NCH,); EI-MS (rel. int) m/z = 135.1 (M*, 100 %), 134.1 (47),
106.1 (26), 91.1 (29), 79.1 (19), 77.1 (14). Spectral data are consistent with the literature??°

N,N’-Dibenzylurea 79

'H NMR (300 MHz, CDCls) &: 7.35 — 7.23 (10H, m, Ar-H), 4.61 (2H, s, NH), 4.39 (4H, d, J =
5.8 Hz, NCH>); **C NMR (101 MHz, CDCls) 6: 158.2 (C=0), 139.2 (Ar-C), 128.8 (Ar-C), 127.6
(Ar-C), 127.5 (Ar-C), 44.7 (NCHy); EI-MS (rel. int.) m/z = 240.1 (M*, 71 %), 149.0 (24), 107.1
(16), 106.1 (100), 91.1 (50), 79.1 (16), 77.1 (13). Spectral data are consistent with the
literature®*°

7.3.17 Reduction of Urea 81

o

JJ\ TMG (5 mol%) o~ _CHs
N N . N N N
@ @ rornet MeCN, 60 °C @ @ > O(\\)

CO,, (1.8 bar)
1 equiv 2 equiv 57 48

81

no reaction

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO, for two cycles. A solution of dimorpholinemethanone (199 mg, 1 mmol, 1
equiv), biphenyl (15.4 mg, 0.1 mmol, 10 mol%) and TMG (12.5 ul, 0.1 mmol, 10 mol%) in
acetonitrile (2 mL) was prepared under a N, atmosphere and added to the CO; flushed Schlenk
tube. The solution was stirred at 1000 rpm at 60 °C, 1.8 bar CO, for 15 mins. Phenylsilane (247
pl, 2 mmol, 2 equiv) was added to commence the reaction and regular samples taken for analysis
by GC. After 24 h no conversion to either aminal or methylmorpholine was observed by GC or
NMR.
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7.3.18 GC Kinetics of Reaction of Aminal 57 to Methyl and Formylmorpholine

General Procedure:

PN (e]
TMG (0 - 10 mol%
o © Biphenyl (10 mol%)  —/  H \—/

(1 mmol) (1.8 bar) (1-2 mmol) Mgg[\IG(OZ ong:L)

57 24 48

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO.. A solution of dimorpholinomethane 57 (186 mg, 1 mmol, 1 equiv),
biphenyl (0.1 mmol, 10 mol%) and guanidine catalyst (0.002 - 0.1 mmol, 0 - 10 mol%) in
acetonitrile (2 mL) was prepared under a N2 atmosphere and added to the CO; flushed Schlenk
tube. The solution was stirred at 1000 rpm at reaction temperature, at selected CO, pressure
used) for 15 mins. Phenylsilane (1 - 2 mmol, 1 - 2 equiv) was added to commence the reaction
and kinetic monitoring started. Regular samples (approx. 0.02 mL) were taken and diluted in
methanol (to quench the reaction) for analysis by GC. Product concentrations are determined
by GC analysis relative to biphenyl as an internal standard using the method described in
Section 7.3.4.

The reaction outcome was further confirmed by GCMS analysis (0.1 mL of reaction in mixture
in 1 mL DCM) and solvent evaporated from the remaining reaction mixture under reduced

pressure for analysis by NMR.

Table of reaction conditions investigated:

Entry (mi?ml) (Pr:i:ct:; Catalyst (I:oztz :r)w/;t Temp (°C) Prgs(s)lzjre
(mol%) (bar)

1 1 2 T™MG 10 60 18
2 1 2 T™MG 10 23 18
3 1 2 TBD 10 23 18
4 1 2 ButylTMG 10 23 18
5 1 2 - - 60 18
62 1 2 T™MG 10 60

7 1 1 T™MG 10 23 18
gb 1 2 T™MG 10 23 18
9 1 2 TMG 10 23 1.2
10 1 2 TMG 10 23 1

a) Reaction under N2

b) Reaction with 40 mol% water present
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Kinetic Data:

Entry 1:
Time 24 48
/min /M I'M
0.00  0.0000 0.0000
0.33  0.0000 0.0793
2.50 0.0924 0.2571
5.17 0.1137 0.2820
10.00 0.1388 0.3280
20.00 0.1748 0.4031
40.00 0.2258 0.4611
60.17 0.2568 0.4751
90.00 0.3058 0.5042
120.25 0.3416 0.5333
180.50 0.3754 0.6525
242.00 0.3758 0.6230
360.00 0.3645 0.5818
Entry 4:
Time 24 48
/min /M /M
0.00 0.0005 0.0000
0.30 0.0035 0.0355
2.50 0.0414 0.0847
5.00 0.0640 0.1635
10.00 0.1305 0.2226
20.00 0.2455 0.3162
40.00 0.3224 0.4264
60.18 0.3463 0.4843
90.25 0.4073 0.5172
120.50 0.4155 0.5534
180.00 0.4552 0.5085
240.00 0.4827 0.5068
360.00 0.4911 0.5055

Entry 2:
Time 24 48
/min /M /M
0.00  0.0000 0.0000
0.30 0.0000 0.1052
250 0.0431 0.1610
10.00 0.1924 0.3058
20.00 0.2630 0.3651
40.00 0.3147 0.4281
60.00 0.3480 0.4470
120.00 0.4534 0.5052
240.00 0.4742 0.5142
360.00 0.5044 0.5310
Entry 5:
Time 24 48
/min /M IM
0.00 0.0006 0.0000
0.25 0.0000 0.0858
5.08 0.0000 0.0375
20.43 0.0072 0.1125
49.43 0.0154 0.1396
120.08 0.0248 0.1738
178.25 0.0317 0.1955
238.58 0.0390 0.2016
361.00 0.0478 0.2444
1260.0 0.1748 0.3818
1800.0 0.2224 0.4442

Entry 3:
Time 24 48
/ min IM /M
0.00 0.0000 0.0000
0.30 0.0000 0.0680
250 0.0076 0.0741
10.00 0.0545 0.1680
20.00 0.1030 0.2369
40.00 0.1508 0.3280
60.00 0.1720 0.3565
120.00 0.3170 0.4823
240.00 0.3500 0.5408
360.00 0.4290 0.5800
Entry 6:
Time 24 48
/ min /M /M
0.00 0.0000 0.0000
5.00 0.0000 0.0000
30.00 0.0000 0.0000
59.50 0.0000 0.0000
120.00 0.0000 0.0000
240.00 0.0000 0.0000
420.00 0.0000 0.0000
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Entry 9:

Time 24 48
/ min /M I M
0.00 0.0000 0.0000
0.30 0.0000 0.0711
250 0.0261 0.1220
10.00 0.1212 0.2467
20.00 0.1970 0.3087
40.00 0.2833 0.4299
60.00 0.3222 0.4723
120.00 0.3728 0.5165
240.00 0.4346 0.5508
360.00 0.4633 0.5496

Entry 7: Entry 8:
Time 24 48 Time 24 48
/ min I'M /M / min I'M I'M
0.00 0.0007 0.0000 0.00 0.0000 0.0000
0.30 0.0009 0.0471 0.33 0.0000 0.1052
250 0.0370 0.0994 250 0.0338 0.1416
10.00 0.1328 0.1974 10.00 0.1593 0.2828
20.00 0.2412 0.3735 20.00 0.2090 0.2806
40.00 0.2834 0.3584 40.00 0.3212 0.4523
60.00 0.3238 0.4205 60.00 0.3525 0.4914
120.00 0.3741 0.4924 120.00 0.3957 0.5265
240.00 0.4286 0.5152 240.00 0.4548 0.5253
360.00 0.4828 0.5012 360.00 0.4844 0.5233
Entry 10:
Time 24 48
/min /M /M
0.00 0.0000 0.0000
0.30 0.0000 0.0710
250 0.0234 0.0516
10.00 0.0968 0.2267
20.00 0.1708 0.3027
40.00 0.2674 0.4082
60.00 0.2914 0.4260
120.00 0.3232 0.4954
240.00 0.3459 0.4778
360.00 0.4474 0.5348
532.00 0.4644 0.5281
1320.0 0.4780 0.5089
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7.3.19 Mechanistic Study of Aminal 57 Reactivity

7.3.19.1 NMR monitoring of aminal to methyl and formylmorpholine

N"ON , TMG (10 mol%) S 0 S\
o\) K/ ot CO, + PhSiHg O\_/N—C\ + O\_/N—CHs
1,3,5-trimethoxybenzene H
(1 mmol) (1.8 bar) (2 mmol) (10 mol%)
57 CD;CN (2 mL), 23 °C 04 48

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO.. A solution of dimorpholinomethane (186 mg, 1 mmol, 1 equiv), 1,3,5-
trimethoxybenzene (16.8 mg, 0.1 mmol, 10 mol%) and TMG (12.5 pl, 0.1 mmol, 10 mol%) in
CDsCN (2 mL) was prepared under a N, atmosphere and added to the CO; flushed Schlenk
tube. The solution was stirred at 1000 rpm at reaction temperature, at selected CO, pressure
used) for 15 mins. Phenylsilane (247 pl, 2 mmol, 2 equiv) was added to commence the reaction
and kinetic monitoring started. Regular samples (approx. 0.1 mL) were taken and diluted in mL
CDCl; (0.5 mL) in a N flushed NMR tube. H & **C NMR spectra were collected and
referenced relative to the residual acetonitrile peak at 1.94 ppm (*H spectra) or CDCl; peak at
77.16 ppm (*3C spectra).

Example *H NMR spectra and assignments used for yield calculation:

MeO OMe
o N<C o) o
\Qj PhSiHs | /' n ~ ol

1 /o \/

6.2 6.0 42 40 38 36 34 32 30 28 26 24 ppm
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Time PhSiHs / M 57/ M 24| M 481/ M
0.33 0.8376 0.5121 0.0119 0.0230
2.5 0.8684 0.4805 0.0381 0.0438
20 0.6915 0.3531 0.1696 0.1921
40 0.6160 0.2322 0.2746 0.2731
60 0.5747 0.1869 0.2907 0.3530
120 0.5218 0.1075 0.3823 0.4183
240 0.4042 0.0296 0.4331 0.4769
360 0.2646 0.0119 0.4897 0.4825
7.3.19.2 IR monitoring of aminal to methyl and formylmorpholine
NN + Oy + PhsiH, — o OmIR) S é’o d nechy
o) Lo MeCN (2 mL) [ T e
(1 mmol) (1.8 bar) (2 mmol) 23°C
57 24 48

A 50 mL oven dried Schlenk tube and stirrer bar fitted with an IR probe was evacuated and

backfilled with CO,. A solution of dimorpholinomethane 57 (186 mg, 1 mmol, 1 equiv),
biphenyl (0.1 mmol, 10 mol%) and TMG (12.5 pl, 0.1 mmol, 10 mol%) in acetonitrile (2 mL)
was prepared under a N, atmosphere and added to the CO- flushed Schlenk tube. The solution
was stirred at 1000 rpm at 23 °C, at 1.8 bar CO; for 15 mins. Phenylsilane (247 ul, 2 mmol, 2

equiv) was added to commence the reaction and kinetic monitoring started.

ATR-IR spectra were collected using a diamond tip ATR probe connected to an MB3000 FTIR

spectrometer (ABB Bomem Inc.). Spectra were collected every 30 s over range of 600 - 1900

cmt at 4 cm™? resolution. Data analysis and processing performed using Horizon MB (ABB
Bohem Inc.) and MATLAB.
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IR spectra of reaction with peak heights used for trend analysis:

1725 cm?
1675 cm
1242 cmt
922 cm?!
867 cm!

pre PhSiH3 addition

30s

60 s

10 min
60 min
120 min

0.6 |

0.4

Absorbance (offset)

0.2

ey £ T 2 1

f

)

1800 1600 1400 1200 1000 800
Wavenumber / cm™

(Formoxysilane (1725 cm™), Formylmorpholine (1675 cm), Silylcarbamate (1242 cm™),
PhSiHs (922 cm™), N-methylmorpholine (867 cm™) and TMG (786 cm™?))

7.3.19.3 MS and MSMS monitoring of aminal to methyl and formylmorpholine

PN (0]
NN _ TMG (10 mol%) / N\ /N
o\) K/O + CO, + PhSiHs g N-C + 0 N-CH
MeCN (2 mL) /" H N/
23°C

(1 mmol) (1.8 bar) (2 mmol)
57 24 48

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO.. A solution of dimorpholinomethane 57 (186 mg, 1 mmol, 1 equiv),
biphenyl (0.1 mmol, 10 mol%) and TMG (12.5 pl, 0.1 mmol, 10 mol%) in acetonitrile (2 mL)
was prepared under a N, atmosphere and added to the CO- flushed Schlenk tube. The solution
was stirred at 1000 rpm at 23 °C, at 1.8 bar CO2 for 15 mins. Phenylsilane (247 pl, 2 mmol, 2
equiv) was added to commence the reaction and kinetic monitoring started. Regular samples
(approx. 0.02 mL) were taken and diluted in methanol to quench the reaction for analysis by
HRMS.
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MSMS analysis was performed on a sample taken at 60 minutes.

Whole spectra — 60 min

Intens. | +MS, 0.0-0.9min #2-52
[%] 242.2846
80 213.1712
60 -
] 166.0952
40
20 144.1133
i 88.0759 1. 11s6 l 182.0693 2731681
o....,...*.,...‘.,....,.*...H,.*m.*..L,L.*._._._._._._._._._._._._._._._._._._r
50 75 100 125 150 175 200 225 250 275 m'z
144.1131 fragment
Intens. | +MS2(144.1100), 20.0eV, 0.1-0.9min #4-52
[%]_ 71.0604
- i
80 I\N [M+H]*
. |
60 \N)\N/ 144.1131
| I I
40 62
20
] 116.1187 .
O l l )
LA LR EL R R L B R R R LN R R L L L R EL L R B LN R R L R L R R R B R L B R |
50 75 100 125 150 175 200 225 250 275 miz
213.1715 fragment
Intens. | +MS2(213.1706), 40.0eV, 0.1-1.1min #4-68
[%]_ 100.0751
] o} N \N
80 FN=\ — M
__/ —
| N_<N 213.1715
60 63 /
| 154.0968
40
. 112.0863
70.0648 213.1706
20 *
0_ “AL I\ N N l
AL R L B R I L L R HL AL R R L R L R B L R R B R L L R B AL R |
50 75 100 125 150 175 200 225 250 275 m'z
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7.3.19.4  Acid catalysed reaction pathway investigation by *H NMR

CD5CN (2 mL)

0.3 mmol 0.6 mmol 0.03 mmol 0.03 mmol

A solution of dimorpholinomethane (56.2 mg, 0.3 mmol, 1 equiv), phenylsilane (74 uL, 0.6
mmol, 2 equiv) and TMG (3.8 pL, 0.03 mmol, 0.1 equiv) in CD3CN (0.6 mL) was prepared
under a N2 atmosphere in a Young’s tap NMR tube. *H NMR spectra were collected. Acetic

acid (1.7 pL, 0.03 mmol, 0.1 equiv) was added to the solution and *H NMR spectra collected.

'H NMR spectra of aminal + PhSiHz; + TMG (10 mol%):

ST NN O o
NN~~~

(o] N O
© OO N = © &8
<t Mm Mmoo

N

—5.

Bt o

T T T T T T T T T T T T T T
80 75 70 65 6.0 55 50 45 40 35 30 25 20 15

'H NMR spectra of aminal + PhSiHz; + TMG (10 mol%) + acetic acid (10 mol%)

S ANAN A A0 O o [ee] N T O AN MW I
L e B D e o o < O MM ANANANAN NN A
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7.3.20 Reduction of Formylmorpholine 24 to Methylmorpholine 48
7.3.20.1  Reaction at 60 °C with CO.

TMG or ButylTMG

/\ O (5 mol%) /\
g N4 + co, + PhSiH g N—
__/ H Biphenyl (5 mol%) S
MeCN (1 mL), 60 °C
1 mmol (1.8 bar) 1 mmol 8h 0 %

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO; for two cycles. A solution of formylmorpholine (101 pl, 1 mmol, 1 equiv),
biphenyl (7.6 mg, 0.05 mmol, 5 mol%) and TMG (6.3 pl, 0.05 mmol, 5 mol%) in acetonitrile
(1 mL) was prepared under a N, atmosphere and added to the CO- flushed Schlenk tube. The
solution was stirred at 1000 rpm at 60 °C, 1.8 bar CO; for 15 mins. Phenylsilane (124 ul, 1
mmol, 1 equiv) was added to commence the reaction and regular samples taken for analysis by

GC. After 8 h no conversion of formylmorpholine was observed.

7.3.20.2 Reaction at 100 °C in N,

/\ (0] . TMG (5 mol%) /\
(o] N—( + PhSiHj3 (@] N—
p— H Biphenyl (5 mol%) e
MeCN, N, 100 °C
2 mmol 2 mmol sealed tube, 18 h 0%

A solution of formylmorpholine (200 pl, 2 mmol, 1 equiv), biphenyl (15.4 mg, 0.1 mmol, 5
mol%), TMG (12.5 pl, 0.1 mmol, 5 mol%) and phenylsilane (247 ul, 2 mmol, 1 equiv) in
acetonitrile (2 mL) was prepared under a N2 atmosphere and added to an N; flushed pressure
tube. The solution was stirred at 100 °C for 18 h. Analysis by GC and NMR showed no

conversion of formylmorpholine to methylmorpholine.

7.3.20.3  Reaction with 50 % Formylmorpholine 24

I\ —\ 0 TMG (5 mol%) S 9 /\
S NH+ d N—< + CO,+ PhSiH; d N-C + 0  N-CH,
__/ __/ H Biphenyl (5 mol%) \—/ H f—
1 mmol 1 mmol (1.8 bar) 2 mmol MeCN (26n;1L), 60 °C
18 24 24 48
50 % 50 % 93 % 7%

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO- for two cycles. A solution of morpholine (87.5 ul, 1 mmol, 0.5 equiv),
formylmorpholine (101 pl, 1 mmol, 0.5 equiv), biphenyl (15.4 mg, 0.1 mmol, 5 mol%) and
TMG (12.5 pl, 0.1 mmol, 5 mol%) in acetonitrile (2 mL) was prepared under a N, atmosphere
and added to the CO; flushed Schlenk tube. The solution was stirred at 1000 rpm at 60 °C, 1.8
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bar CO, for 15 mins. Phenylsilane (247 pl, 2 mmol, 1 equiv) was added to commence the

reaction and regular samples taken for kinetic analysis by GC.

7.3.20.4  Reaction of piperidine under standard conditions

Catalyst (5 mol%) //O
< NH + CO, + PhSiH; < N—C + L N—CHg3;
Biphenyl (5 mol%) H

MeCN (2 mL)
23 -60 °C, CO, (1.8 bar)

2 mmol 2 mmol
31

32 98
A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO,. A solution of piperidine (198 ul, 2 mmol, 1 equiv), biphenyl (15.4 mg, 0.1
mmol, 5 mol%) and TMG (12.5 pL, 0.1 mmol, 5 mol%) in acetonitrile (2 mL) was prepared
under a N2 atmosphere and added to the CO; flushed Schlenk tube. The solution was stirred at
1000 rpm at reaction temperature, 1.8 bar CO, for 15 mins. Phenylsilane (247 pl, 2 mmol, 1
equiv) was added to commence the reaction. Regular samples were taken and diluted in MeOH

for analysis by GC.

To determine product yields calibration curves were prepared using commercial samples of

formylpiperidine 32 and N-methylpiperidine 98 with biphenyl as an internal standard (IS).

Calibration curve:

2000 -
o y = 380485x - 3.9046 y = 148204x + 3.5021
5 1500 1 R?=0.9998 R?=0.9998 y = 141085x + 11.841
x R2=1
)]
Q.
o 1000 -
s N-formylpiperidine
2 Biphenyl
g 500 - -
& N-methylpiperidine
o
0 B T T 1
0 0.005 0.01 0.015
Concentration (M)
Retention Time / ) Response Factor
Compound ) Gradient )
min relative to IS
Formylpiperidine 32 24.8 141085 0.3708
Methylpiperidine 98 8.3 148204 0.3895
Biphenyl 30.5 380485 1
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7.3.20.5  Crossover reactions

SN2
O N-C + QO N-CHs
/Ty
—\ (0] TMG (5 mol%) 24 48
{ NH+O N—/< + CO, + PhSiHz 510, 0%
/N Biphenyl (5 mol%) ° °

MeCN (2 mL)

1.8 bar) 2 mmol
1 mmol 1 mmol ( ) 60°C. 6h ) //o . B
31 24 N C\H N—CHj,

32 98
43 % 6 %

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO; for two cycles. A solution of piperidine (99.0 ul, 1 mmol, 0.5 equiv),
formylmorpholine (101 pl, 1 mmol, 0.5 equiv), biphenyl (15.4 mg, 0.1 mmol, 5 mol%) and
TMG (12.5 pl, 0.1 mmol, 5 mol%) in acetonitrile (2 mL) was prepared under a N, atmosphere
and added to the CO; flushed Schlenk tube. The solution was stirred at 1000 rpm at 60 °C, 1.8
bar CO, for 15 mins. Phenylsilane (247 pl, 2 mmol, 1 equiv) was added to commence the

reaction and kinetic monitoring by GC started.

RN
O N-C + O N—CHg
Yy

24

0 TMG (5 mol%
CN—{ +d NH + CO, + PhsiH, ( ) " 1‘;30/
H Biphenyl (5 mol%) ° °
MeCN (2 mL
1 mmol 1 mmol (1.8 bar) 2 mmol 60 °C(, o ) C //O
32 18 N—C  + (  N—CHs
H
32 98
50 % 0%

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO; for two cycles. A solution of morpholine (87.5 ul, 1 mmol, 0.5 equiv),
formylpiperidine (111 pl, 1 mmol, 0.5 equiv), biphenyl (15.4 mg, 0.1 mmol, 5 mol%) and TMG
(22.5 pl, 0.1 mmol, 5 mol%) in acetonitrile (2 mL) was prepared under a N, atmosphere and
added to the CO; flushed Schlenk tube. The solution was stirred at 1000 rpm at 60 °C, 1.8 bar
CO- for 15 mins. Phenylsilane (247 pl, 2 mmol, 1 equiv) was added to commence the reaction

and kinetic monitoring by GC started.
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7.3.21 Involvement of Methoxysilane Species

T™MG 1) N, flush
(5 mol%) o gg o (60 min) H,
—ol - !
PhSiH3 + CO, ooy T . Ph—Si-OCHj
CD3CN, / 2) PhSiH3
(2 mmol) 60°C 0 5 | /T
. (2 mmol) O NH
60 min + others 60 °C, 60 min ! _/
6h ! 18

vy (2 mmol)

18 24 48 57

Conversion: 63 % 14 % 0% 10 %

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO.. A solution of phenylsilane (247 pl, 2 mmol, 1 equiv), 1,3,5-
trimethoxybenzene (16.8 mg, 0.1 mmol, 0.05 equiv), and TMG (12.5 pl, 0.1 mmol, 5 mol%) in
CDsCN (2 mL) was prepared under a N, atmosphere and added to the CO; flushed Schlenk
tube. The solution was stirred at 2000 rpm at 60 °C, 1.8 bar CO; for 60 mins, flushed with N>
for 60 mins to remove CO; and a second equivalent of phenylsilane (247 ul, 2 mmol, 1 equiv)
added. After 60 mins a solution of morpholine (175 pl, 2 mmol, 1 equiv) in CDsCN (0.2 mL),
prepared under N, was added. After 6 h the neat reaction mixture was analysed by NMR

spectroscopy to determine conversions.

7.3.22 Rate Enhancement with Alkylated Catalysts

7.3.22.1 NMR study with butylTMG catalyst

/\ ButylTMG (5 mol%) /\ //O /\
0 NH + CO; + PhSiHj o] N-C + Q N—CH,
N/ CD4CN (2 mL) A TE e

1,3,5-trimethoxybenzene (5 mol%)

2 mmol 2 mmol 60 °C, CO, (1.8 bar)

A 50 mL oven dried Schlenk tube and stirrer bar fitted with a subaseal was evacuated and
backfilled with CO,. A solution of morpholine (175 pl, 2 mmol, 1 equiv), 1,3,5-
trimethoxybenzene (16.8 mg, 0.1 mmol, 5 mol%) and ButylITMG (17.1 mg, 0.1 mmol, 5 mol%)
in CD3CN (2 mL) was prepared under a N, atmosphere and added to the CO; flushed Schlenk
tube. The solution was stirred at 1000 rpm at 60 °C, 1.8 bar CO, for 15 mins. Phenylsilane (247
pl, 2 mmol, 1 equiv) was added to commence the reaction and kinetic monitoring started.
Regular samples were taken and diluted in CDsCN in a N, flushed NMR tube. *H NMR spectra

were collected and referenced relative to the residual acetonitrile peak at 1.94 ppm.
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Time/min  PhSiHz /M 57/M 24| M 48 /| M

0.50 0.4208 0.0046 0.1388 0.0000
2.50 0.1534 0.0844 0.4966 0.0000
5.80 0.0568 0.1589 0.5843 0.0180
16.25 0.0000 0.1091 0.5905 0.1569
30.00 0.0000 0.0915 0.5943 0.1947
60.00 0.0000 0.0746 0.6252 0.2155
90.00 0.0000 0.0620 0.6297 0.1884
120.00 0.0000 0.0601 0.6267 0.1958
240.00 0.0000 0.0509 0.6893 0.2242
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7.4 Chapter 6: Process Development for Reaction of CO2 with Biomass

Derived Compounds

7.4.1  General Procedures for Quinoline-8-carbaldehyde 110 Substrate

General procedure for screening reaction of quinoline-8-carbaldehyde 110 with CO.:

Quinoline-8-carbaldehyde 110 (0.25 mmol, 1 equiv.), Rh catalyst (0.025 mmol, 10 mol%) and
a magnetic stirrer bar were placed in a high pressure reaction vessel and flushed with nitrogen.
Degassed solvent (2.5 mL), and base if used (0.25 mmol, 1 equiv.), was added to the vessel,
sealed and flushed with CO.. The vessel was pressurised to 40 bar with CO,, heated to 100 °C
and stirred overnight. The vessel was cooled, vented through solvent and the reaction products

were isolated through evaporation of the solvent under vacuum.

7.4.2  Substrate Synthesis

Quinoline-8-carbaldehdye 110

13 12
Br__Br H._O
111
| N\ | N\ 2 | N\ 8
Pz = 3 NS 7
4 6
199 200 110

N-bromosuccinimide (2.37 g, 13.3 mmol, 0.4 equiv) was added to a solution of degassed carbon
tetrachloride (55 mL) and freshly distilled 8-methyl-quinoline 199 (4.5 mL, 33.2 mmol, 1
equiv). A spatula tip of dibenzoylperoxide was added and heated to 90 °C. N-bromosuccinimide
(9.46 g, 53.2 mmol, 1.6 equiv) was added in four portions over 90 min. After 46 h the orange
solution was cooled to 0 °C, filtered and washed with aqueous NaOH (2 N, 50 mL), sodium
sulfite solution (50 mL), water (50 mL) and brine (2 x 50 mL). The organics were dried over
sodium sulphate and the solvent evaporated to yield 8-(dibromomethyl)-quinoline 200 (9.84 g,

98 %) as a yellow solid.

Crude 8-(dibromomethyl)-quinoline 200 (9.84 g, 32.7 mmol) in H,O (90 mL) was heated under
reflux for 2 h and filtered whilst hot. After cooling to rt, aqueous NaOH (2 N, 75 mL) was added
to produce a white precipitate which was extracted with diethyl ether (3 x 100 mL). The
organics were washed with water to neutrality (2 x 100 mL) and dried over sodium sulphate.
Solvent evaporation yielded a yellow solid which was recrystallised (H»O) to give colourless
needles 110 (1.43 g, 28 %).
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'H NMR (500 MHz, CDCls) &: 11.48 (1H, s, His), 9.07 (1H, dd, J = 4.1, 1.4 Hz, H;), 8.35 (1H,
dd, J=7.1, 0.8 Hz, Hg), 8.27 (1H, dd, J = 8.3, 1.4 Hz, Hy), 8.11 (1H, dd, J = 8.2, 0.8 Hz, He),
7.70 (1H, t, J = 7.7 Hz, Hy), 7.53 (1H, dd, J = 8.3, 4.1 Hz, H3). 3C NMR (125 MHz, CDCls) &:
193.0 (Cu1), 151.7 (Cy), 148.0 (C1o), 136.7 (C4), 134.6 (Ce), 132.1 (Cs), 129.7 (Cs), 128.7 (Cs)
126.6 (C7), 122.2 (C3); HRMS (ESI): found [M+H]* 158.0600, (calculated: 158.0600); mp: 97-
98.5 °C; ATR-FT-IR (cm™): 2865 (w, CH stretch), 1679 (m, C=0 stretch), 1570 (m, C-C in ring
stretch), 1246 (m, CH bend), 869 (m), 827 (m), 785 (s, CH wag), 764 (s, CH wag), 641 (m).

Spectral data are consistent with the literature.?®

7.4.3  Catalyst Preparation

[Rh(NBD)CI].

NBD (2.90 mL, 28.2 mmol, 5.9 equiv.) was added to RhCl; hydrate (1.00 g, 4.78 mmol, 1
equiv.) in degassed, ethanol (90 %, 14.5 mL). After stirring at rt for 64 h the yellow precipitate
was isolated by filtration, washed with ice cold ethanol (5 mL), and dried under vacuum to give
[Rh(NBD)CI]. as a yellow solid (0.636 g, 29 %).

[Rh(NBD),]CIO,

iRh’(’b? 3| ClO,

A solution of [Rh(NBD)CI], (0.200 g, 0.434 mmol, 1 equiv.) and AgClO, (0.150 g, 0.868 mmol,
2 equiv.) in degassed DCM (4 mL) was stirred at rt overnight. After allowing to settle, the
solution was removed and the remaining precipitate washed with DCM (2 x 2 mL). The solvent
was evaporated and the product crystallised by layering diethylether (4 mL) onto DCM (4 mL)
and leaving to stand overnight. A second recrystallisation with DCM (2 mL) and pentane (2
mL) gave the product as red crystals which were washed (4:1, DCM—pentane, 1 mL) and dried
under vacuum (0.081 g, 48 %). 'H NMR (500 MHz, CDCls) §: 5.19 (8H, m,H1), 4.11 (4H, m,
H.), 1.50 (4H, m, H3). Comparison to literature characterisation: %2 *H NMR (400 MHz, CDCl,)
3:5.67 (dd, 8 H), 4.28 (br m, 4 H), 1.65 (t, 4 H)

[Rh(NBD)DPPP]CIO.

. Ph, 3
P\\\ 7

1 ( “RK 5| Clo,
R
Ph,
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DPPP (0.179 g, 0.434 mmol, 2 equiv.) was added to [Rh(NBD)CI], (0.100 g, 0.217 mmol, 1
equiv) and AgClO4 (0.0900 g, 0.434 mmol, 2 equiv.) in degassed, anhydrous ethanol. After
stirring overnight the solvent was removed under vacuum and the resulting red solid dissolved
in DCM (2 mL). The reaction mixture was filtered and washed with DCM (3 x 2 mL). The
product was crystallised from the filtrate (1:1, DCM—pentane) to produce red crystals which
were filtered and dried under vacuum (0.152 g, 50 %). *H NMR (500 MHz, CDCls) &: 7.54-
7.38 (20 H, m, Ar-H), 4.69 (4 H, s, H3), 4.08 (2 H, s, H4), 2.81-2.75 (4H, m, H), 1.96-1.84 (2H,
m, H1), 1.55 (2 H, s, Hs); 3P NMR (121 MHz, CDCls) &: 14.86 (d, J= 149.3 Hz). Spectral data

are consistent with the literature.®®

[Rh(NBD)DPEphos]CIO,

Qg
2

O RN
om
DPEphos (0.246 g, 0.456 mmol, 2.1 equiv.) was added to a stirred solution of [Rh(NBD)CI].

(0.100 g, 0.217 mmol, 1 equiv.), AgCIO4 (0.0945 g, 0.456 mmol, 2.1 equiv.) and degassed DCM

(2 mL). Reaction mixture was stirred overnight, allowed to stand and solution transferred to a

3|ClO,

second flask. The remaining filtrate was washed with DCM (2 x 2 mL) and the combined
solutions evaporated under vacuum until 2 mL of solvent remained. Product crystallised through
layering of pentane (2 mL) on the remaining DCM layer. The resulting red crystals were washed
(4:1, DCM—pentane, 2 x 1 mL) and dried under vacuum (0.313 g, 87 %). *H NMR (500 MHz,
CDCls) &: 7.49-7.31 (22 H, m, ArH), 6.99-6.92 (6 H, m, ArH), 4.36 (4 H, m, H,), 3.97-3.94
(2H, m, Hy), 1.54-1.52 (2H, m, H3); 3P NMR (121 MHz, CDCl3) &: 17.11 (d, J= 158.6 Hz).

Spectral data are consistent with the literature®”’

[Rh(COD)CI].

RhCl3 hydrate (1.00 g, 4.78 mmol, 1 equiv.) was added to a solution of freshly distilled 1,5-
cyclooctadiene (3.80 mL, 31.1 mmol, 6.5 equiv.) in degassed ethanol (90 %, 25 mL) and stirred
under reflux for 15 h. The formed yellow/orange precipitate was isolated by filtration, washed
with ice cold degassed ethanol (90 %, 2 x 5 mL) and dried under vacuum to give [Rh(COD)ClI].
as a yellow solid (0.658 g, 28 %). *H NMR (500 MHz, CDCls) 3: 4.22 (4H, s), 2.57 — 2.42 (4H,
m), 1.81 — 1.69 (4H, m); °C NMR (125 MHz, CDCls) &: 78.9, 78.8, 31.0
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[Rh(COD);]CIO,

Ion, |

Freshly distilled 1,5-cyclooctadiene (0.10 mL, 0.811 mmol, 2 equiv.) was added to a solution
of [Rh(COD)CI]. (0.200 g, 0.406 mmol, 1 equiv.) and AgClO, (0.167 g, 0.811 mmol, 2 equiv.)
in degassed DCM (4 mL) and stirred at rt for 3 h. After allowing to settle, the dark red solution
was removed and the remaining grey/yellow precipitate washed with degassed DCM (3 x 2
mL). The solvent was evaporated and the product crystallised by layering pentane (3 mL) on
DCM (3 mL) forming red/brown needles (0.134 g, 79 %). *H NMR (500 MHz, CDCl3) §: 5.35
(4H,s), 2.76 — 2.35 (8H, m)

[Rh(COD)DPEphos]CIO,

O
O RA clo,

o

DPEphos (0.459 g, 0.852 mmol, 2.1 equiv.) was added to a stirred solution of [Rh(COD)CI].
(0.200 g, 0.406 mmol, 1 equiv.), AgCIO, (0.176 g, 0.852 mmol, 2.1 equiv.) and degassed DCM
(4 mL) producing a red solution which was stirred at rt for 1 h . After leaving to stand the
solution was transferred to a second flask and the remaining yellow precipitate washed with
DCM (3 x 2 mL) and the combined solutions evaporated under vacuum until 4 mL of solvent
remained. The product was crystallised through layering of hexane (4 mL). The resulting red
crystals were washed (1:1, DCM—hexane, 2 x 1 mL) and dried under vacuum (0.506 g, 73 %).
IH NMR (500 MHz, CDCls) &: 7.50-7.31 (22 H, m, ArH), 7.04 — 6.95 (6 H, m, ArH), 4.45 (4H,
s), 2.40 — 2.31 (4H, m), 2.17 — 2.09 (4H, m); 3'P NMR (121 MHz, CDCls) &: 12.99 (d, J= 146.4
Hz); MS (ESI): found M*: 749.1591 (calculated: 749.1609)
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7.4.4  Authentic Product Synthesis

8-Hydroxymethylquinoline 168

Following a procedure reported by Gurney.?®®> NaBH, (26.6 mg, 0.703 mmol, 1.1 equiv) was
added to a solution of quinoline-8-carbaldehyde 110 (0.100 g, 0.636 mmol, 1 equiv.) in MeOH
(4 mL). After stirring for 3 h at rt the reaction was quenched with aqueous NH4ClI (2 mL) to pH
6, extracted with EtOAc (3 x 15 mL) and washed with brine (30 mL). The organic solution was
dried over MgSQs, filtered and the solvent evaporated to yield a yellow solid. (0.103 g). The
product was purified by column chromatography (2:1, pentane—ethylacetate) to give an off
white solid 168 (46.3 mg, 46 %).

IH NMR (500 MHz, CDCls) 5: 8.88 (1H, dd, J= 4.3, 1.5 Hz, Hy), 8.20 (1H, dd, J= 8.4, 1.5 Hz,
H,), 7.76 (1H, d, J= 8.3 Hz, He), 7.59 (1H, d, J= 6.9 Hz, Hs), 7.50 (1H, t, J= 8.1 Hz, Hy), 7.45
(1H, dd, J= 8.4, 4.3 Hz, Hs), 5.21 (2H, s, H11), 5.06 (1H, s, H1z); *C-NMR (125 MHz, CDCls)
8: 149.18 (Ca), 147.32 (Cs), 138.30 (C1o), 136.97 (C4), 128.64 (Cs), 127.89 (Cs), 127.56 (C),
126.57 (C7), 121.32 (Cs), 64.99 (C11); Mp: 78-80 °C; MS (ESI): found [M+H]* 160.0758,

(calculated: 160.0757). Spectral data are consistent with the literature?®

Quinoline-8-carboxylic acid 169

Following a procedure reported by Douglas.?** n-BuL.i (0.86 mL, 1.38 mmol, 1.2 equiv.) was
added dropwise to a stirred solution of 8-bromoquinoline (0.15 mL, 1.15 mmol, 1 equiv) in
THF (5 mL) at —78°C. After 30 min the brown solution was poured onto dry ice and stirred and
once excess CO; had sublimed, the mixture was diluted with water (4 mL) and 1N HCI added
to pH 5. The product was extracted with DCM (3 x 30 mL), washed with brine (100 mL), dried
over Na,SO; filtered and the solvent evaporated to give a yellow solid (0.164 g) which was
recrystallised (EtOH) to give the product (44.3 mg, 26 %).

'H NMR (500 MHz, CDCls) &: 16.52 (1H, s, Hy), 8.94 (1H, dd, J= 4.4, 1.6 Hz, Hy), 8.83 (1H,
dd, J= 7.3, 1.3 Hz, Ha), 8.43 (1H, dd, J= 8.3, 1.6 Hz, H.), 8.12 (1H, dd, J= 8.1, 1.3 Hz, He),
7.78, (1H, dd, J= 8.1, 7.3 Hz, Hy), 7.63 (1H, dd, J= 8.3, 4.4 Hz, Hs);*C-NMR (125 MHz,
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CDCls) 8: 167.31 (Ci1), 148.62 (C»), 145.52 (Cs), 138.88 (C4), 135.59 (Cs), 133.14 (Cs), 128.42
(Cs), 127.54 (C7), 124.90 (Cio), 121.83 (Cs); MS (ESI): found [M+H]* 174.0562. Spectral data

are consistent with the literature:2%

2-Hydroxy-1,2-di(quinolyl-8)ethanone 174

Prepared following a modified procedure for similar compound reported by Blencowe.?%
Triethylamine (0.135 mL, 0.957 mmol) was added to a stirred solution of quinoline-8-
carbaldehyde (500 mg, 3.18 mmol) in anhydrous ethanol (10 mL). 3-Benzyl-5-(2-
hydroxyethyl)-4-methyl-1,3-thiazolium chloride (0.173 g, 0.637 mmol) was added resulting in
a deep pink / purple solution. After heating under reflux for 22.5 h the deep red solution was
guenched with water (60 mL) and extracted with DCM (3 x 60 mL) and sodium chloride. The
orange organic layer was washed with brine (100 mL), dried over MgSQO,, filtered and the
solvent removed under vacuum to yield an orange oil. The product was purified by column
chromatography (hexane:ethylacetate 1:1, Ry 0.36), to give a pale yellow oil (0.248 g, 50 %).
The product was recrystallised from DCM and pentane to give colourless crystals (No yield
obtained as due to instability of the product, multiple small scale recrystallisations were

performed before each analysis).

'H NMR (500 MHz, CDCls) &: 8.99 (1H, dd, J= 4.3, 1.7 Hz, H,), 8.74 (1H, dd, J= 4.3, 1.7 Hz,
Ha0), 8.20 (1H, dd, J=8.2, 1.7 Hz, H.), 8.09 (1H, dd, J= 8.2, 1.7 Hz, Hig), 7.91 (1H, d, J=7.1
Hz, Hi4), 7.89 — 7.86 (2H, m, Hs & Hg), 7.68 (1H, dd, J=8.2, 1.1 Hz, H16), 7.50 (1H, dd, J=8.0,
7.3 Hz, Hy), 7.48 (1H, dd, J= 8.3, 4.2 Hz, Hs), 7.46 (1H, dd J= 8.1, 7.4 Hz, His), 7.34 (1H, dd,
J=8.3,4.2 Hz, Hyg), 6.98 (1H, s, OH), 6.88 (1H, s, H12); *C NMR (125 MHz, CDCls) &: 204.7
(C11), 150.3 (C>), 149.1 (Cy0), 145.9 (C21), 145.2 (Cg), 139.0 (C1o), 137.4 (Ci3), 137.1 (C4), 136.4
(C1s), 131.4 (Cg), 131.1 (Cs), 129.1 (C1a), 128.3 (Cs / C17), 128.1 (Cs / Cy7), 127.7 (C16), 126.5
(C7), 126.5 (C1s), 121.6 (C3), 121.1 (C1g), 77.6 (C12); ATR-FT-IR (cm?): 3037 (br, OH stretch),
2895 (w, CH stretch), 1674 (m, C=0 stretch), 1609, 1593 (m, C-C in ring stretch), 1568 (m,
C=C stretch), 1498 (m, C=C stretch); HRMS (ESI): found [M+H]*: 315.1132 (calculated:
315.1128).
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Quinolin-8-ylmethyl 8-quinolate 170

Quinoline-8-carbaldehyde (0.119 g, 0.759 mmol, 1 equiv.), [Rh(NBD)DPPB]CIO4 (0.053 g,
0.075, 0.1 equiv.) in degassed, anhydrous acetonitrile was stirred at 50 °C for 18 h. After
cooling, the solvent was evaporated under vacuum and the product purified by column
chromatography (pentane — ethylacetate, 1:1, Ry: 0.26) to give a colourless oil which crystallised

on storage overnight under N2 (0.055 g, 46 %).

IH NMR (500 MHz, CDCls) 5: 9.08 (1H, dd, J= 4.2, 1.8 Hz, H), 8.98 (1H, dd, J=4.2, 1.8 Hz,
Hazo), 8.18 (1H, dd, J=3.8, 1.7 Hz, Hs), 8.16 (1H, dd, J=3.8, 1.8 Hz, Hig), 8.10 (1H, dd, J=7.1,
1.3 Hz, Hg), 8.06 (1H, dd, J=7.0, 0.6, Hs), 7.92 (1H, dd, J=8.3, 1.4, He), 7.79 (1H, dd, J=8.0,
0.7 Ha), 7.58 — 7.52 (2H, m, Hy & His), 7.45 (1H, dd, J=8.4, 4.2 Hz, Hs), 7.43 (1H, dd, J=8.3,
4.1 Hz), 6.27 (2H, s, H12); *C NMR (125 MHz, CDCl5) : 167.7 (C11), 151.6 (C2), 149.9 (Cao),
146.3 (Ca1), 145.9 (Co), 136.3 (C1s), 136.2 (Ca), 134.6 (C13), 131.9 (C10), 131.4 (Cs), 130.8 (Cs),
128.8 (Ci4), 128.5 (Cs/ Cu7), 128.2 (Cs/ C17), 128.0 (C1s), 126.4 (C7 / C1s), 125.7 (C7 / Cis),
121.7 (Cs), 121.4 (Cag), 64.0 (C12); ATR-FT-IR (cm™): 3069 (CH stretch), 3010, (CH stretch),
2958 (CH stretch), 1721 (C=O stretch, ester); HRMS (ESI): found [M+H]* 315.1136
(Calculated: 315.1128)
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'H NMR spectra used to assign products from the reactions of quinoline-8-carbaldehdye:

o]
T

IR
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2-Oxidanylidene-2-quinolin-8-yl-ethanoic acid sodium acetate salt 166

1) Q o i
i OEt N
Br Li EtO)J\H/ O
| Ns n-BulLi, @;\@ o | N
Z -78 °C, THF = -78 °C, THF =
2)  NH4C i)
172 173 185
1) NaOH (2 N),
MeOH
2) HCliag)
o)
o)
OH
N
| N
=
166

n-BuLi (1.72 mL, 1.6M, 2.76 mmol, 1.2 equiv.) was added dropwise to a solution of 8-
bromoquinoline (0.30 mL, 2.30 mmol, 1 equiv.) in THF (10 mL) at =78 °C resulting in an
orange/brown solution. After 70 min the solution was added to diethyl oxalate (0.35 mL, 2.53
mmol, 1.1 equiv.) in THF (1 mL) and stirred for 60 min at —78 °C. The reaction mixture was
warmed to rt and quenched with agueous NH4CI (15 mL), extracted with diethyl ether (3 x 20
mL) and washed with brine (50 mL). Organics were dried over MgSQs, filtered and the solvent
evaporated to give an orange oil 185 (0.446 g, 85 %) which was used in next step without

purification.

A solution of keto ester 185 (217 mg, 0.947 mmol) in MeOH (3 mL) was cooled to 0 °C and
aqueous NaOH (3 mL, 2N) added and stirred at rt for 90 min. MeOH was removed under
vacuum and the remaining aqueous solution washed at pH 9 with EtOAc (2 x 20 mL). The
aqueous solution was acidified to pH 5 with aqueous 1N HCI and washed with EtOAc (2 x 20
mL). The remaining aqueous solution reduced under vacuum to give a white solid (0.231 g)
which was dissolved in MeOH and filtered to remove NaCl. Product recrystallised through
addition of diethyl ether to a solution of the product in minimum amount of MeOH. Crystals
prepared for X-ray analysis through vapour diffusion of diethyl ether into MeOH over three

days. For crystal structure see Appendix 3 — measured and resolved by Dr Chris Pask.

IH NMR (500 MHz, D6-DMSO) &: 8.88 (1H, dd, J= 4.1, 1.8 Hz, H,), 8.39 (1H, dd, J= 8.3, 1.8
Hz, Hs), 8.08 (1H, dd, J= 8.1, 1.3 Hz, He), 7.92 (1H, dd, J= 7.1, 1.3 Hz, Hg), 7.64 (1H, dd, J=
8.1, 7.1 Hz, H7), 7.55 (1H, dd, J= 8.3, 4.1 Hz, Ha), 1.63 (5H, s, Ac). *C NMR (125 MHz, D6-
DMSO) §: 199.53 (C11), 175.34 (acetate), 168.71 (Ci2), 150.53 (C,), 145.54 (Co), 138.11 (Cyo),
136.13 (Cy), 130.72 (Ce), 129.46 (Cs), 127.66 (Cs), 125.94 (C7), 121.64 (Cs), 25.23 (acetate).
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MS (ESI): found [M+H]* 202.0525. ATR-FT-IR (cm™): 3736 (br, w), 3417 (br, w), 3280 (br,
w), 3172 (br, w, CH stretch), 1633 (m, C=0 stretch), 1558 (s, CO, out of phase stretch), 1408
(s, CO- in phase stretch), 790 (m), 641 (m), 623 (m), 510 (s). For crystal structure see Appendix
4 — measured and resolved by Dr Chris Pask

7.45  General Procedures Furfural 159 as Substrate

General procedure for screening reaction of Furfural with CO.:

Furfural 159 (49.7 uL, 0.6 mmol, 1 equiv.), Rh catalyst (0.06 mmol, 10 mol%) and a magnetic
stirrer bar were placed in a high pressure reaction vessel and flushed with nitrogen. Degassed
solvent (3 mL), and base if used (0.6 mmol, 1 equiv.), was added to the vessel, sealed and
flushed with CO.. The vessel was pressurised to 40 bar with CO,, heated to 100 °C and stirred
overnight. The vessel was cooled, vented through solvent and the reaction products were
isolated through evaporation of the solvent under vacuum.

7.4.6  Authentic Product Synthesis

Ethyl 2-(2-furyl)-2-oxo acetate®'? 188

Prepared following a procedure reported by de Vries.?*2 n-BuLi (4.1 mL, 1.6 M, 6.6 mmol, 1.1
equiv.) was added dropwise at -78 °C to a stirred solution of furan (0.44 mL, 6 mmol) in THF
(18 mL). After warming slowly over 2 h to rt, the resulting pale yellow solution was cooled to
-78 °C and added dropwise over 25 min to a solution of diethyloxalate (0.90 mL, 6.6 mmol, 1.1
equiv.) in THF (10 mL) at — 78 °C. After stirring for 1 h the solution was warmed to rt and
guenched with aqueous NH.4CI, extracted with diethylether (3 x 50 mL) and washed with brine
(100 mL). The organics were dried over MgSOs, filtered and the solvent evaporated under
vacuum to give a yellow/orange oil/solid (0.504 g, 50 %) which was purification by column
chromatography (pentane — EtOAc, 6:1, Rr: 0.2) to give the keto ester as a pale yellow oil (0.323
g, 32 %)

'H NMR (500 MHz, CDCls) 6: 7.75 (1H, dd, J= 1.6, 0.7 Hz, Hy), 7.71 (1H, dd, J=3.7, 0.7 Hz,
Hs), 6.62 (1H, dd, J= 3.7, 1.6 Hz, H), 4.41 (2H, q, J=7.1 Hz, H7), 1.41 (3H, t, J=7.1 Hz, Hg);
B3C NMR (125 MHz, CDCls) 6: 171.3 (Cs), 161.2 (Cg), 149.9 (Cy), 149.6 (Cy), 124.8 (C3), 113.1
(Cy), 62.8 (C7), 14.1 (Cg) MS (ESI): found [M+Na]* 191.0317 (calculated: 191.0315) ATR-FT-
IR (cm*): 3142 (CH stretch), 2986 (CH stretch), 1732 (C=0 ester), 1668 (C=0 ketone). Spectral

data consistent with those reported in literature.?
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2-Oxo-2-furan-2-ylacetic acid 186

Agqueous NaOH (3.8 mL, 1 M, 3.84 mmol, 2 equiv) was added to a solution of the keto ester
188 (300 mg, 1.78 mmol) in ethanol (7.5 mL) and stirred at rt for 15 min. The solution was
acidified to pH 1 at 0 °C with aqueous HCI (2 M), extracted with diethyl ether (2 x 50 mL),
dried over MgSOsy, filtered and the solvent evaporated under vacuum to give a red/purple oil
which formed a black solid after storing overnight under N». The black precipitate would not
dissolve and therefore the product was washed with DCM, filtered and solvent removed under
vacuum to give a purple / pink solid which was recrystallised by diffusion of pentane into DCM
or MeOH to give white crystals. Crystals for X-ray structure obtained by repeating

crystallisation.

'H NMR (500 MHz, CDCls) &: 8.19 (1H, d, J= 3.7 Hz, Hs), 8.05 (1H, br s, OH), 7.86 (1H, s,
H,), 6.70 (1H, dd, J= 3.6, 1.3 Hz, H,); *C NMR (125 MHz, CDCls) &: 169.9 (Cs), 159.1 (Ce),
151.3 (Cy), 148.6 (C4), 129.0 (Cs), 114.0 (Cy); MS (ESI): found [M-H] 139.0052 (calculated:
139.0031 — 15 ppm error); ATR-FT-IR (cm): 1742 (C=0 ketone), 1630 (COOH out of phase
stretch), 1614 (COOH in phase stretch). For crystal structure see Appendix 4 — measured and
resolved by Dr Chris Pask.

7.4.7  Characterisation of Reaction Product Component A 193

3-(Furan-2-yl)-2-[(furan-2-yl)methyl]prop-2-enal 193

'H NMR (500 MHz, CDCls) 8: 9.55 (1H, s, H7), 7.63 (1H, d, J = 1.6 Hz, H1), 7.27 (1H,d, J =
1.9 Hz, Hi2), 7.13 (1H, s, Hs), 6.84 (1H, d, J = 3.4 Hz, H3), 6.56 (1H, dd, J = 3.5, 1.8 Hz, H>),
6.23 (1H, dd, J = 3.1, 1.9 Hz, H11), 5.97 (1H, m, Hio), 4.03 (2H, s, Hs); *C-NMR (125 MHz,
CDCls) 8: 193.3 (C7), 152.3 (Cg), 150.9 (C4), 146.0 (Cy), 141.3 (C12), 136.3 (Cs), 134.6 (Cq),
117.9 (Cs), 112.9 (C»), 110.5 (C11), 105.9 (C1o), 23.9 (Cs); MS (ESI): found [M+H]* 203.0713
(calculated: 203.0703) LCMS (ESI): found 224.9 [M+Na]*
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Appendix

Appendix 1 Crystal Structure of Morpholine/Thiourea/CO2 Complex 47

X-ray Crystal Structure for Authentic Product 47

(prepared, measured and resolved by B.N. Nguyen and A.P.White)

028

N9

029
N2

N31
N32

N35

Crystal data and structure refinement
Identification code

Empirical formula

Formula weight

Temperature

Diffractometer, wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal colour / morphology
Crystal size

20 range for data collection
Index ranges

Reflns collected / unique

TN
ON_ N
Q H/ b(
// N\
N—H-—-- //—\
s= o)=N 0O
N-H---0 \—’

47

Complex 47

C13H12N2S, CsHsNO3, CsHiaN3
474.62

173 K

OD Xcalibur 3,0.71073 A
Monoclinic, P2(1)
a=9.2161(2) A

b =12.7576(3) A

¢ =10.9094(2) A
1276.03(5) A3

2

1.235 Mg/mm?

0.162 mm?

508

Colourless needles
0.39 x 0.07 x 0.05 mm
3.19t0 32.71°
-13<=h<=13, -16<=k<=19, -14<=I<=16
14420/ 7060 [R(int) = 0.0220]

@ =90°
B =95.835(2)°
y=90°
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Reflns observed [F>4[1(F)]
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [F>4[1(F)]

R indices (all data)
Absolute structure parameter

Largest diff. peak, hole

Mean and maximum shift/error

6099
Analytical
0.993 and 0.960

Full-matrix least-squares on F2
7060/5/319
1.038

R1 =0.0375, wR2 = 0.0838
R1+ =0.0375, wR2+ = 0.0838
R1-=0.0380, wR2- = 0.0852

R1 = 0.0480, wR2 = 0.0877
x= = 0.21(5), x- = 0.79(5)
0.323,-0.387 eA-3

0.000 and 0.000
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Appendix 2 IR Spectra of Reaction Standards

IR Spectra of standards:

1.8

1.6

Absorbance (offset)
o o o o
MR O

o

MeCN

Morpholine
Phenylsilane
Formylmorpholine

1
1800 1600 1400 1200 1000 800
Wavenumber / cm’’
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Appendix 3 X-ray Crystal Structure for Authentic Product 166

Crystal data and structure refinement:

Identification code Compound 166

Empirical formula C12H75NNay 504

Formula weight 264.17

Temperature 120.01(19) K

Crystal system monoclinic

Space group P2i/c

Unit cell dimensions a=6.1101(5) A a =90.00°
b = 22.7075(19) A B = 94.626(7)°
c=16.1587(12) A ¥ =90.00°

Volume 2234.6(3) A3

z 8

Density (calculated) 1.570 mg/mm?

Absorption coefficient 1.497 mm?

F(000) 1080.0

Crystal size 0.19 x 0.04 x 0.03 mm

Radiation CuKa (A =1.54184)

20 range for data collection 6.72t0 133.18°

Index ranges -4<h<7,-25<k<26,-18<1<19

Reflections collected 7799
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Independent reflections

Data/restraints/parameters

Goodness-of-fit on F2

Final R indexes [[>=2c (I)]

Final R indexes [all data]

Largest diff. peak/hole

3943 [Rint = 0.0585, Rsigma = 0.0786]

3943/0/335
0.985

R: =0.0498, wR> = 0.1088
R: =0.0891, wR2 = 0.1303

0.25/-0.29 e A

Appendix 4 X-ray Crystal Structure for Authentic Product 186

Crystal data and structure refinement

Identification code
Empirical formula
Formula weight
Temperature
Crystal system
Space group

Unit Cell Dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Radiation

Compound 186
CeHiO4

140.09

119.99(13) K
monoclinic

P2i/c
a=7.7421(A

b = 9.7534(9)A

¢ =7.3662(8)A
554.82(9) As

4

1.677 g/lcm?®

0.145 mm™*

288.0

0.14 x 0.11 x 0.07 mm?®
MoKa (A =0.71073)
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0
/ o
HO
a =90.00°

B = 94.091(9)°
v =90.00°



20 range for data collection 6.72 t0 56.56°

Index ranges -10<h<10,-12<k<12,-9<1<9
Reflections collected 6877

Independent reflections 1373 [Rint = 0.0427, Rsigma = 0.0328]
Data/restraints/parameters 1373/0/107

Goodness-of-fit on F? 1.186

Final R indexes [I>=2c ()] R, = 0.0547, wR; = 0.1054

Final R indexes [all data] R1 =0.0638, wR, = 0.1084

Largest diff. peak/hole 0.39/-0.23 e A’
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Appendix 5 2D Spectra Used for Identification of Component A 193 :

COSY:

ppm }

l

104 .

2 1 ppm

20

40+

60

80—

wJ

100+

120+

140+
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160+

180
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HMBC:

ppm 1 PN N

20

40
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80 [

100

120 ! !
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200 = T T T T T T T T T
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NOE spectrum:
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